S22 UNIVERSITAT N/t gibMm
EEIMEF POl ITECNICA IVI o | l Cp
A i DE VALENCIA instituto valenciano Instituto de Biologia Molecular

Lins de investigaciones agrarias yCelularde Plantas

Crossability barriers in Prunus: the role of
modifiers in the regulation of the
gametophytic self-incompatibility system

TESIS DOCTORAL presentada por

Juan Vicente Muioz Sanz
Dirigida por
Dr. Carlos Romero Salvador

Dra. Marisa Badenes Catala

Valencia, julio 2016






A Vanesay a Pau

“Si no vas a por todo, ¢a qué vas?”
(Joe Namath)






AGRADECIMIENTOS

En primer lugar queria agradecer a mis directoeesedis, Marisa Badenes y
Carlos Romero, toda la confianza puesta en mi pasarrollar este trabajo de
investigaciéon. Muchas gracias por vuestro tiempoergia y conocimientos. Y
especialmente a Carlos, que a pesar de las cieniss siempre ha estado ahi para
ayudarme y apoyarme; pero sobre todo por saberseeome siempre de la mejor
manera. Muchas gracias por tu amistad.

Desde luego queria dar las gracias a todos lopaidenos del departamento de
frutales del IVIA con los que he convivido y digado durante estos afios. No voy a
extenderme en cada caso, pero todos en algin momenhan ayudado o aconsejado,
con lo cual, este trabajo no habria sido posiblaci@s a Ana Catala, Ana Conejero,
Alba Lloret, Carmen Leida, Enzo, Fran Gil, Gabinm®} Inma Lopez, José Martinez,
Manuel Blasco, Mar Naval, Mati Gonzéalez y Pepe maa Mencion especial merece
Elena Zuriaga, sin sus conocimientos en bioinfoicadtsta tesis no habria llegado a
buen puerto. De verdad, gracias a todos por alegrat camino.

No puedo olvidarme de los grupos que me acagidurante mis estancias en
México y USA. Gracias a Felipe Cruz Garcia y a ol comparieros de laboratorio
por hacerme sentir uno mas en tan poco tiempo, ggyecialmente por ensefiarme un
pedacito de México. Gracias a Alejandra Avila, @iay Edgar, Gustavo, Javier Andrés
Juarez, Jorge, Lili Garcia, Lilia, Yuridia Cruz glse todo a Carlos Bravo (espero que
todo te vaya bien amigo). Como no a Bruce McClurélgjandro Tovar, que me
facilitaron mucho las cosas durante mi vivenciaeeEmidwesty con los que tuve la
suerte y el privilegio de trabajar. También agradecun grupo de personas que no voy
a nombrar pero que, a pesar de no tener relacgumalcon la tesis, me acogieron y
ayudaron en sendas aventurillas. Si alguna vezdety) estoy convencido de que se
sentiran aludidos/as.

También queria agradecer a Hugo Merle, José Blalaaer Forment y Peio
Ziarsolo su colaboracion y conocimientos relaci@sadcon la botanica y la
bioinformética. Y a Belén Pico por su inestimablada como tutora.

Como no mencionar a los masters del universo.i@ aclLaura Campos, Cecilia
Primo, Cristina Codes, Félix Martinez, Patricia I8ster y Rafa Aparicio. Porque
sigamos juntandonos para contar las penas que paspatias a la investigacion.

Agradecer al Instituto Valenciano de Investigae®mnAgrarias (IVIA) por
haberme permitido desarrollar la tesis. Tambiéradgger al antiguo Ministerio de
Ciencia e Innovacion (actual secretaria dentro kliehisterio de Economia y
Competitividad) por haber financiado mi formacidgeqoctoral (beca FPI), asi como el
proyecto al cual estaba adscrito. Y por extensitodas los espafioles que durante este
periodo tan complicado han contribuido, mediantpagjo de sus impuestos, a que yo
pueda hacer realidad uno de los proyectos persomaées importantes de mi vida.
Espero haberles correspondido y espero poder sdwmdréendolo en el futuro.



Por otra parte, no haber formado parte intelectaadste trabajo no quiere decir
que su contribucion no haya sido de enorme ayudarméa El mejor ejemplo lo forma
mi familia, incluyendo la “adquirida” de manera aiil en estos afos. A todos
agradecerles su inestimable ayuda, pero sin dudmegimas deben sentirse aludidos
son mis padres Juan y Milagros, y mi hermano Dimilavia hoy, aunque ahora cada
vez menos, me cuesta entender como se puede darsianesperar nada a cambio
(gracias por los valores que me habéis inculcaocliales creo que se reflejan en esta
tesis). También queria agradecer a mi abuelo (coims/as que me han tenido que
dejar) el haberme ensefiado el otro sentido derienbi@ genética. En este apartado
también queria dar las gracias a la familia que@iadamente he podido elegir. A mis
amigos de toda la vida y también a los de la usidad, espero seguir contando con
vuestro apoyo y amistad durante muchos mas afios.

Y en este momento llego a donde mas ganas tetiacgelo. Aunque se trate de

una personita que en la parte final de la tesihanabsorbido buena parte de tiempo y
energia vital, la verdad es que mediante el usdodemas basados en vocablos
sencillos com@ahhhho eehhhhme ha convencido de mi nueva gran responsabilidad.
Si algun dia coges este tomo y te da por echaojeaaa (e imagino que solo leeras esta
seccion), solo te diré que después de haber ldidoytido y pensado sobre ciencia
“todo lo que puedas imaginar es re@Pablo Picasso). Muchas gracias Pau por haber
entrado en mi vida. Te quiero.

Siempre me ha gustado dejarme lo mejor para al. f8iempre he tenido claro
gue nunca habria estudiado una carrera de no kaloepor ti. Siempre he tenido claro
gue nunca habria alcanzado la confianza necesaadlpgar hasta aqui de no ser por tu
ayuda. Siempre me has apoyado en los proyectosnmpastantes. Siempre has estado
ahi. Hay cosas que necesito que permanezcan pasgdsjo un cambio casi constante
de forma o estilo. Espero que todo siga fluyendactd animo con lo que te queda,
aungue no lo parezca, hay luz al final del tineadizas Vanesa.

Puedo-volver, puedo-callar, puedo-forgar la
realidad; puedo-doler, puedo-arvasar, puedo-
senitr que no-doy mds:

Puedo-escurviv;, puedo-pasar, puedo-fingdr que
me da igual; puedo-inciddr, puedo-escapar;
puedo-partirme y negociar la otra milad.

Puedo-romper, puedo-olvidar, puede comerme

la ansiedad, puedo-salir, puedo-girar, puedo-

Puedo-joder, puedo-encantar; puedo-amarte

senhablar, puedo-vencer; puedo-palmay;
PUEDO SABER QUE SIN VOSOTROS DUELE MAS.

“Salvese quien pueda’” (Vetusta Morla)









ABSTRACT

Self-incompatibility (SI) comprises a compendiummblecular intraspecific barriers,
under the control of th&locus, which enhances outcrossing and preventgeding.
Solanaceae, Plantaginaceae and Rosaceae exhibBametophytic SI (GSI) type
where specific recognition is controlled by S-RNaaadS-locus F-box (SFB) proteins
as the female and matdeterminants, respectively. On the other handinked S
locus genes known as modifier factors or modifienas are also completely necessary
for the mechanism to function. The GSI system setamBe basically preserved in
Prunus but striking differences with Solanaceae and ofResaceae have also been
observed. On the basis of this background, thisishis focused on the identification
and characterization of modifier genes involved Rrunus GSI to improve our
understanding of the underlying mechanism.

Previous works in apricotPfunus armeniaca..) showed that ar&locus unlinked
mutation expressed in pollen and located at th&@alded of chr. 3NI-locus) confers
self-compatibility (SC) in the cv. ‘Canino’. In ghiwork, another self-compatible apricot
cultivar, named ‘Katy’, was molecular and geneticalnalyzed. Similarly, ars-locus
unlinked pollen-part mutation was found to causeltiss of self-incompatible response
in ‘Katy’. A mapping strategy based on segregatdistorted loci mapped ‘Katy’
mutation (referred asrmutation) at the distal end of chr. 3, in a regarerlapping
with that identified for ‘CaninoM-locus. A new screening was carried out to identify
additional self-compatible mutants in apricot adtiaccessions from germplasm
banks. Througls-genotyping, three uncategoriz&hlleles were recovered and two
new mutations putatively conferring SC by affectthg maleS-determinantSFB were
detected. AdditionallyM-genotyping showed that the same mutatedaplotype was
shared by ‘Canino’ and ‘Katy’, but also by 17 cwdtis more from North-America and
Western-Europe. A widely distributed haplotyldle.o was proposed as the putative
haplotype ancestor suggesting that it arose mueh ilatime thart--allele, a mutation
in theSlocus also conferring SC in apricot.

In order to identify this mutation, an integratigenetic, genomic and transcriptomic
approach based on NGS data from ‘Canino’, ‘Katyd @ine self-incompatible apricot
cultivar ‘Goldrich’ was carried out. This approaded to identify a unique
polymorphism able to explain the self-compatiblempdtype, aaStinsertion type of

358-bp in coupling with therhaplotype within a gene encoding a disulfide béAke



oxidoreductase (name&®aMDOr). PaMDOr was found to be differentially over
expressed in mature anthers and Fa&tinsertion is predicted to produce a truncated
protein. These two findings also suppBdMDOTr as the pollen-part mutated modifier
conferring SC in apricot.

Furthermore, phylogenetic analysis suggeaiMDOr as a putative paralogue of its
contiguous gene (name@aM-8), that emerged after the split of the Rosaceak an
Solanaceae and which function became essentighéoproper functioning of the GSI
system inPrunus Aimed to shed light on the differences and sintiks between th&
RNase-based GSI systems in Rosaceae and Solanaciedogy relationships were
analyzed for modifier factors. Putative orthologuwesre found folNaTrxh SBPland
MdABCFin Prunusbut a more complex evolutionary pattern was detedbr 120K
NaStEPandNaPCCR Thus, in spite of the differences, it can be higpsized that part
of the GSI modifier factors are shared by both fesi

As a whole, the multidisciplinary strategy develdpa this thesis has allowed us to
identify a novel modifier factorRaMDOr) essential for the self-incompatible response
in Prunusas the most significant contribution. In additioew sources of SC have been
detected in apricot and the orthology analysis delfm deepen our understanding on
evolutionary aspects of th&RNase-based GSI system exhibited Byunus



RESUMEN

La autocompatibilidad (Al) comprende un conjunto dearreras moleculares
intraespecificas, controladas por el lo&sque favorecen la polinizacion cruzada vy
previenen de la endogamia. Solanaceas, Plantagmfdeosaceas presentan la llamada
autoincompatibilidad gametofitica (AIG) donde elcaorocimiento especifico esta
controlado por ARNasaSy proteinas F-box del loci&(SFB) como los determinantes
femenino y masculino, respectivamente. Por otréep@enes no ligados al loc&s
conocidos como factores o genes modificadorestanhién totalmente necesarios para
la correcta regulacion del mecanismo. El sistem& Adarece estar basicamente
conservado erPrunus pero se han observado notables diferencias coan&mdas y
otras Rosaceas. Con estos antecedentes, el trabiigado en esta tesis se ha centrado
en la identificacion y caracterizacion de factomesdificadores de la AlG eRrunus
con el fin de mejorar nuestro conocimiento del messao subyacente.

Trabajos previos en albaricoquef@riinus armeniacd..) mostraron la existencia de
una mutacion expresada en el polen y no ligadacaklS, que se localiza en el extremo
distal del cr.3 (locusVl) y que es capaz de conferir autocompatibilidad )(&€ el
cultivar ‘Canino’. En este trabajo, otro cultivae dalbaricoquero autocompatible
llamado ‘Katy’ fue genética y molecularmente areadia. De manera parecida a
‘Canino’, una mutacion que afectaba a un factofigedo al locusS expresado en el
polen era el causante de la pérdida de la respaestincompatible en ‘Katy’. Una
estrategia de mapeo genético basada en la distoesidlos ratios de segregacion
permiti6 mapear la mutacion de ‘Katy’ en el extremtistal del cr.3 (denominada
mutacionm) en una region solapante con la identificada [i2aaino’.

Una busqueda para la identificacion de nuevo mesaatitocompatibles en cultivares
y/o accesiones de albaricoquero procedentes dedatec germoplasma fue llevada a
cabo. Por medio del genotipado del lo818 alelosS no clasificados con anterioridad
fueron hallados, mientras que 2 nuevas mutaciomes@mpatibles que parecen haber
afectado al determinante S masculino SFB fuerorctidas. Adicionalmente, el
genotipado para el locid mostré que el mismo haplotipp mutado esta compartido
por ‘Canino’ y ‘Katy’, pero también por 17 cultives mas del norte de América y el
oeste de Europa. El haplotipd,.o, ampliamente distribuido, ha sido propuesto como
posible ancestro del haplotipo, sugiriendo que éste surgi6 mucho mas tarde que el

alelo Sc, una mutacion en el locus S que tambigrfise AC en albaricoquero.



Con el objetivo de identificar esta mutacion, uordhje integral tanto a nivel genético
como gendmico y transcriptdmico mediante datos @8edentes de ‘Canino’, ‘Katy’
y del cultivar de albaricoquero autoincompatibleol@ich’, fue llevado a cabo. Esta
aproximacion sirvio para identificar un Unico patifismo capaz de explicar el
fenotipo de AC, una insercién tigeaStde 358 pb en acoplamiento con el haplotipo
en un gen que codifica para udsulfide bond A-like oxidoreductag®aMDOr).
PaMDOr mostro estar diferencialmente sobre-expresadantaras maduras, mientras
que la inserciorFaStpredice la formacion de una proteina truncadasEdbs hechos
apoyan @2aMDOr como el factor modificador de la parte del polee gonfiere AC en
albaricoquero.

Adicionalmente, analisis filogenéticos sugieren Ba&DOr como un posible paralogo
de su gen contiguo (llamado PaM-8) que surgi¢ desple la division de Roséaceas y
Solanaceas, cuya funcién ha llegado a ser esquanalel correcto funcionamiento del
sistema autoincompatible @runus A fin de arrojar cierta luz en las diferencias y
similitudes entre los sistemas de AIG basado en #4K5 de Rosaceas y Solanaceas,
las relaciones de ortologia para factores modificesl fueron estudiadas. Ortélogos
candidatos fueron encontrados phial rxh SBP1y MdABCF,sin embargo, un patron
evolutivo mas complejo fue observado pHaStER 120Ky NaPCCP De modo que, a
pesar de las diferencias, se puede hipotetizaugaeparte de los modificadores de la
AIG estan compartidos por las dos familias.

En resumen, el estudio multidisciplinario desaaddl durante esta tesis ha permitido
encontrar un novedoso factor modificadd?afMDOr) esencial para la respuesta
autoincompatible erfPrunus Ademas, nuevas fuentes de AC han sido detectmas
albaricoquero y andlisis de ortologia ayudaronadupidizar en el entendimiento de los

aspectos evolutivos del sistema de AIG basado erNa&BRsS en Prunus



RESUM

L’autocompatibilitat (Al) compren un conjunt de beres moleculars intraespecifiques,
controlades pel locu§ que afavorixen la pol-linitzacié creuada i prded’endogamia.
Solanacies, Plantaginacies i Rosacies presenteonianada Al gametofitica (AIG) on
el reconeixement especific esta controlat per ARBI&S | proteines F-box del locus S
(SFB) com a determinants femeni i masculi, respattent. Per un altra banda, gens no
ligats al locusS, coneguts com factors o gens modificadors, sén éatotalment
necessaris per a la correcta regulacié del mecani&h sistema AIG pareix estar
basicament conservat eRrunus pero s’han observat notables diferéncies amb
Solanacies i altres Rosacies. Amb estos antecedsrtreball realitzat durant aquesta
tesi se ha focalitzat en la identificacio i caratzacio de factors modificadors de I'AIG
enPrunusa fi d millorar el nostre enteniment del mecanisulejacent.

Treballs previs a l'albercoquerPiunus armeniaca mostraren l'existencia d’'una
mutacio expressada al pol-len no lligada al Id8uis qual esta localitzada a I'extrem
distal del cr.3 (locusM), es capag¢ de conferir autocompatibilitat (AC) caltivar
‘Canino’. En aquest treball, un altre cultivar datcoquer autocompatible anomenat
‘Katy’ va ser genetica i molecularment analitzaé Danera pareguda a ‘Canino’, una
mutacio que afecta a un factor no lligat al loSexpressat al pol-len era la causa de la
perduda de la resposta autoincompatible en ‘Kaiyia estratégia de mapeig genetic
basada en la distorsio en els ratis de segregacigevmetre mapetjar la mutacio de
‘Katy’ a I'extrem distal del cr.3 (denominat mutacn) en una regié solapant amb la
identificada per a ‘Canino’.

Una recerca per a la identificacié6 de nous mutant®compatibles en cultivars i/o
accessions d’albercoquer procedents de bancs depkisma va ser portada a terme.
Mitjancant el genotipatge del loc&s 3 al-lelsS no classificats amb anterioritat van ser
trobats, mestres que dos noves mutacions AC q@exparhaver afectat al determinant
S masculi SFB varen ser detectades. Amés, el gatgei del locus M va mostrar que el
mateix haplotip m mutat esta compartit per ‘CaninoKaty’, pero també per 17
cultivars més del nord d’America i I'oest d’Europal haplotip M;.o, ampliamente
distribuit, ha sigut proposat com a possible aneaktl haplotip m, sugerint que aquest
va sorgir més tard que el al-lel Sc, una mutacitb@ls S que també conferix AC a

I'albercoquer.



Amb I'objectiu d’identificar aquesta mutacié, uncatbatge integral tant a nivell genétic
com genomic i transcriptomic mitjancant diversqausi de dades NGS provinents de
‘Canino’, ‘Katy’ i del cultivar d’albercoquer autacompatible ‘Goldrich’ va ser portat
terme. Aquesta aproximacio va permetre identificar Unic polimorfisme capac
d’explicar el fenotip d’AC, es tracta d’'una insérae 358 pb en adaptament amb el
haplotip m en un gen que codifica perdssulfide bond A-like oxidoreductase
(PaMDOr). PaMDOr va mostrar estar diferencialment sobre-exprespatargeres
madures, mentres que la insercié FaSt prediu tadoid d’'una proteina truncada. Estos
dos fets recolzen a PaMDOr com al factor modificade la part del pol-len que
conferix AC en albercoquer.

A més a més, analisis filogenetics suggerixen BakIDOr podria ser un paralog del
seu gen contigu (anomenat PaM-8) que va sorgirrédggte la divisio de Rosacies i
Solanacies, en la qual la funci6 ha arribat a@earmental per al correcte funcionament
del sistema d’AIG aPrunus A fi de tirar certa llum en quant a les diferéscii
similituds entre els sistemes d’AlG basats en ARINES de Rosacies i Solanacies
relacions d’ortologia per als factors modificadwasser estudiat. Ortologs candidat van
ser trobats per BlaTrxh SBP1i MDABCF,no obstantun patré evolutiu més complex
va ser observat per l[daSTeR 120K i NaPCCP.De tal manera que, a pesar de les
diferencies, es pot plantejar la hipotesi de quepart dels modificadors de I'AIG estan
compartits per les dues families.

En resum, I'estudi multidisciplinari desenvolupat &juesta tesi ha permés trobar un
nou factor modificador HaMDOr) fonamental per a la resposta autoincompatible a
Prunus Ameés, noves fonts d’AC han sigut detectades Hbdfaoquer i l'analisi
d’ortologia varen ajudar a profunditzar a I'enteaimh dels aspectes evolutius del

sistema de I'AIG basada en ARNaseaPrunus
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GENERAL INTRODUCTION

1. Reproductive barriers in plants. Strategies to aval inbreeding

Plants have a predominantly sessile lifestyle, tiisumstance has carried to
develop hermaphrodite flowers maintaining the capdo reproduce without the need
of a mate throughout their evolutionary history #dR& Nasrallah, 2008). The idea
behind this affirmation was hypothesized by Fisti#941), who proposed self-
fertilizing as strategy that ensures the offspriBarrett (2002) estimated that
approximately 20% of the angiosperm species uskngels sexual reproduction
strategy, which also allows a rapid colonizatiounbccupied space (Pannell & Barrett,
1998). This behavior has a high cost: the inbrepdlapression. Thus, plants have
evolved different strategies on the basis of tleewlogical and biological context to
prevent it.

Strategies aimed to prevent selfing in plantsenaready reported by Charles
Darwin. In his work The different forms of flowers on plants of the saspecies
(published in 1877) he described species that edéb@lternative floral morphologies,
exemplified byPrimula vulgaris,where two floral morphs differ reciprocally frorme®
another in the positions in which anthers and stigrare located in flowers (Figure
Inla). This strategy, currently known as hetergstgl part of a variety of strategies that
expect to separate spatially (hercogamy) or tentlyof@d@ichogamy) mature pollination
intermediaries of the plant sexual structures. diditton to heterostyly, divided in
distyly (Figure Inla) and tristyly depending on thémber of floral morphs that differ
reciprocally, enantiostily (Figure Inlb) and flexy (Figure Inlc) are other examples
also included in this group of phenomena. Thesatesites possess their maximum
expression in plants having unisexual flowers (~16fplant species), a condition
referred as dicliny (that involve various combioas of female, male and

hermaphrodite flowers at plant and population Igvéfigure In1d).
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Legitimate union.
a Complete fertility.
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Figure In1. Morphological strategies developed by éteromorphic plants to prevent inbreeding.
a) distily, b) enantiostily, c) flexistily and djdliny. Image taken from Barret (2002)

Global distinct floral morphology mentioned untbw refers to heteromorphic
flowers which reproductive goal is to promote crpsflination (Barrett, 2002).
Notwithstanding, the majority of plant species h&aemomorphic flowers, that is, all
flowers have exactly the same morphology. Thus, gheximity and simultaneous
maturity of reproductive organs significantly inase the possibility of self-pollination.
It is in this context where the commonly known aelf-incompatibility’ systems

operate.

2. Historical evolution of the self-incompatibility concept
Using C. Darwin own words:
It is an extraordinary fact that with many speciéswers fertilised with
their own pollen are either absolutely or in somegcee sterile; if
fertilised with pollen from another flower on thanse plant, they are
sometimes, though rarely, a little more fertilefeftilised with pollen
from another individual or variety of the same dpscthey are fully
fertile; but if with pollen from a distinct specjabey are sterile in all
possible degrees, until utter sterility is reach&de thus have a long
series with absolute sterility at the two ends;-eaé end due to the

sexual elements not having been sufficiently difféated, and at the
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other end to their having been differentiated ia tweat a degree, or in
some peculiar manner.

The fertilisation of one of the higher plants degenin the first place,
on the mutual action of the pollen-grains and ttignsatic secretion or
tissues, and afterwards on the mutual action of ¢bhatents of the
pollen-grains and ovules. Both actions, judgingnirdhe increased
fertility of the parent plants and from the incredspowers of growth in
the offspring, are favored by some degree of diffeation in the

elements which interact and unite so as to forrea heing.

This fragment (p.455) fromThe effects of cross and self-fertilisation in the
vegetable kingdom(1878) denotes how Darwin was able to value a patiadely
spread in plants pursuing to avoid self-pollinatible coined this phenomenon sedf-
sterility, describing it as a consequence of pollen-pistédraattion. By that time, Mendel
had already published his results about heredigsrbut they were not rediscovered
until 1900. Hence, this lack of knowledge in getetied Darwin to attribute to the
environment influence the cause of self-sterilityicClure, 2009). Nevertheless,
botanists and geneticists from first decades of 26 century observed that self-
sterility described by Darwin followed genetic rsilproposed by Mendel. The works of
Compton (1913), East & Park (1917), East & Mangetsd1925), East & Yarnell
(1929) and East (1932) highlighted that Darwin’-sterility was actually a reaction of
compatibility/incompatibility between pollen andspl, laying the foundations of the
currently known as self-incompatibility systems.

. Genetics of self-incompatibility. Gametophytic andsporophytic systems.

Self-incompatibility (S1) is defined as a reproduet barrier which inhibits
fertilization by either self-pollen or pollen fromlosed related plants preventing
inbreeding and enhancing outcrossing in floweritanis (de Nettancourt 2001). SI has
been reported in more than half of plant speciesrapresents the most extended tool to
avoid inbreeding in the plant kingdom (lgic & KoRA01).

Classic genetic studies established that most Stesys in angiosperms are
controlled by a single multiallelic locus term8&docus. This locus contains at least two
linked genes acting as determinants, one of thesuifsgally expressed in pollen (male
Sdeterminant) and the other in the pistil (fem&@eterminant) (de Nettancourt, 2001).
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Conventionally, alleles fronts-determinants are referred to belong to the s&ne
haplotype because they are genetically linked (Mdfu & Kao, 2000). Therefore,
pollen rejection during incompatible reactionsriggered when the two expressed male
and femaleS-determinant alleles come from the sa®éaplotype (Figure In2a).
Instead, ifS-alleles differ to each other, pollen tube will patentially able to reach the
ovary and fertilize the ovule (lwano & Takayama,120 McClure et al., 2011;
Takayama & Isogai, 2005). According to the timegehe action in the stamen, most
types of self-incompatibility can be classifiedarihe sporophytic and the gametophytic
groups (de Nettancourt 2001). In the first one, pben phenotype is determined by
the genotype of the diploid pollen-parent (FigurHd), while in the second it is
determined by the genotype of the individual mipare (Figure In2c).

a Male determinant Female determinant
S — I _—— TN
So<7
Sy — S\ 7 R ——
S W
. \/\fgz)/ = Incompatible
- AAN\ - i I
. /%f/>“°\\§ . Compatible  Figure In2.  Self-Incompatibility
S 4 33 genetics.a) schematic representation of
n the Slocus. Red and blue rectangles
b symbolize male and female S
Pollen parent: S152 s384 5253 determinants, whileorange arrows and
’1\h/‘\ 5 A\ = green linesincompatible and compatible

crosses, respectively. Image taken from
Takayama & Isogai (2005). b) schematic
drawing of cross-compatibility response in
a diploid Gametophytic Self-
Incompatibility (GSI) system. Three
different types of crosses are shown:
incompatible, fully-compatible and semi-
compatible. c) schematic drawing of cross-
compatibility response in a diploid
Sporophytic  Self-Incompatibility (SSI)
system. Interactions of co-dominance and
dominance-recessiveness are indicated by
colored dotsin pollen surface.S; (blue
dot9 andS,; (red dot3, andS; (green dots
and S, (purple doty alleles are co-
dominant, whereasS; allele dominates
overS, allele. Images b) and c) have been
Progeny: None $152 $184 $283 S284 $152 $183 $252 $283 taken from Nasrallah (2005).

Progeny: None S183 8§14 S283 S284

(9

Pollen parent: S1S2 [s1:52) 5354 (s3:54)

Incompatibility mechanisms are not only restrictedntraspecific barriers, but
they have also been associated to interespeciigsability barriers, and particularly
with the so-called unilateral incompatibility (UIJI is a particular case within
interspecific barriers where crosses are feasiblene direction rather than the other
way round, suggesting that there are not grossréifices in the requirements for pollen
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tube development (Hancock et al., 2003). The Uleganrule was defined as the Sl x
SC rule by Lewis & Crowe (1958) and means thatgmoffom self-compatible species
is rejected by self-incompatible species meanwthie reciprocal cross tends to be
compatible. Thereafter, the phenomenon of Ul has lextensively described in several
plant species (Heslop-Harrison, 1982; Hiscock &Wbison, 1993; Chen & Adelberg,

2000; Martin, 1967; Pandey, 1981; Layne & Sherni®86). Mechanisms controlling

interspecific pollination have received less aiten{McClure et al., 2000), but factors
involved in SI mechanisms in Solanaceae (Li & Cla¢t€2010, 2014; Murfett et al.,

1996; Tovar-Méndez et al., 2014) and Brassicacd€dashiba & Nasrallah, 2014) have
also been observed to be related to Ul supporticmnaection between Sl and UL.

. Self-incompatibility as an agronomic relevant trait

Self-incompatibility did not only generate interestnong evolutionists and
geneticists regarding its implication in plant exan but also among plant breeders.
Public institutions and private companies develgpptant breeding programs soon
focused their interest on SI. Since 1911 the Johed Horticultural Institution studied
incompatibility and sterility in plums, cherriesdaapples and extended the studies to
pears at the end of the 1930°s (Crane and Lewi#)1%or instance, cross-pollinations
were used to define intercompatible groups in svebetrry cultivars by Crane and
Brown (1937) and, later on, a pollen irradiatiorognam produced the first self-
compatible cultivars within this strictly self-inagatible species (Lewis and Crowe,
1954). In 1940, the Japanese seed company SakadaCe, introduced the;fybrid
cabbage cv. Suteni Kanran by using Sl trait, amighccess was followed by the Takii
& Co. Ltd Company that introduced the cabbage &mko-1c and Choko-1cc in 1950
(Watanabe, 2008). Interest on Sl trait was not aalgfined to fruit trees (Rosaceae)
and cabbages (Brassicaceae) but also extendetidpiotportant crop species such as
potato (Pushkarnath, 1942%dlanum tuberosumSolanaceae], cacao (Cope, 1962)
[Theobroma cacad..; Malvaceae] sunflower (Pinthus, 195%dlianthus annud..;
Asteraceae], rye (Lundqvist, 201@®dcale cereal@..) M. Bieb.; Gramineae], pummelo
(Soost, 1964) (Citrus grandis osbeck; Rutaceae], etc. Usefulness of self-
(in)compatibility trait in plant breeding and pradion has been proved for different

objectives. Few of them are briefly summarized next
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4.1. S-genotyping facilitates pollination control

In crops exhibiting SI systems, cultivars servirsgpallen donors “pollenizers”
are commonly interspersed in the orchards sincé $et depends largely on cross-
pollinations. For instance, in diploid fruit tregexies having gametophytic self-
incompatibility (GSI), out-crosses can be clasdifigo three types: incompatible, semi-
compatible and fully compatible when the two prages share botls-alleles, only one
or none of them, respectively (Figure In2b). Obglgun semi-compatible crosses half
of the available pollen grains are rejected ang thct has been shown to have a
significant impact on fruit set and yield (fruizsj in different Rosaceae species such as
apple, European pears and Japanese plums grownobhopsimal regions (i.e. the
Mediterranean basin) for growth and pollination diat al., 2008; Schneider et al.,
2005; Zisovich et al., 2005). The use of “pollem&eas not exclusive of stone and pome
fruit trees but it is also common in other spe¢®®odcock, 2012). Therefore, for seed
and fruit industry it is important to know how maggnetically different compatibility
groups exist within a particular species, sinces tkmowledge would help to select
adequately those combinations of cultivars that mayk effectively in orchards
settings to produce regular cropping. In those isgewhere theS-determinants have
already been identified, molecular genotyping hesggessively replaced controlled
pollination, pollen tube growth tests and enzymatssays used to determine tBe
genotype, accelerating the identification of ngwlleles, since these methods do not
depend on the environmental conditions and do egaire adult plants in the case of
trees (Yamane & Tao, 2009).

4.2. Sl as an alternative to androsterility for deeloping hybrids.

Heterosis or hybrid vigor is a phenomenon largelysped by breeders because
of F, progenies frequently show higher yields and exhdiher interesting traits
favoring adaptation to production conditions inehg] for instance, a better response to
abiotic stresses. In fact, hybrids are the mostlutarm of commercial cultivars in
many crop species such as maize, sorghum, tomgppep, etc. (Kempe & Gils, 2011).
However, due to the breeder’s selection, most vewéid crop species are self-
compatible and, therefore, hybrid production regmian efficient pollination control
system to prevent undesired self-fertilization leé temale parent. Methods range from
the non-biological technologies, including manuahr@chanical removal of the anthers

and gametocide chemical agents, to the biologisiess, commonly based on nuclear
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or cytoplasmic-encoded male sterility and diveesshiques to restore fertility in the F
hybrid (Kempe & Gils, 2011). Sl has been reportecha advantageous alternative to
male sterility in many cases, especially for thasep species with entomophilous
pollination since pollen-collecting bees rarely itvisnale-sterile plants (Kaothien-
Nakayama et al., 2009). Nonetheless, Sl systeregratied in breeding programs lead
to self-incompatible Fhybrids, obtained either from two self-incompatilplarents or a
self-incompatible female and a self-compatible n@deent, and this is a handicap for
those crops commercialized for their seeds (oilsege) or fruits (stone and pome
fruits) (Figure In3). Indeed, not only self-incontipde female lines but also self-
compatible k- hybrids are demanded by breeding programs (KaotNekayama et al.,
2009).

COz/NaCl/Zn Cu
Mamtenance
Transient Bud ollination
breakdown of SI i

Tlssuc culture

’
Figure In3: Systems to develop,F

— hybrids based on the use of self-
incompatibility

X

In Brassicaceae Sl has been widely used for hybeed production in the
generally self-incompatible vegetable types of alid Brassica oleraceandB. rapa
However, the derived amphi-diploid oilseed raBerfapu$ is naturally self-compatible
and introgression o&-alleles from parental species was required to yocedhybrid
seeds (Rahman, 2005). Genetic modification to gness Sl inBrassicawas already
proposed by Nasrallah et al. (1991) but to dabast not been yet reported. Sl is seen as
a promising alternative for a hybrid breeding syst@ other species such as wheat
(Whitford et al., 2013) and ryegrass (Pembletoalgt2015) but until now the lack of
knowledge on the&s and Z Sl determinants in grasséss hindered this option. In a
wider sense, hybrid production might be potentiadighieved by transferring-
determinants. Recently, Lin et al. (2015) have hmedcthis goal conferring Sl to the
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self-compatibleArabidopsis thaliana(SSI system) throughout the use Rdpaver S
determinants (GSI system) (de Graaf et al., 20ir2et al., 2015).

4.3. Removing interspersed pollinators while incresing fruit set and quality

Sl restricts fertilization and fruit setting in mafiuit tree crops. In terms of crop
production, SC is a desired trait because it avibidsise of cross-pollinators, growing a
single cultivar as a ‘solid block’. In addition,i# also a crucial factor to control fruit set
and yield. For instance, by definition in semi-catiple crosses half of the pollen is
rejected (in contrast with fully-compatible crogseshich might reduce vyield. In
addition, in some genera, such Blus and Pyrus where many ovules could
potentially be fertilized, a reduction in the numbé fertilization events might result in
a lower number of seeds and, subsequently, lowitguflits. In these and other
species, SC is mostly tied to satisfactory fruit @m@ducing high yields or even over-
cropping (Goldway et al., 2007). However, while 8@y facilitate a reduction in the
number of hives required it is generally acceptet it can not guarantee full yields in
many crops (i.e. sunflower, canola, sour cherryposld, apricot, etc.) where cross-
pollination is needed to ensure maximum set (Sclemeet al., 2001; Zhang &
Hiratsuka, 2005). Conversely, the presence of hdmeeycolonies might induce ‘over-
pollination’ when growing self-compatible stone ifsu(i.e. sour cherry, peach or
apricot). This phenomenon leads to an overly hdayiy set and high yield by weight
resulting in a high proportion of undersized frwtseduced value (Woodcock, 2012).

In self-incompatible crops, commercial self-complaticultivars are mostly the
result of spontaneous style- or pollen-part muteticonferring SC, subsequently
selected by growers and breeders. SC is usuallintiesct result of selection for early
blooming (frequently associated with early ripenirsince pollinating insects and/or
mates could be limited in early spring. This is t@se of several cultivars in several
stone fruit trees (Yamane & Tao, 2009). Unlike thiiscess, induced mutations leading
to SC by irradiating pollen with X-ray and succegsescrosses has given a number of
self-compatible commercial cultivars in sweet chgtdshijima et al., 2004). In other
species such as sunflower, self-compatible cubiwaere introduced in the 60°s also
through traditional breeding programs (Astiz et 2011) while in turnip Brassica
rapa) only a few self-compatible cultivars are avai@ffhang et al., 2013).

Notwithstanding, the reported uses of SC are nsedaipon the knowledge of

Sl controlling factors. A first attempt in this gl can be credited to Broothaerts et al.
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(2004) who developed a self-fertile apple cultivar silencing the S-RNase gene-
expression in the pistil (femal&determinant; see section 6.1) which results in un-
arrested pollen tube growth and fertilization. Mamecently, Jung et al. (2012)
developed a self-compatiblBrassica rapaline by RNAI mediatedSlocus gene

silencing.

Molecular mechanisms underlying self-incompatibiliy
Three Sl systems have been molecularly charactet@éate, but a plethora of
studies are being developed in many others. Theatggart for the depth molecular

knowledge in these 3 systems has been the elumidafi the Scomponents (Figure

In4).
Poaceae (Hordeum, Phalaris)
/ Papaveraceac (poppy) GSI (PrsS, PrpS)
Rosaceae (pear, apple, cherry, apricot) GSI (S-RNase, SFB/SFBB)
Fabaceae (alfalfa) GSI

Linaceae (Linum)

=
[¢]
=
[¢]
=
o]
@
-
=
<

Brassicacecac (cabbage, radish) SI (SRK, SP11/SCR)
Onagraceac (Oenothera)
Polygonaceae (buckwheat) heterostyly
Primilaceae (Primula) heterostyly
& Asteraceae (Senecio, Cosmos)

?,%\c" Plantaginaceae (4ntirrhinum)
Convolvulaceae (sweet potato)
Solanaceae (Petunia, Nicotiana, Solanum) GSI (S-RNase, SLF)

Figure In4. The different self-incompatibility systems which S-factors have been elucidated in
angiosperms The phylogenetic tree is based on The Angiospergiogany Group (2009). Pistil-part
and pollen-part determinants are between parerghbeage taken from Sassa (2016).

The mechanism exhibited by the Brassicaceae i®nhesporophytic Sl (SSI)
known in depth. TheSlocus comprises two highly polymorphic glycoprotei
expressed in the papilla cells of the stigma, S&®¢us glycoprotein) (Nasrallah et al.,
1987; Takayama et al., 1987) and SRK, a SLG-lilaein in its extracellular domain
(Sdomain) that also contains a transmembrane doned an intracellular
serine/threonine receptor kinase domain (Stein.etl891). SP11/SCR is a cysteine-
rich protein encoded by th&locus as well but specifically expressed in théhan
tapetum and pollen grains (Schopfer et al., 199@u&i et al., 1999; Takayama et al.,
2000). Gain-of-function assays highlighted that Sit&tein was the female component
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in the SSI system (Takasaki et al., 2000) while 38CR was analogously
demonstrated to be the mebecomponent (Schopfer et al., 1999; Shiba et al0120
Takayama et al., 2000; Takayama et al., 2001). ¥8& proposed to act as enhancer of
SRK action (Suzuki et al., 1999). In addition, maietion between SRK-SP11/SCR was
determined by different biochemical approaches &yakna et al., 2001). Despige
factors and their interaction have been fully chemazed, the signaling pathway
triggered by ligand-binding, the receptor activatiand the rapid mechanism of self-
pollen rejection are not well understood. Neveghg] some proteins involved in this
process have been reported. Thus, after SRK-SPRL/i&traction, the receptor is
autophosphorylated and together with the M-Locustdin Kinase (MLPK), a plasma
membrane-tethered protein (Kakita et al., 2007; ddaret al., 2004), interact and
phosphorylate the Arm repeat-Containing protein CAR (Gu et al., 1998). In turn,
Exo70A1 (component of the exocyst complex) was nteskas an ARCL1 interacting
protein. Transgenic lines reducing Exo70Al expamesdevels disrupted compatible
pollen tube growth (Samuel et al., 2009), which e to propose that Exo70Al
promotes compatible pollination success and thatARC1-mediated degradation of
Exo70ALl leads to self-pollen rejection by inhibgieecretion of ‘compatibility’ factors
(Figure In5). Additionally, two Thioredoxih-proteins (THL1 and THL2) were shown
to bind SRK in yeast two-hybrid screening and sstgpe to function preventing the
autophosphorylation of the SRK receptor (Mazzurtale 2001). In spite of these
results, some works have recently questioned aifgpeale of the MLPK, THL and
ARC1 proteins in the SSI system (Kitashiba et 2011; Yamamoto & Nasrallah,
2013).

Self-pollen

® SCR @

Figure In5. A model for multiple Sl signaling pathways in the Brassicacea€l he diagram shows the
zone of contact between a stigma epidermal cell aasélf-pollen grain. SCR molecules (from diploid
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tapetal tissues of pollen grain) are showrress circles The diagram shows a simplified view of the
stigma—pollen interaction in which only a singlekSRariant and its cognate SCR are shown. SCR-SRK
interaction causes autophosphorylation of the tecesnd triggers several signaling cascades witingn
stigma epidermal cell. MLPK is proposed as a comrammaling intermediate. The middle cartoon
illustrates a cascade that involves ARC1-mediatgduitination of EXO70A1. The two other cartoons
postulate the existence of ARC1/Exo70Al-independigraling pathways that use currently unknown
components. Image taken from Tantikanjana et 81L@2

Two distinct GSI systems have been deeply studiech fa molecular point of
view: the one present iRapaverrelying on Progammed Cell death (PCD) and that
based onS-RNases present en several plant families (see sentton for a detailed
description of this latter). The GSI system chaazed in Papaver rhoeasis,
undoubtedly, the better understood physiologicafiythis case th&locus encodes for
the PrsS femal&-factor, a small and highly polymorphic protein reted by stigmatic
papilla cells acting as a signaling ligand (Fodtale 1994) and for PrpS, a presumable
transmembrane protein operating as male determif\athieeler et al., 2009). The
interaction of both factors triggers an intraceltukignaling network resulting in a
highly specific biological events involved in PCDhpomas & Franklin-Tong, 2004;
Bosch & Franklin-Tong; Wilkins et al., 20143-determinants interaction produces an
increase of free CGa that initiates a signaling cascade (Franklin-Toncale 1997;
Franklin-Tong et al., 1995; Franklin-Tong et al998). Phosphorylation events in
poppy after incompatible response are initiatednfrp56 protein MAPK, where
different evidences have shown to be related in P&€ponse (Li et al., 2007; Rudd et
al., 1996). Furthermore, Pr-p26.1a/b are two pobapressed pyrophosphatases that
might provide an additional inhibitory mechanismeoting pollen tube growth (de
Graaf et al., 2006). Sl in poppy has also demotestreo alter cytoskeleton throughout
depolymerization of the F-actin in a €aignaling dependent-manner (Geitmann et al.,
2000; Snowman et al., 2002). Lastly, DNA fragmentats one of the late steps in self-
incompatible response, different evidences has shthat a DEVDase/caspase-like
activity is involved in Sl-mediated pollen-tube ibition and DNA fragmentation
(Bosch & Franklin-Tong, 2007). Figure In6 showsdetail the complex and integrated
network taking place in poppy GSI response.
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Figure In6. Cartoon showing a model of the integrated seléinpatibility (SI) programmed cell death
(PCD) signalling network if?apaver rhoeagollen.Image taken from Wilkins et al. (2014).

. Gametophytic Self-Incompatibility based on S-RNases

GSI based onSRNases has been found to operate in Solanaceae,
Plantaginaceae, Rubiaceae and Rosaceae familigg thel most extended Sl system in
the plant kingdom (lgic & Kohn, 2001). However, tiyghh some basic features of the
mechanism seem to be shared by all families stildifferences have also been

observed.

6.1. Female §RNases) and male&locus F-box proteins)S-determinants

The stylar ‘component’ of th&locus codes for a T2-type RNase (S-RNase)
shown to have ribonuclease activityNicotiana alatafor the first time (Anderson et
al., 1986; McClure et al., 1989). Solanaceous SdeNaontain 5 conserved domains,
from C1 to C5; where C2 and C3 have histidine te=sdnvolved in RNA degradation,
and the rest contribute to its hydrophobic core.tum, two regions showing high
variability, HVa and HVb (localized between C2 a@8 domains) participate in the
specific recognition process (loerger et al., 19%ie et al., 1996). This set of
evidences led to propose a dual role for the S-BNas one hand, it acts as the female
factor implicated in the specific recognition and, the other, inhibits the incompatible
pollen tube growth as a consequence of its cytotagiivity (McClure et al., 2011).

By sequencing genomi&-locus regions flanking S-RNases, Lai et al. (2002)
identified a gene codifying for an F-Box proteiSLE from Slocus F-boX in

Antirrhinum as the pollers-determinant. According to the genetics of Sl, #igk with
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S-RNase, pollen-specific expression and high sempudiversity were the requisites to
be fulfiled by pollen Sdeterminants.SLF showed the two first but not a high
polymorphism rate. Meanwhile, pollen-expressed k-genes linked tdPrunus S-
RNases were also cloned from almond and Japanesetaproteins encoded by these
genes (coined &SFB showed a high amino acid variability among thiéedént alleles
(Entani et al.,, 2003; Ushijima K et al., 2003).a8ig et al. 2004 demonstrated by
transgenic experiments that SLF proteins were ttleipS-factor in Solanaceae using a
distinctive feature of this family, competitive @maction generated by heteroallelic
pollen (see section 6.3). Marg/locus F-box genes were also identified Malus and
Pyrus (Rosaceae) and named %iEBB (from SFB Brothers) by Sassa et al. (2007). As
main features, alSlocus F-box proteins contain an F-Box domain 8 N-terminal
region and two variable (V1 and V2) and two hypeatde (HVa and HVDb) regions at
the C-terminal end (Ikeda et al., 2004).

6.2. Slocus unlinked genes controlling GSI: the modifielfactors

Slocus unlinked genes are also required for thegmrdunctioning of the Si
mechanism being termed modifier genes or modiéietdrs. Modifiers can be classified
into three different classes on the basis of themction: 1) those affecting the
expression o5-determinants; 2) factors interacting either gexadity or biochemically
with the S-determinants being required for pollen rejectiart Wwith no wider role in
pollination; 3) factors that function in pollen eefion and in other pollen-pistil
interactions as well (McClure et al., 2000).

HT-B (High-Top Band) was the first ndgfactor identified acting in the pistil
side ofNicotiana(McClure et al., 1999). In HT-B suppressed pla&fmollen rejection
failed but S-RNases were normally uptaken and stqrexl in vacuole compartments.
Additionally, HT-B degradation was observed in catiple crosses whereas in
incompatible crosses it was entirely operationdthdugh its role is still unknown,
these evidences suggest a probable involvementhén degradation of vacuolar
membranes after incompatibE&recognition (Goldraij et al., 2006). More recently
NaStEP, a Kunitz-type proteinase inhibitor, hasnbeeind to be crucial fo&specific
pollen rejection and HT-B stability. This proteis expressed in stigmas Nicotiana
spp being uptake into pollen tubes independently lo@ @in)compatibility reaction.
Interestingly, non-functional transgenic lines ciNEP showed reduced HT-B levels

within pollen tubes, behavior that was retainedthie wild-type preferentially in
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compatible pollinations. These evidences suppo8tER as positive regulator of HT-B
but the mechanism still remains to be elucidateas@ et al., 2008; Jimenez-Duran et
al., 2013). Arabinogalactan proteins (AGPs) arendbut in the transmitting tract of
Nicotianastyles being also needed for pollen tube growthe(@lgy et al., 1993). Within
this diverse group of proteins, some members hheas to interact with S-RNases
and enter into growing pollen tubes (Cruz-Garcialet2003 and 2005). These AGPs
are pistil extensin-like protein Il (PELPIII), tnamitting tract-specific glycoproteins
(TTS) and 120K (Cheung et al., 1993; de Graaf et28l03). PELPIII loss of function
breaks down interspecific incompatibility dficotiana tabacumEberle et al., 2013).
Meanwhile, experiments with RNAI lines suppressli2§K in Nicotiana alatadrove to
the loss of its ability to rejec&specific pollen fromNicotiana plumbaginifolia
(Hancock et al., 2005). Despite all these evidenitesexact role of these modifiers in
GSI remains elusive. NaTrxh is another stylar medifgene found inNicotiana
encoding a thioredoxin (TRX) frorh group (subgroup IlI) shown to interact with S-
RNases and AGHs vitro. NaTrxh function is still unknown, but it has besmposed
to participate in the transport of some of thesetgins into pollen tubes or,
alternatively, to release them once inside theepolube. Additionally, it has been
argued a hypothetical interaction with NaStEP tgufate pollen rejection (Avila-
Castafieda et al., 2014; Juarez-Diaz et al., 2006).

Non-Sfactors of the pollen side have also been idedtifiThe GSI pollers
determinant SLF is proposed to be a componenteoStBF E3 ubiquitin ligase complex
formed by Skpl/Cull/F-box (SCF) proteins, whereitmithlly Cull interacts with
Rbx1 (Hua & Kao, 2006; Huang et al., 2006; Li et aD14). SBP1 is a RING-finger
protein (E3 ligase) expressed in a variety of #ssthat binds SLFs, S-RNases, AGPs
and some transcription factors in yeast two hylas$ays (Sims & Ordanic 2001).
NaPCCP is an AGPs interacting protein associatetl e pollen membrane and
internal compartments. It has been suggested twiloote in sorting pistil proteins such
as AGPs, although no evidence supporting its ietgien for proteins involved in Sl
has been demonstrated (Lee et al., 2008 and 2PRABCF is the last GSI modifier
discovered to date and the unique found in a ndaraceae speciebalus domestica
MdJABCF is a transmembrane transporter located e ghllen tube membrane that
interacts with S-RNases mediating in their transpoross pollen tube in a coordinated
cytoskeleton-manner. The transport of S-RNasesilenced MdJABCF lines was

blocked disrupting the self-incompatible resporier(g et al., 2014).
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6.3. Biochemical models proposed for the S-RNased®sd GSI system

Since the end of 80’s several models have beenopeabto explain how self-
incompatible response is regulated by incorporatimely available evidences.
Currently, two models seem to describe this meamarieasibly: degradation model by
collaborative non-self recognition and compartmieration model. Both models have
important aspects in common. For instance, S-RISase/interaction determines
(in)compatible pollination, while RNA degradatioa assumed to cause pollen tube
rejection in incompatible cross (McClure et al.12Q This degradation is carried out
by S-RNases that massively enter into pollen tuba® the transmitting tract style
independently on thelB-genotype (Luu et al., 2000). Nevertheless, thezeakso strong
differences in their postulates. Degradation mogebposes that S-RNase/SLF
interaction displays the massive degradation of-swih S-RNases preventing their
cytotoxic effect. SLF proteins are thought to benponents of the SCF E3 ubiquitin
ligase complex (SCEY) that function targeting proteins by ubiquitinatidor their
posterior degradation by 26S proteasome proteolyiithway and S-RNases were
shown to interact with the SE¥ complex (Entani et al., 2014; Hua & Kao 2006;
Huang et al., 2006)n vitro pull down assays between allelic variants of ShH &-
RNase resulted stronger in non-self interactior tim self-interactions (Hua & Kao
2006). However, the low allelic diversity exhibitbg PetuniaSLFs in comparison to
S-RNases was unexpected according to that obsamvathis conundrum was solved
by Kubo et al. (2010), who observed tRa&tuniaSlocus contain more SLF-like genes
that also interact with non-self S-RNases in aatmtative manner (Figure In7a). In
Solanaceous species, the loss of pol&function could only be detected when
heteroallelic pollen, containing two different Skakeles, was present in the so-called
competitive interaction (Golz et al., 1999 and 200he cause of this phenomenon was
unknown for a long time, but Kubo et al. (2010)egakled that it is produced by the
collaborative action of multiple SLFs detoxifyinglsets of non-self S-RNases. This
observation was supported by the analysis of aralaself-compatible Japanese pear
mutant (Okada et al., 2008) (Figure In7b).
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Figure In7. Degradation model by collaborative norself recognition in S-RNase-based GSI
mechanism.a) schematic representation showing Solana8d@mplotypes where single S-RNases genes
and multiple SLFs are representeddmxesandovals respectively. Target S-RNase alleles for each SLF
to detoxify are connected tsplid arrowswith their target alleles. Image taken from Kuhak (2010).

b) In a compatible cross (CPC; pollen lands on the stigma, germinates and growes anS;S, style.
Both S;- and S,-RNases enter th&; pollen tube and interact with a hypothetical dattiddlomain of the
pollen Sin the cytosol of the pollen tube. One or more SBEFN) in S; pollen tube form functional
SCP*S™N complexes to tags-and S-RNases with a polyubiquitin chain, which are swjpsstly
degraded by the 26S proteasome, escaping from SdRbldotoxic activity. In self-incompatible cross
(SPI), selfs; pollen lands on th&;S, style and botls,- andS,-RNases enter thg pollen tube. Similar to
CPC response, non-s&f-RNases bind to polle8 in the cytosol of the pollen tube. One or more SLF
(SLFN) in S, pollen tube form SCES"™ complexes to tags-RNase with a polyubiquitin chain,
resulting in its degradation by the 26S proteasdmeontrast, the recognition domain of sgfRNase
binds to a hypothetical recognition domain of SEBulting in the formation of a non-functional SEF
SLFN complex, thus self S-RNase escapes degradatiora@sdas a cytotoxin to inhibit the pollen tube
growth. Image taken from Liu et al. (2014).

In the compartmentalization model, Goldraij et @006) demonstrated by
immunolocalization that S-RNases are taken up imbdlen tubes sequestered in
vacuoles. Moreover, self S-RNases are stable inpatible and incompatible crosses,
but HT-B protein is degraded in compatible crosseaintaining the S-RNases into the
vacuolar compartments. Meanwhile, HT-B levels ac¢ affected in incompatible
crosses and S-RNases are released into the cytopifisr disruption of the vacuole
membrane (Figure In8). Hence, these authors sudigasthe pollen endomembrane
system plays a key role in GSI and compartmentaiza instead of S-RNase
degradation, is proposed to prevent pollen arrestompatible crosses. Nevertheless,
SLFs are cytoplasmic proteins and, therefore, s8arNases should exit the luminal
compartment in order to interact with the SErcomplex, but not for its degradation.

Whatever is the function of the SE&F complex, this interaction should drive to
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maintain or not the integrity of HT-B in incompdglor compatible crosses respectively
(McClure et al., 2011).

Compatible

SRN. SRNXx > Pollen IHT-
X..SLFy RNA proteins AR

Incompatible

RNX Pollen
iRN‘ .gLFx._‘ proteins
/ @8 TR

Figure In8. Compartmentalization model in S-RNase-hsed GSI.Pollen tubes are shown in the pistil
extracellular matrix containing a single S-RNasBNS, purple); although, in a typical S-heterozygote
two S-RNases would be present. Compatible (topp@hen tube in a pistil expressing Sx-RNase) and
incompatible (bottom, Sx-pollen tube) pollinatioage shown. S-RNase taken up by endocytosis and
trafficking by default to progressively larger vates in more mature regions of the pollen tube N&x$t
must exit the endomembrane system to interact 3lih; a single SLFréd, SLFx;blue SLFy) is shown.
Degradation of pollen RNA (cross) in incompatiblellen tubes by exit of S-RNases from vacuolar
compartments, a process that do not occur in cableatollen tubes (no cross). HT-B is repressed in
compatible cross but it remains stable in inconfghattross. Image taken from McClure et al. (2011).

S-RNase based GSl iPrunus. Is it a different mechanism?

The GSI mechanism in Rosaceae (includirgnug is based on S-RNases and
SLFs as in Solanaceae and Plantaginaceae. Neessh& S| inPrunus spp exhibit
striking differences not only with Solanaceae amahfaginaceae but also with other

Rosaceae genera sueprusandMalus

7.1.S-pollen and S-pistil determinants in Prunus

Prunus S-RNases show high allelic diversity ranging fr806%6 to 90% in the
amino acid sequence (Ushijima et al., 1998) andtai the five conserved regions in
Solanaceae (from C1 to C5). However, instead ofi@#ain,Prunus spphave a RC4
region, which amino acid composition and locali@atiare slightly different. In
addition, there is only one hypervariable regiorH{®, unlike the two present in
Solanaceae (HVa and HVDb) (loerger et al., 1991; &tual., 1996). Most plant T2-type
S-RNases contain only one intron present in the ldddifying region of Solanaceae
and Rosaceae. Howevétrunus S-RNases posses an additional intron in the joncti
sequence between the signal peptide and the opelingeframe (Figure In9). No

functional analyses supporting S-RNases as fe@dketerminant have been shown in
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Prunus but mutations affecting their expression (Watrial.,, 2007; Yamane et al.,
2003) and structure (Tao et al., 2007) have beendao lead to SC.

Solanaceae |5P c1 Cc2 Hva Hvb C3 c4 C5 I
+
Intron commonly found in solanaceous and rosaceous S-RNase
Rosaceae SP Cc1 Cc2 RHV C3 RC4 Ch l
*.

Prunus S-RNase has an additional intron

Figure In9. S-RNase structure and positions of inton sequences in S-RNase DNA sequence.
Solanaceous and rosaceous S-RNase structures laeenadially illustrated. Intron sequences are
commonly found in the middle of the coding sequsrfoe HVa and RHV of solanaceous and rosaceous
S-RNases, respectively. In addition to this intrthere is another intron iRrunusS-RNase, but not in
Malus and Pyrus S-RNase. SP, signal peptide; C1 to C5, conseregibms 1-5; RC4, rosaceous
conserved region 4; HVa and HVb, hypervariableargia and b; RHV, rosaceous hypervariable region.
Image taken from Tao & lezzoni (2010).

The Slocus F-Box genes of Solanacea8L(F) and Prunus (SFB have shown
important differences as well. For instan8&Bs contain an intron in the 5’UTR region,
proved useful foS-genotyping (Vaughan et al., 2006), that has nehfeund inSLF.
But undoubtedly, the most striking difference is thistinct behavior of mutants where
pollen Sfunction was lost. On the pollen side, SC in Sataae and Plantaginaceae is
always associated with competitive interaction aadnutations affecting SLF function
have been found to confer SC (Golz et al., 20011899). On the contrary, mutations
disrupting SFB function and leading to SC have begtely described inPrunus
(Hauck et al., 2006; Hegedus et al., 2012; Tao Zdai, 2010; Vilanova et al., 2006)
(Figure In10).
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In this context, two different theories have beeggested for the evolution &
factors involved in Solanaceae and Rosaceae GS.gooposes that Sl has evolved
independently on several occasions (De Francedchi.e2011), while the second
suggests a divergence process from a common anaasiong the eudicots before
asterids and rosids division (Igic & Kohn, 2001eiSbachs & Holsinger, 2002; Vieira
et al., 2008). Recent works trying to shed somiat lan this point have been carried out
by phylogenetic and expression analyses of Rosg&éaetors. Segmental duplications
seem to have occurred in a common Rosaceae ancestere three differen®loci
might be involved throughout Rosaceae evolutionaistory (Aguiar et al., 2015;
Morimoto et al., 2015). Thus, the functiorta&locus fromMaloideaeand Prunoideae
are not orthologous, but they had evolved fromedéht lineages recruiting different
paralogous genes to determine each SI mechanismigiAgt al., 2015; Ashkani &
Rees, 2015; Morimoto et al., 2015). It is also nateghy thatF-Box genes having the
highest similarity to Solanaceo&.F genes, designated 8&FL (SLFlike) genes, are
located in the vicinity oPrunus Slocus at the end of linkage group 6 (Aguiar ef al.
2015; Morimoto et al., 2015) (Figure In11).
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Figure In11. Chromosomal localization of the S-RNas SFB, SFBB, and SLFL lineage genes .
persica(a) and M. domestica(b). S-RNase lineage genes are markedink andSFB SFBB andSLFL
lineage genes are markedbilue Different shapesepresent the differei®-RNasandFbox SFB, SFBB
and SLFL- lineage genes. To represent two or more sequlegiaes, abracket at the leftof the
chromosome is used. Eaéhrunus chromosome is marked in a different color: PGhkpiPG2 light

green, PG3 light blue, PG4- purple, PG5- yellow6Rfgeen, PG7- orange, and PG8-red. These colors
are then used to assign the synteny regions fdvitldomesticachromosomes, according to Fig 1 in Jung
et al. (2012). Regions with unknown synteny butweein regions that show synteny with the same
chromosome are marked stripes and regions with unknown synteny between syntesigons from
different chromosomes are markedgirey. Brackets on the rightf each chromosome represent the nine

ancestral synteny regions (1 to 9) according to4rig llla et al. (2011). Image taken from Aguiaraé
(2015).

7.2. Modifier factors identified in Prunus

Numerous genetic evidences supporting pollen madifhave been reported in
Prunusmainly relying onS-locus unlinked pollen-part mutations conferring. SGese
type of mutations were firstly reported in sweeteri (Prunus aviuh cv.
‘Cristobalina’ (Wunsch & Hormaza, 2004) and apric@runus armeniaca cv.
‘Canino’ (Vilanova et al., 2006) (see section &)d more recently in Japanese apricot
(Prunus mumkecv. ‘Zaohong’ (Wang et al., 2013), Japanese plBrunus salicinq cv.
‘Methley’ (Beppu et al., 2015) and sweet cherry.c®on Mird’ and ‘Talegal Ahin’
(Cachi & Wiuinsch, 2014). Nevertheless, none of tipegative mutated modifiers have
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been identified to date. On the other hand, Matdanet al. (2012) have successfully
identified E3 ubiquitin ligase components (PavSSKil PavCull) irPrunus avium
that, as a necessary part of the 8€Eomplex, can also be considered modifiers. In
addition, homologs to SCF components have also been foundVialus and Pyrus
(Minamikawa et al., 2014; Xu et al., 2013; Yuanakt 2014). More recenthPrunus
orthologous gene t8BPL has been identified, but this has not been shiownteract
with F-box proteins or S-RNases (Matsumoto & Tdi6).

7.3.Biochemical model proposed foPrunus GSI

The main difference between GSI mechanisms propdsedSolanaceae,
Plantaginaceae andaloideaeon one hand, anBrunuson the other, concerns to the
expected function for the mal&-determinant. Reinforcing this point, competitive
interaction, commonly detected in Solanaceae, semhinPrunus In fact, heteroallelic
pollen does not drive to GSI breakdown in tetraplBrunus cerasuself-compatible
cultivars. This response in uniquely obtained by @iccumulation of non-function&
alleles like in diploidPrunus spp(Hauck et al., 2006). This distinct behavior esto
propose a self-recognition mechanismPrunus (equivalent to those in Brassicaceae
SSI and Papaver GSI) instead of a non-self redogninechanism as it has been
established for the rest of species exhibiting SagdNbased GSI (Matsumoto & Tao,
2016; Sassa, 2016; Tao & lezzoni, 2010). In thissegTao & lezzoni (2010) already
proposed a model where S-RNases are not the sightraSCF complex but a S-
RNase inhibitor (general inhibitor, GI) that revblg interacts with and inactivates the
S-RNase. Matsumoto & Tao (2016) have recently ptotleat SCF complex binds
SLFL, protein, which interactan vitro with all S-RNases tested. Hence, they
hypothesize that SLFLis a good candidate for being the GI, which polguliinates
both self- and non-self S-RNases. Meanwhile, SFBsilsl recognize its cognate self-S-
RNase and protect it from degradation by the Gdagihg self-S-RNases to accomplish
their cytotoxic activity. Nonetheless, this modekds to be tested plantain order to
validate SLFL function and identify SFB interactingrotein. Furthermore, few
modifiers have been identified Prunuswhen compared with Solanaceae and they are

crucial for the characterization of the distinaddhiemical model operating Prunus
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8. The self-compatible apricot cultivar ‘Canino’. A case of study
8.1. Genetic and molecular analysis

The apricot cultivar ‘Canino’$S:) was found to contain two different types of
mutations conferring SC. On one hand, $géhaplotype bears an insertion of 358-bp in
the SFB: gene that produces a truncated protein leaditigetdoss of pollers-function.
On the other, a mutation in a modifier gene gantetbpally expressed in the pollen
side provokes, independently, the loss of pobearctivity. Segregation analysis &
genotypes performed in different controlled crosassag ‘Canino’ as male and female
parent showed that segregation rates fit with tkeeeted rates for a mutation in
heterozygosis, outside of tisdocus and expressed in pollen conferring SC (Té&inl¢
(Vilanova et al., 2006). Molecular analyses disedrdnutations in the specifi&
determinants §FB and S-RNasg as well as miss-expression of these genes ar eve
allele duplications (heteroallelic pollen) as pbssicauses of the SC phenotype. The
locus containing this mutation was nanmdedocus (from modifier) and belongs to the
group 2 of modifier types (required for pollen jen but have no wider role in

pollination) (Vilanova et al., 2006).

Table Inl. a) Expected gamete and seedling genotypes fornaeed fine outcross ‘Goldrich’'SS;) X
‘Canino’ (S) and the selfing of ‘Canino’§S:;) considering ‘Canino’ heterozygous for a pollemtpa
mutation unlinked to the&Slocus Mm). b) Segregation of th&-RNasealleles in the progenies of
controlled field crosses and self-pollinatioBgenotypes were determined by PCR. Obse&eéiNase
genotypes, expected segregation ratios,@ndilues obtained for each population are indicaledles
taken from Vilanova et al. (2006).

a

Fernale Goldrich (5,5, MM)/

Male Canino (5,5, Mm) HM 22m M St
SM %2 8,8, Mm S8 MM 5,5 Mm
5M X 5.8, Mm 5,5 MM 58 Mm
Female/Male Canino - . - .
(5,5, Mm) M Sam 5M St
5.M X 5,5, Mm 5,5 Mm 5,5 Mm
Sm X 5,5, mm 5,5 Mm 5,5. mm
SM X 5,5 Mm 5-5- MM 55 Mm
S.m X 5,5, mm 5.5: Mm S.5 mm
SH!-{L! leb!llf. Follen Parent SGenotypes Observed Total Expected Segregation 2 (P Value)
(5-Genotype) (S5-Cenotypel 55, 55, 5.5 5.5 5.5, 5.5, Ratio
Goldrich (5, S,) Currot (5.5 31 39 - - - - 70 641 0.91 (0.339)
Goldrich (5, 5,) Canino (5,5¢) 66 55 28 22 - - 171 2:2:1:1° 2.98 (0.394)
Canino (S5,5.) Canino (5,5.) - 53 - 11 - 35 99 3:1:2° 2.20(0.333)
GC-8 (5,57 GC-8 (5,5 - 14 - 4 - 6 24 3:1:2° 0.83 (0.659)
GC-10 (557 GC-10 (5,5 - 14 - = - 10 24 1:1° 0.67 (0.414)
GC-80 (85,57 GC-80 (552 15 - - - 3 6 24 312" 1.50 (0.472)
GC-86 (5,507 GC-86 (5,5) 13 - = - - 1 24 1:1° 0.17 (0.683)
*Seedlings derived from the cross Goldrich (5,5,} % Canino (5,5.). hi:‘(p(_‘(_[l_‘[i ratios for a single mutation unlinked to the Slocus. “Ex-
pected ratios for nonmutated GC seedlings. d0bserved ratios do not differ significantly from expected at P < 0.05 in any case.
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8.2. Mapping of theS-locus unlinked pollen-part mutation conferring SC

Zuriaga et al. (2012) fine-mapped thklocus at the distal end of chr. 3 using
141 individuals from the ‘Goldrich’ x ‘Canino’ pofation. To identify the chromosome
bearing mrmutation, a strategy based on the identificatidnnwlecular markers
exhibiting distorted segregations was carried Agtording to this premise, molecular
markers with the highest distortion were localised.G3 and LG6 (which containS
locus). Taking into account thit- andS-loci are unlinked, LG3 was the most probable
localization for theM-locus. Afterwards, 120 SSR markers designed from & were
tested in both progenitors and 25 were successfuliypped to construct LG3 in
‘Canino’. M-locus was flanked by PGS3.71 and PGS3.96 markeas interval of 1,8
cM that comprised the PGS3.62 marker co-segregatitiy the m-mutation. On the
basis of the high collinearity between apricot gehch maps, and according to the
peach genomic sequence, a contig was obtainedgimrthe identification of BACs
from the Sl apricot cultivar ‘Goldrich’. This cogtencompassed approximately 364 Kb
and 59 ORFs regarding the syntenic peach regiguf&iin12).

Apricot genetic map of the M-locus
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Figure In12. Contig constructed with ‘Goldrich’ BACs covering theM-locus region on the distal
part of apricot chr.3 (not to scale). Aligned BACs showing their BAC-enfig6 (S) and T7 (T) are
represented bgrey boxesMiss-aligned fragments are showrvdsite boxesSSRs amplified from BACs
are indicated bylack dotsand those anchored into the ‘Goldrich’ genetic raag indicated byvhite
dots Dashed-linesndicate the SSR positions corresponding to thécajpgenetic map and the peach
physical map. Distances in centimorgan (cM) arenshat the top for the ‘Goldrich’ genetic map and
those in megabases (Mb) are shown down below &op#ach physical mapl® Redndicates the number
of recombinants found in ‘GxC-01’ corresponding@mldrich’. Image taken from Zuriaga et al. (2012).
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MAIN OBJECTIVES

MAIN OBJECTIVES

The general aim of this thesis was to investigatam&ophytic Self-
Incompatibility (GSI) system ifPrunus by studying modifier factors involved in the
underlying mechanism. For this purpose, the foltmwispecific objectives were

addressed:

1. Genetic and molecular characterization of the setfhpatible apricot cultivar

‘Katy’. Fine-mapping of the mutation conferringglphenotype.
2. To screen for new mutations conferring self-conplitly in apricot by
phenotyping this trait and genotyping tH& and M-locus in a set of

cultivars/accessions with distinct geographic osgi

3. lIdentification and cloning of the apricd-locus modifier gene by using an

integral strategy based on NGS genomic and trgsteanic data.

4. To perform a comparative study of tBeRNase based GSI system in Rosaceae

and Solanaceae by analyzing orthology relationdbgaeen modifier factors.
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Chapter 1:
An S-locus independent pollen factor confers Self-
Compatibility in ‘Katy’ apricot
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Chapter 1: Ars-locus independent pollen factor confers Self-Catibfiy in ‘Katy’ apricot

Abstract

Loss of pollenS function in Prunus self-compatible cultivars has been mostly
associated with deletions or insertions in Sieaplotype-specific F-boxSFB genes.
However, self-compatible pollen-part mutants dewecfor nonSlocus factors have
also been found, for instance, in the aprid&tufus armeniacacv. ‘Canino’. In the
present study, we report the genetic and mole@analtysis of another self-compatible
apricot cv. termed ‘Katy’'S-genotype of ‘Katy’ was determined &S, and S-RNase
PCR-typing of selfing and outcrossing populationsnt ‘Katy’ showed that pollen
gametes bearing either thf&- or the S-haplotype were able to overcome self-
incompatibility (SI) barriers. Sequence analysesasfd no SNP or indel affecting the
SFB, and SFB alleles from ‘Katy’ and, moreover, no evidence ofl@n-S duplication
was found. As a whole, the obtained results arepetifsle with the hypothesis that the
loss-of-function of &locus unlinked factor gametophytically expressegallen M’ -
locus) leads to SI breakdown in ‘Katy’. A mappinggasegy based on segregation
distortion loci mapped th#&1’-locus within an interval of 9.4 cM at the distaddeof
chr.3 corresponding t61.29 Mb in the peachPfunus persicagenome. Interestingly,
pollen-part mutations (PPMs) causing self-comphitybi(SC) in the apricot cvs.
‘Canino’ and ‘Katy’ are located within an overlapgiregion of~273 Kb in chr.3. No
evidence is yet available to discern if they afféwt same gene or not, but molecular
markers seem to indicate that both cultivars ameteally unrelated suggesting that
every PPM may have arisen independently. Furtregareh will be necessary to reveal
the precise nature of ‘Katy’ PPM, but fine-mappaigeady enables SC marker-assisted

selection and paves the way for future positiot@tiag of the underlying gene.

Introduction

Gametophytic self-incompatibility (GSI) is a widespd mechanism in the plant
kingdom that prevents inbreeding (de Nettanco@®12. In Solanaceae, Plantaginaceae
and Rosaceae GSI is controlled by Siecus that contains at least two genes coding
for S-RNase and F-box proteins. S-RNases are spdeific expressed and their
ribonuclease activity is essential for self-pollesiection (McClure et al., 1989;
Boskovic et al., 1996; Xue et al., 1996). In tutim Slocus F-box proteinsSLF or
SFB are the pollers-determinants (Lai et al., 2002; Sijacic et al.020Ushijima et al.,
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2003). Evidence accumulated Retuniaand Antirrhinum supports a model in which
SLFs are components of a SCF E3 ubiquitin ligaseptex that interacts with non-self
S-RNases leading to their ubiquitination and degtiad by the 26S proteasome
proteolytic pathway (Hua & Kao, 2006; Huang et &Q06). Alternately, the
compartmentalization model proposed by Goldraialet(2006) inNicotiana explains
the resistance to non-self S-RNases by their sé@ties in vacuolar compartments of
pollen compatible tubes. A hypothetical S-RNaseosnthe sorting model involving
both S-RNase degradation and compartmentaliza@gsrbleen recently proposed (Chen
et al., 2010), but many pieces of the puzzle rerahisive.

Spontaneous and induced self-compatible mutantse Hasen particularly
important to suppord-RNaseandSlocusF-box genes as th&-determinants ifPrunus
(Rosaceae) since other functional approaches basettansgenic experiments are
seriously hindered in this genus. For instanckludike element insertion upstream of
the S-RNasein sour cherry Rrunus cerasys(Yamane et al., 2003) and a similar
mutation in the Japanese plyfrunus salicing S-RNase(Watari et al., 2007) reduce
the S-RNaseexpression level leading to a insufficient accuatioh of S-RNase in the
pistil which breaks the rejection mechanism. Maifions affecting the S-RNase
structure and conferring self-compatibility (SCybalso been found in peadPr(nus
persicd where the -RNase shows a reduced stability as a consequehdeeo
cysteine residue replacement by a tyrosine in thedGmain (Tao et al., 2007).
Regarding the pollen-part mutations (PPM), self-patible mutants with non-
functional SFBgenes have been identified in sweet chePryius aviun (Ushijima et
al., 2004; Sonnelveld et al., 2005; Marchese et28l07), apricotRrunus armeniaca
(Vilanova et al., 2006), sour cherry (Hauck et &006), Japanese apricd®rgnus
mum@ (Ushijima et al., 2004) and peach (Tao et alQ730supporting their role as the
pollenS determinants in this genus. In most of these c¢afes self-compatible
phenotype was associated with indels in3#® codifying region causing a frame-shift
in translation that produces a non-functional taied protein (Yamane & Tao, 2009).
This seems to be a specific feature of the S-RNesed GSI system operating in
Prunus, since in Solanaceae the only pollen-side mutatiound to cause SC are due to
the Sheteroallelic pollen effect (Golz et al., 1999hefefore, SLF mutations were
initially suggested to confer Sl or lethality, nagicent findings provide an alternative
explanation since in the non-self recognition byitiple factors SI system, shown to
operate in Solanaceae (Kubo et al., 2010)Ryrdis(Rosaceae) (Kakui et al., 2011), the
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loss of pollenS function does not lead to SC. In contrast, alslosfunction mutations
found in PrunusSFB cause SC which may support differences in therselignition
mechanism where the SFB target would be an S-RN@isi®itor’ instead of the S-
RNase itself (Tao & lezzoni, 2010). Neverthelesgneconsidering the discrepancies,
major similarities (i.e.SRNaseand SLF/SFBas S-specificity determinants) are still
more striking and the model as a whole might begmeed across families (McClure et
al., 2011).

As reported above, self-compatible accessions fannRBosaceae are mostly
related to mutations in pistil and poll&locus determinants (Yamane & Tao, 2009).
However, mutations in no&-locus factors have also been associated with SSveet
cherry (Winsch & Hormaza, 2004), almor@rynus amygdalys(Fernandez et al.,
2009) and diploid strawberried-ragaria spp) (Boskovic et al., 2010). Genetic
evidence forSlocus unlinked factors required for GSI, also eadlmodifier genes, was
previoulsy accumulated in Solanaceae. For instaAcef al. (1991) showed that the
self-compatiblePetunia hybridacv. ‘Strawberry Daddy’ $S«) accumulates a non-
functional S-allele &) and a stylar mutation in an additional factor essary for Sl.
Later studies irNicotianarevealed that the so called 4936 stylar fact@iss required
for SI (McClure et al., 2000). Moreover, mutationsnodifier loci affecting the pollen-
S function have been suggested to explain Sl breakdon Solanum tuberosum
(Thompson et al., 1991) ametunia axillaris(Tsukamoto et al., 2003). More intriguing
is the behaviour of the PPM found Bolanum chacoensthat predicts &Slocus
inhibitor (Sli) gene acting as a single dominant factor that laysp sporophytic
inhibition of SI (Hosaka & Hanneman, 1998a; 1998lore recently, some stylar
modifier factors have been identified and succdlgstloned inNicotiang such as the
small asparagine-rich protein HT-B (McClure et dl999), the 120K glycoprotein
(Hancock et al., 2005) and the Kunitz-type praisainhibitor NaStEP (Busot et al.,
2008) but their role in SI still has not been coetgly elucidated. Pollen modifier
factors have also been identified in the Solangceaeh as thePetunia pollen-
expressed Skpl-like protein PhSSK1 proposed todbegaas adaptor in the SCF
complex (Zhao et al., 2010). Interestingly, Matstonet al. (2012) have identified a
similar SFB-interacting Skp1-like protein (PavSSKdsweet cherry and suggest that it
could also be a functional component of the SCF piera Nevertheless, the
identification of additional GSI modifier factorslivbe necessary to dissect completely

the underlying mechanism Rrunus
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In apricot, the cv. ‘Canino’ $S-Mm) was found to contain two different
mutations conferring SC, an insertion in BIEB: gene that produces an SfBuncated
protein and a mutation in a modifier genm) (unlinked to the Slocus, both
independently causing the loss of polifunction (Vilanova et al., 2006; Zuriaga et
al., 2012). In this work, we have analyzed the-sethpatible apricot cv. ‘Katy’ using
genetic and molecular approaches, and the compuietence suggest that the loss of
function of anSlocus unlinked factorM’-locus) is also involved in polle&-function
breakdown in this case. According to the currembvdedge on GSI irPrunus the
possible roles for the mutated modifier gene asewdised. In addition, we have paved
the way for future positional cloning of the ‘Katgollen-part modifier gene by fine-
mapping theVl’-locus to the distal part of apricot chr. 3. Macamd micro-synteny of
this region has been studied by comparing with Mocus in ‘Canino’ and by
analyzing the ORFs comprised in the peach syntegon according to the peach
genome v1.0 (International Peach Genome Initiative- IPGI,

http://www.rosaceae.org/peach/genome).

Results

‘Katy’ is an apricot self-compatible cultivar with S-genotype$; S,

‘Katy’ is an apricot variety developed by ZaigeGenetics (Modesto, CA,
USA) and reported as self-fruitful (Rusell, 199B).this study, SC of this cultivar was
confirmed by self-pollination in the field (Tablel). To determine th&genotype of
‘Katy’, fragments containing the first intron ofels-RNasesvere PCR-amplified using
the SRc-F/SRc-R primers (Figure 1.1a). These fragsneere assigned 18 and S,-
alleles by comparison with knowigenotypes, following the nomenclature established
by Burgos et al. (1998). ThiS-genotype was confirmed by the amplification of the
second intron using the primers Pru-C2/Pru-C4R @taal., 1999) since fragment sizes
obtained were coincident with those expected ferShandS,-alleles (Figure 1.1b). In
addition, PCR-amplified fragments spanning thet firdron, were sequenced and
compared with GenBank accessions, being identdhe already identifiedPrunus
armeniacaS-RNases 1 and 2. The alignment of their deducead@matid sequences (44
aa) showed the presence of the C1 andP@mus SRNase conserved domains along
with the hypervariable region HV1 located betwdsmt (Romero et al., 2004).
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Table 1.1.Segregation of the S-RNase alleles in progenieselbfpollinations and outcrosses
performed with the self-compatible cultivar ‘KatydbservedS-RNasegenotypes, expected

segregation ratios andvalues obtained for each population are indicated.

Seed parent  Pollen parent  Population N° Exp. 3%
(S-genotypej  (S-genotype) name SS S SS S SIS SIS S Ratio?  P-value
Katy (SS) Katy (5S) ‘KxK' P 94 -~ -~ 45 33 16 - - 21111 6.32(0.04)
Katy (5$) Goldrich §S,) --- 0

Goldrich &S)  Katy (5S) ‘GxK’ 26 - - 12 10 4 - - 211 292(0.23)
Harcot §Sy) Katy (5.S) ‘HxK’ 44 - - 20 - 4 7 13 2:1:1:23.68 (0.30)
Katy (SS) Canino &) ‘KxC' 50 15 19 6 10 - - - 2:2:1:11.49 (0.69)
Canino %) Katy (SS) ‘CxK’ 88 32 15 29 12 - -- -- 2:1:2:10.74 (0.86)

& Sgenotypes for ‘Goldrich’, ‘Harcot’ and ‘Canino’ e prevously reported by Vilanova et al. (2005)
and theS-genotype for ‘Katy’ was determined in this work

P KxK’ data correspond to three combineglgopulations obtained by self-pollinating ‘Katy’ 2005,
2006 and 2010.

¢ Obtained seedlings
4 Expected ratios for a single mutation unlinkedh®S-locus

° Observed ratios do not differ significantly frompected at P < 0.05 (barring ‘Katy’ self-pollinatio
at P >0.01)

SC in ‘Katy’ is associated with a PPM unlinked to he S-locus

To analyze the nature of SC in ‘Katy’, this cultivaas self-pollinated and
reciprocally crossed with ‘Goldrich’, a self-incoatle cultivar sharing the sang&
genotype.S-RNasegenotyping of the progenies derived from the ‘Kdt$;S,) self-
pollination (Figure 1.1c) and the ‘Goldrict,S) x ‘Katy’ (S;S,) outcross (Figure 1.1d)
revealed three differer&genotypes S,:5,.S::S,S)) in both cases (Table 1.1). In turn,
the ‘Katy' (SS,) x ‘Goldrich’ (S;S,) cross did not produce any seedling. Thus, ‘Katy’
pollen is able to grow through the ‘Goldrich’ pistheanwhile ‘Goldrich’ pollen is
rejected in the ‘Katy’ styles. According to thessults, SI breakdown in ‘Katy’ may be
due to a pollen-part mutation since ‘Katy’ is coetply functional as a female parent.
Indirect evidence supporting this hypothesis wa® alompiled from the&s-genotype
segregation ratio in ‘KxC’, because the numbeGobearing genotypes is lower than
that expected for a non-functional pisil-determinant (Table 1.1). Moreover, both
‘Katy’ S-alleles are able to grow in ‘Goldrich’ and ‘Katgtyles suggesting that the
PPM is unlinked to th&locus.
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Figure 1.1. Determination of the ‘Katy’ S-genotype and analysis of-alleles segregation in selfing
and outcrossing populations derived from ‘Katy’.PCR amplification of apricot genomic DNA with
consensus primers for thé' a) and 2 (b) S-RNasdntron. Samples in (a) and (b) are as follows: (G)
Goldrich §S) and (K) Katy §S)). SRNase allele fragments PCR-amplified with SRc-F'$Rprimers
from the ‘KxK’ (c), ‘GxK’ (d) and ‘HxK’ (e) progergés. Samples are as follows: (K) Ka§%), (G)
Goldrich &) and (H) Harcot$,S,) and 15 seedlings from each cross.

To complement these observations, we performedtiaddi crosses with
cultivars having differenB-genotypes. Figure 1.1e shows tB&Nasegenotyping of
the ‘Harcot’ §,S,) x ‘Katy’ (S;S,) population wherés-genotypes fell into four classes
(§S::5.S:55:S,S) (Table 1.1). Two of thes&genotypes were unexpectedly obtained
(§S, andS,S)) since pollen tubes carrying tisg-haplotype from ‘Katy’ were expected
to be incompatible in ‘Harcot’ styles. On the otlhand, reciprocal crosses with the cv.
‘Canino’ (S, Mm) produced foulS-genotype classe$S&-:SS:5%::S,S,). According
to the two unlinked PPMs associated wtih SC in i@an(S and m), these fourS
genotypes were expected for the ‘KxC’ progeny (€dhll). Nevertheless, since pollen
tubes having theS-haplotype should be arrested $-styles, theS,S. and S;S,
genotypes observed in the ‘CxK’ progeny were unetgok The observed ratios f&r
genotype segregations in ‘HxK’ and ‘CxK’ fit witlhat expected in a model where
‘Katy’ carries a heterozygous PPM affecting pol®function that is unlinked to th®&
locus (2:2:1:1) withy? values of 3.68 and 0.74£0.30 andP=0.86) (Tables 1.1 and
1.2). On the contrary, if we consider an heteromggBPM linked in coupling to the
incompatibleS-allele or an homozygous PPM (linked or unlinkedthie Slocus) the
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expected ratios (1:1:1:1) do not fit with the olveer data withy2 values of 13.6 and
13.5, respectivelyR<0.004).

All performed crosses were shown to be compatlidering ‘Katy x Goldrich’
cross, and fruit set ranged approximately from 15%xK’) to 34% (‘CxK’).
Differences in germination rate and seedling fitnesere striking. Only 59% of the
‘KxK’ inbred seeds produced healthy plants whiles ghercentage increased to 82-96%

in the outcrossed seeds.

Table 1.2.Expected gamete and seedling genotypes formedtfrerautcross ‘Harcot'§S,) x
‘Katy' (SS) and the selfing of ‘Katy’ $S;) considering ‘Katy’ heterozygous for a pollen-part
mutation unlinked to th&locus M'm’)

Female gametes Male gametesKaty' (SS; M'm’)

‘Harcot’ (SS$SM'M") SM'P sm’ S,M’ s,m’
SM’ X?® SSMm' SSMM SSMm
SIM’ X SSMm SS MM SSM'm’

‘Katy' (5SS M'm’) SM’ Sm’ SM’ Sm’®
SIM’ X SIS MM’ X SS,M'm’
sm’ X SSmm’ X SSm'm’
S,V X SIS MM’ X SS,M'm’
Sm’ X SSmm’ X SSmm’

& Pollen incompatibility

® If m' was linked in coupling witt§, the SM’ and Sm’ gametes from ‘Katy’ would not be
formed, and converselyiifi’ was linked in coupling witls; theS; M’ andSm’ gametes would not
be formed.

Molecular analysis of the self-compatible cv. ‘Katy($:S;)

To test whether the ‘Katy’ pollen tubes are noecggd in pistils bearing a
matchingS-allele as a consequence of SNPs or indels affgB, andSFB, genomic
DNA fragments containing both alleles were cloned sequenced. Genomic sequences
of § andSy-haplotype regions from the self-incompatible celdich (S,.S;) were used
as references (Romero et al., 2004). No changes f@end in the nucleotide sequences
of the two cloned fragments (approximately 1.3 arilkb, respectively) containing the
complete SFB, and SFB, open reading frames as well as their 5 and 3aeait
flanking regions (~110/390 and ~70/470 bp from ®eand 3’ SFB/SFB flanking
regions, respectively).

PPMs identified in Solanaceae are mostly assocwttdSallele duplications

caused by polyploidy or induced mutations (Golalet 2001). To discard this reason,
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we first examined the ploidy level in ‘Katy’ by fiocytometry analysis. The peaks of
nuclei isolated from ‘Katy’ were coincident withake detected in the control diploid
plant (‘Goldrich’), indicating that ‘Katy’ is a dlpid (data not shown). A hypothetical
duplication of theSFBalleles in ‘Katy’ was also tested by a real-timeRRbased gene
dosage assay, but the relative DNA amounts detdoie®@FB and SFB, were not
significantly different between ‘Katy’ and the seitompatible cv. ‘Goldrich’ (Figure
1.2).
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Figure 1.2. Relative DNA amount ofSFB; and SFB, in ‘Goldrich’ (G) and ‘Katy’ (K). Quantities
correspond to the average of two independent bicdbgeplicates repeated three times and were
determined usingctin as endogenous control. Bars indicate standarctiens.

Gene expression analysis showed tBBB, and SFB alleles are specifically
expressed in pollen in ‘Katy’ and ‘Goldrich’ (datet shown). Furthermore, relative
transcript abundance &FB andSFB in ‘Katy’ and ‘Goldrich’ was quantified by real-
time RT-PCR usingctin as endogenous control to normalize transcriptiaines. No
significant differences in the transcript levelsrevéound for any of the tw8FBalleles
between ‘Katy’ and the self-incompatible cv. ‘Gotdir (Figure 1.3) discarding

transcriptional repression 8FBs as the cause of SC.
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Figure 1.3. Relative transcript abundance ofSFB; and SFB, in ‘Goldrich’ (G) and ‘Katy’ (K).
Quantities correspond to the average of three iewiggnt biological replicates repeated three tirBass
indicate standard deviations.

S-locus unlinked PPM conferring SC in ‘Katy’ is locaed on linkage group 3

Overall, genetic and molecular evidence support adeh where ‘Katy’ is
heterozygous for a PPM unlinked to tBdéocus that confers SC. The locus containing
this PPM in ‘Katy’ was referred aM’-locus to distinguish it from thé-locus
previously reported in ‘Canino’ (Zuriaga et al.12). Thus, according to ti& andM’-
locus genotypes, ‘Katy’ was designatedSeS, M'm’ (Table 1.2). Under the proposed
genetic model, SSR markers linked to Melocus in ‘Katy’ selfing populations should
be highly distorted, since only seedlings deriveaif ‘Katy’ pollen gametes carrying
them’-allele &m’ or Sm’) could be obtained (Table 1.2). Thus, the expeitd for a
SSR marker segregating independently of Midocus in the E populations is 1:2:1
while that for an absolutely linked SSR is 1:1. @s assumption, genome-wide
distributed SSR markers were tested to look foro@asions with theM’-locus.
Thereby, 118 SSR markers distributed across th# Biginuschromosomes (ranging
from 9 in LG7 to 34 in LG3) were selected for maggp{Tables S1.1 and S1.2). Fifty-
five of these SSRs (47%) were found to be polymiorjph ‘Katy’ and, subsequently,
tested in the ‘KxKs' and ‘KxKgg' progenies (Table 1.3). According to the genetaps
constructed for each group, the maximum genetianice estimated between any pair
of markers was ~52cM in LG5 (Table 1.3). In termis te physical distance,
determined from the peach genome sequence, ther mga was found in LG1
(~23Mb). Considering the estimated sizes for thechegenome (~290 Mb) and for the
Prunusgeneral map (519cM) (Zhebentyayeva et al., 2008, relationship between
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physical and genetic distances is ~0.56 Mb/cM @ragye. Accordingly, the LG1 23Mb
gap should correspond to <45 cM. Consequentlyherhost unfavourable scenario,
distance toM’-locus should be lower than 25¢cM and recombinatrequency lower
than 0.25. In this hypothetical case, the experdéd for a SSR linked to the’-locus
would be 1:4:3, and only markers located on LG3 bBG® fulfill this prediction and
show skewed segregationgX 5.99 withP< 0.05 for 2 d.f.) (Table 1.3).

Table 1.3.Identification of segregation distortion SSR loistdbuted throughout the eight
linkage groups (LG) of ‘Katy’ using the ‘Kx§§ and ‘KxKys' populations.

LG Locus Peach MB ApricotcM® Seg.typé A H B Total ¥ (P-value)
1 Golos1 4,69 00,0 (0,26) <abxab> 12 22 12 46  ()8B)
1 EPPCUO0027 9,51 30,7 (0,00) <abxab> 17 19 9 4593 @®,14)
1 pchcms4 9,51 30,7 (0,36) <abxab>18 19 9 46 4,91 (0,09)
1 CPPCT045 32,02 77,5 <abxab>7 30 9 46 4,44 (0,11)
2 ssrPaCITA19 13,01 00,0 (0,17) <abxab>18 18 10 46 4,96 (0,08)
2 UDP98-411 20,17 17,2 (0,18) <abxab>13 24 9 46 0,78 (0,67)
2 CPSCT021 23,74 36,9 (0,03) <abxab>10 27 9 46 1,44 (0,49)
2 CPSCTO031 25,15 40,3 <abxab> 10 26 10 46 0,78 (0,68)
3 ssrPaCITA23 02,70 00,0 (0,17) <abxab>8 25 13 46 1,44 (0,49)
3 UDAp468 04,85 18,0 (0,24) <abxab>20 16 9 45 9,13 (0,01)
3 PGS3 03 16,41 44,7 (0,23) <abxab> 5 20 21 46 11,91 (0,003)
3 EPPCU7190 19,78 69,0 <abxab>18 25 2 45 12,29 (0,002)
4 UDP96-003 08,76 00,0 (0,12) <abxab>9 25 12 46 0,74 (0,69)
4  BPPCTO040 06,46 12,0 (0,13) <abxab>10 27 9 46 1,44 (0,49)
4 UDAp404 - 25,4 <abxab> 12 26 8 46 1,48 (0,48)
5 PGS5 02 00,48 00,0 (0,39) <abxab> 8 24 12 44 9 (0,89)
5 UDAp452 13,76 52,3 (0,35) <abxab>8 23 15 46 2,13 (0,34)
5 CPSCT006 11,53 95,1 <abxab>10 25 11 46 0,39 (0,82)
6 PGS6_04 04,95 00,0 (0,20) <abxab> 5 23 16 44 9 ®,96)
6 UDAp420 08,14 21,6 (0,10) <abxab>6 20 20 46 9,30 (0,01)
6 UDAp489 16,82 31,9 (0,09) <abxab>18 21 7 46 5,61 (0,06)
6 Ma027a 20,90 41,3 (0,23) <abxab>16 25 4 45 6,96 (0,08)
6 ssrPaCITAl2 27,84 64,3 (0,03) <abxab>7 22 17 46 4,44 (0,11)
6 LocusS 26,45 67,6 <abxab> 6 23 17 46 5,26 (0,07)
7 CPSCTO026 10,98 00,0 (0,00) <abxab>13 23 10 46 0,39 (0,82)
7 CPPCTO22 10,23 00,0 (0,26) <abxab>13 23 10 46 0,39 (0,82)
7 CPSCTO042 17,08 29,2 <abxab>10 20 16 46 2,35 (0,31)
8 PGS8 02 03,28 00,0 (0,03) <abxab>7 24 7 38 2,63 (0,27)
8 PGS8 05 07,39 03,4 (0,04) <abxab> 8 25 11 44 3 (034)
8 UDAp401 10,50 07,2 (0,00) <abxab> 10 23 12 45 0,20 (0,90)
8 UDAp470 12,61 07,2 (0,05) <abxab> 10 24 12 46 0,26 (0,88)
8 Mé6a 15,03 11,8 <abxab> 9 25 11 45 0,73 (0,69)

& Marker position (Mb) within the corresponding peagnome scaffolds which sizes were estimated by
IPGI (scaffold_1, 46.88Mb; _2, 26.81Mb; _3, 22.02MH4, 30.53Mb; _5, 18.50Mb; _6, 28.90Mb; _7,
22.79Mb and _8, 21.83Mb)

® Map position (cM) and rec. frequencies (in braskestimated by JoinMap 3.0
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¢ Segregation type as per JoinMap 3.0
4 Chi-square test was performed for the expectéd ta2:1 (<abxab>)
© Observed ratios differ significantly from expect#d < 0.05 for 2 degrees of freedom

In agreement with the segregation of tl&egenotypes in the analyzed
populations, theM’-locus is proposed to be unlinked to tBdocus (Table 1.1).
Therefore, LG3 or a region far from the LG6 distad, where th&-locus is located,
are likely positions for th&!’-locus. To discern between these two possibilitesiore
detailed SDL analysis was performed in LG3 (Tabkal and LG6 (Table S1.1) by
including the ‘KxK;g population and additional markers. On one sides @analysis
showed that LG6 distorted markers are partiallkdoh to theSlocus (i.e. Ma027a
shows a recombination frequency of 0.26 at LOD8itB the Slocus). On the other,
the magnitude of the segregation distortion detetd G6 (= 15.28 withP= 5x10*
for PGS6_07) lower than that found in LG8 31.30 withP= 1.6x10’ for PGS3_23).
This is due to the lower imbalance between homoayggenotypes found in PGS6_07
(7B against 32A) when compared with PGS3 23 (0Bnag887A) (Table 1.4a and
Table S1.1). It is inferred from the model thatleolgametes carrying SSR alleles
linked in repulsion phase with the PPM would nobwgrinto incompatible styles.
Therefore, homozygous genotypes for these SSReslsould not be obtained in the
progeny, as observed for the LG3 SSR distorted enarand particularly for PGS3_23
(Table 1.4a). Thus, both arguments support LGhasrtost likely location for thi’-

locus allowing us to discard LG6.

High-density mapping of theM’ -locus on chr.3

To construct a high-density map of tMé-locus region on chr.3, 102 SSRs
identified from the peach scaffold_3 sequence byaga et al. (2012) (Table S1.2) and
18 additional SSRs available from the GDR webslteng et al., 2004) were tested in
‘Katy’. A higher percentage of these SSRs did noiplfy or produced multi-band
patterns in ‘Katy’ (40%) when compared with bothol@ich’ and ‘Canino’ (~30%).
However, polymorphism of amplified SSRs was similatween ‘Goldrich’ and ‘Katy’
(~55%) and significantly higher than that found ‘©@anino’ (23%) (Table S1.2).
Polymorphic SSRs in ‘Katy’ were tested in 87 tréemn the ‘KxK’ F, population.
Sixteen of them were mapped, forming a LG3 genatip of 72cM with an average
marker density of 0.22 marker/cM (Table 1.4a). Timarker density increased up to
0.62 marker/cM in the region flanked by the modtalied markers PGS3_12 and
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AMPA119 (Table 1.4a). An additional LG3 map obtainéom the outcrossing
population ‘CxK’ was found to be essentially codlar with the ‘KxK’' map (sharing
>80% markers), except for a single order changavdmt AMPA119 and PGS3_32
(data not shown). The SDL associated with Bielocus region were confirmed by
analyzing 60 additional seedlings derived fromdh&rosses ‘HxK’, ‘GxK’ and ‘CxK’

for all sixteen LG3 markers (Table 1.4b). Thesedbegs were selected by the#
genotypes, so that they could only be derived fthenfertilization with a ‘Katy’ pollen
gamete carrying the PPNn() and, therefore, directly assigned to tiém’ genotype
(Table 1.2). Skewed segregations in selfing @hd outcrossing populations suggested
that theM’-locus is roughly located between PGS3_22 and P&5@Table 1.4).

Table 1.4.Identification of segregation distortion SSR lo¢stdbuted throughout the ‘Katy’
LG3. a) Data corresponding to the ‘KxK5 population. b) Data corresponding to the subsets

carrying the PPM from the outcrossing populatidiisK’, ‘GxK’ and ‘CxK’.

a)

Locus Peach MB Apricot cM? Seg. typé A H B Total 32 (P-value)f
MAO66a 02,40 00,0 (0,03) <abxab> 15 46 25 86 2,74 (0,25)
ssrPaCITA23 02,70 02,3 (0,10) <abxab> 16 44 27 87 2,79 (0,25)
UDAp468 04,85 12,1 (0,08) <abxab> 16 38 31 85 6,25 (0,04)
BPPCTO039 05,80 19,6 (0,30) <abxab> 13 42 30 85 1 @M3)
PGS3 03 16,41 39,2 (0,07) <abxab> 4 46 35 85 23,19 (9x1f
PGS3 12 17,38 46,3 (0,01) <abxab> 4 44 35 83 23,46 (81
PGS3 15 17,71 46,9 (0,03) <abxab> 4 45 32 20,36 (H10
PGS3 22 18,49 49,2 (0,03) <abxab> 3 45 35 83 2527 (31
PGS3 23 1861 51,1 (0,05) <abxab> 0 48 37 85 33,64 (5e-8)
PGS3 28 19,14 55,1 (0,02) <abxab> 3 49 31 83 21,60 (2x1F
PGS3 32 19,60 56,8 (0,00) <abxab> 4 48 31 83 19,60 (61
PGS3 33 19,66 56,9 (0,03) <abxab> 4 50 30 84 19,14 (71
AMPA119 20,00 59,0 (0,00) <abxab> 4 47 35 86 23,00 (9x1f
EPPCU7190 19,78 59,1 (0,10) <abxab> 4 47 33 84 21,21 (lev
CPDCTO027 21,67 67,1 (0,12) <abxab> 9 40 32 81 13,07 (0,001)
EPPCU0532 22,00 72,0 <abxab> 12 42 21 75 3,24 (0,20)
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b)

Locus Peach MB Population Seg. typé << -d -e -g -n -p Total ¥ (P-valuey
MAO66a 02,40 HxK-/GxK <efxeg>/<nnxnp> 5 6 1114 36 0,44(0,50)
ssrPaCITA23 02,70 HxK/GxK <efxeg> 16 20 36 0,44 (0,50)
UDAp468 04,85 HxK/CxK <efxeg> 21 14 35 1,40 (0,24)
BPPCT039 05,80 HxK/CxK <abxcd>/<efxeg> 3 8 19 33 2,46 (0,12)
PGS3_03 16,41 HxK/CxK <efxeg> 33 2 35 27,46 (1.6e-7)
PGS3_12 17,38 All three <efxeg>/<nnxnp> 23 1 34 2 60 48,60 (0,00)
PGS3_15 17,71 CxK <efxeg> 24 0 24 24,00 (9.6e-7)
PGS3_22 18,49 All three <efxeg>/<nnxnp> 36 0 24 0 60 60,00 (0,00)
PGS3_23 18,61 All three <efxeg>/<nnxnp> 36 0 24 0 60 60,00 (0,00)
PGS3 28 19,14 All three <nnxnp> 60 0 60 60,00 (0,00)
PGS3_32 19,60 All three <efxeg>/<nnxnp> 11 0 48 1 60 56,07 (0,00)
PGS3_33 19,66 All three <abxcd>/<efxeg>0 11 48 1 60 56,07 (0,00)
AMPA119 20,00 All three <efxeg> 59 1 60 56,07 (0,00)
EPPCU7190 19,78 All three <efxeg> 59 1 60 56,07 (0,00)
CPDCT027 21,67 All three <abxcd>/<nnxnp31 3 19 5 58 30,41 (3e-8)
EPPCU0532 22,00 HxK/GxK <efxeg>/<nnxnp> 11 0 21 3 35 24,03 (9.5e-7)

& Marker position (Mb) within the peach genome sulaff 3 which size estimated by IPGI was 22.02Mb
® Map position (cM) and rec. frequencies (in braskestimated by JoinMap 3.0

¢ Segregation type as per JoinMap 3.0

¢ Chi-square test was performed for the expectedosratl:2:1 (<abxab>) (a) and 1:1
(<nnxnp>/<efxeg>/<abxcd>) (b)

¢ Observed ratios differ significantly from expectdP < 0.05 for 2 (a) or 1 degrees of freedom (b)

f S-genotypes of the selected seedlings w&8; andS,S, in ‘HxK’; SS, and&:S in ‘CxK’; SS, SS
andSS; in ‘GxK’

To define theM’-locus location more consistently, not only consrg
distortions but also on the basis of genotypingdah additional mapping strategy was
performed. As described above, all ‘KxK-Frees could only be derived from pollen
gametes with genotypg®&m’ or SSm’, having either thé&/'m’ or them’m’ genotype. To
discriminate between these two genotypes the sogen F; offsprings was necessary.
Thereby, twelve ‘KxK-E individuals, with recombination breakpoints mamgpito the
LG3 region between UDAp468 and CPDCTO027, were pellinated to obtain
populations. Six of them (K05-15, K05-21, K06-18)8<25, K06-34 and K06-37) were
finally discarded for the analysis due to the lownber of embryos obtained (less than
7 in four cases) or because they were redundagphesented (other, ndividuals with
larger F; populations have identical SSR genotypes in taisogiic region). The sixsF
populations obtained from the remaining recombinants (K05-12, K05-24; K06-05,
K06-06, KO6-17 and K06-21) were tested for a subsé& SSRs encompassing tkie-
locus (PGS3_13/PGS3_32 interval) (Table 1.5). TH8S® markers heterozygous in

the K, recombinant (H) were expected to segregate 1therk; population when the -
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recombinant had theI’'m’ genotype and 1:2:1 if it had time'm’ genotype (Table 1.5).
According to the segregation of these markers (Ar#B as per JoinMap 3.0 notation)
the M’-locus was proposed to be flanked by PGS3_22 afCER 190 markers within
an interval of 9.4 cM. Graphical ordering of genpeydata enables the positioning of

recombination breakpoints to confirm map order (Fegl.4a).

Table 1.5. M’-locus genotyping of trees belonging to the ‘KxK0&hd ‘KxK06' F
populations.M’-genotypes were determined by PCR-based amplificatif SSR markers
(PGS3 13, PGS3 15, PGS3 22, PGS3 23, PGS3 28 aB8 BH in the k progenies.
Number of embryos falling into each genotypic cléssH or B) are indicated andold lines

represent recombination breakpoints.

SSR genotypes of Fprogenies from ‘KxKgys' and ‘KxK o¢' F,trees

K05-12 Ged A H B y°(P-value) M -locus K06-05 Gen A H B y*(P-value) M-locus

PGS3_12 H PGS3_12 H
PGS3_13 PGS3_13
PGS3_15 PGS3_15
PGS3_22 PGS3_22
pGS3 23 H| 0 14 15 0,03(0,85) MM pGS3 23 H|O0 12 6|200(0,16) Mm
PGS3_28 PGS3_28
PGS3_32 PGS3_32
EPPCU7190 B EPPCU7190 H
K05-24 Gen A H B y°(P-value) M’-locus K06-06 Gen A H B y°(P-value) M’-locus
PGS3_12 A PGS3_12 A
PGS3_13 PGS3_13
PGs3 15 | A |6 0 0| 002(0,9) Mm PGS3 15 | A |24 0 0 150(0,22) Mm
PGS3_22 PGS3_22
PGS3_23 PGS3_23
PGS3 28 | H | 0O 31 3 PGs3 28 | H | 0 9 13
PGS3_32 PGS3_32
EPPCU7190 H EPPCU7190 H
K06-17 Gen A H B y°(P-value) M’-locus K06-21 Gen A H B y*(P-value) M’-locus
PGS3_12 H PGS3_12 H
PGS3_13 PGS3_13
H |10 8 3| 585(0,05 mm H |5 15 9 1,14(0,57) mm’
PGS3_15 PGS3_15
PGS3_22 PGS3_22
PGS3_23 slo o = PGS3_23 5 | o o 2
PGS3_28 PGS3_28
PGS3_32 PGS3_32
EPPCU7190 B EPPCU7190 B

2‘Gen’ indicates the SSR genotype for eaghe€ombinant
® Chi-squarey® and P values for the expected segregation ratios 1:@2'in{) and 1:1 ¥'m’) obtained
from each independent population.

64



Chapter 1: Ars-locus independent pollen factor confers Self-Catibfiy in ‘Katy’ apricot

Macro- and microsynteny analysis of theVI’ -locus in apricot

Eleven out of the sixteen SSR markers containethen'Katy’ LG3 map had
been previously mapped in the ‘Canino’ LG3 (Zuriagaal., 2012). As a whole, these
markers were found to be collinear between bothsn{&pout of 11) but some order
changes regarding PGS3_33, AMPA119 and EPPCUQ0532 elmserved at the distal
chromosome end (data not shown). In turn, markeeroin the ‘Katy’ LG3 map was
completely collinear with the physical position thie markers in the peach genome
(Table 1.4a and Figure 1.4). Unfortunately, mosth&f markers surrounding thé-
locus in ‘Canino’ LG3 were found to be monomorpimc¢Katy' and therefore could not
be mapped (Table S1.3). Genetic differences betwiaty’ and ‘Canino’ were
detected across the whole genome, they share 818y28 of their SSR alleles and show
a Nei’s genetic distance of 0,83 (Table S1.4).dddenly a few collinear markers, such
as PGS3 12, PGS3 15 and EEPCU7190, were usefuéfioeda syntenic region
between both apricot maps containing tle and M’-loci and corresponding to a
physical interval between 17.38-19.78 Mb in thegbegenome (Figure 1.4a). The
PGS3_22/EEPCU7190 interval comprising Melocus in ‘Katy’ corresponds to ~1.29
Mb in the peach syntenic genomic region (betweeAB19.780 Mb positions).
Meanwhile, in ‘Canino’ theM-locus was predicted to be flanked by PGS3 71 and
PGS3_96 markers within an interval of 1.8 cM cquoesling to ~364 Kb in the peach
genome (between 18.399-18.763 Mb positions) (Zarietgal., 2012). Therefore, there
is an overlapping interval between these two regispanning ~273 kb. To have a
complementary view of the predicted positions foe M- and M’-loci, the relative
frequency of individuals lacking SSR alleles in pling phase with the PPM (expected
to be zero in those markers absolutely linked) weysresented graphically on the peach
chr.3 (Figure 1.4b). To do this, only individualrying the ‘Caninom mutated allele
from the ‘GxC-01’ population (Zuriaga et al., 201&)them’ allele from ‘KxK’ and
‘Katy’ outcrossing populations were computed. Tamalysis showed frequency values
of zero in shorter overlapping intervals: PGS3 _2B8.@1 Mb) in ‘KxK’,
PGS3 22/PGS3 28 (18.49-19.14 Mb, ~650 Kb) in ‘Katgutcrosses and
PGS3_44/PGS3_62 (18.29-18.61 Mb, ~320 Kb) in ‘GAC-0
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Figure 1.4. Mapping of theM’ -locus and macro-synteny withinPrunus. (a) Graphical LG3 maps of
KxK-recombinant hybrids at th®!'-locus. The corresponding map region between marR&S3_12

and EPPCU7190 is shown for ‘Katy’ and ‘Canino’. faisces in centimorgan (cM) are shown on the right
of the apricot maps and their corresponding pasitin megabases (Mb) on the peach genome are shown
on the left.Black vertical bars represent self-incompatible’#/’) chromosomal regions, whilgrey
(M'm’) and white bars (m'm’) correspond to self-compatible chromosomal regidRecombinant
seedlings are numbered at the top. (b) Predictesitipas for theM- and M’-loci on the peach chr.3
according to the relative frequency of individulaisking SSR alleles in coupling phase with the PRM
axig). Theblack linerepresents data corresponding to the ‘KxK’, dashed lineto ‘Katy’ outcrossing
populations (‘HxK’, ‘GxK’ and ‘CxK’) and thgrey lineto the ‘GxC-01’" population.

The genomic landscape of the ~1.29 Mb peach regyiotenic to the apricdi’ -
locus contains 223 predicted gene transcripts aetated by IPGI. Forty-two of these
transcripts (located in the overlapping intervalgrgv shared in common with the
‘Canino’ M-locus. BLASTP analysis of the ORFs against ThebAlapsis Information
Resource (TAIR) database, with an exp. value cisbé®, was used by IPGI to predict
gene functions based on homologyAtabidopsis Table S1.5 includes the results of the
BLASTP analysis for the ORFs comprised in Melocus region (IPGI) and indicates
thosePrunugArabidopsisgene pairs that are best-reciprocal BLASTP hieniidying
putative orthologues. According to the large-sagae expression analysis performed

by Wang et al. (2008) iArabidopsismature pollen, hydrated pollen and pollen tubes
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using Affymetrix ATH1 Genome Arrays, up to 53 ofeie Arabidopsishomologues
were found to be pollen-expressed (Table S1.5).

Discussion

Loss of function of anS-locus external factor is responsible for SI breakdwn in
‘Katy'( S,S)

In this work the North-American apricot cv. ‘Katyteleased by Zaiger's
Genetics (Modesto, CA, USA) in 1978 (Russell, 1998s confirmed as self-fruitful
and itsSgenotype was determined §sS, following the nomenclature established by
Burgos et al. (1998). However, previous reportsgagsl to ‘Katy’ theS-genotypesssS:
(Feng et al., 2006) an&,Ss (Wu et al., 2010). In addition, these two manyssri
referred ‘Katy’ as a spontaneous cultivar nativeElarope and lately introduced to
China. Therefore, both th&genotype and the geographic origin proposed bgethe
authors suggest that the cultivars they analyzeghtrbe different from the cv. ‘Katy’
we describe here. Wu et al. (2010) also sugges$tSfGain ‘Katy’ is associated with
PPMs that, according to the segregationSajenotypes, seem to exert a polygenic
control. Again, this is not the case in the ZaigéKaty’ where SC is associated with a
single PPM, however a sort of kinship between wedultivars can not be discarded.

To investigate the genetics of SC, ‘Katy5%,) was self-pollinated and
reciprocally crossed with the self-incompatible &oldrich’ (S;S,) (Egea & Burgos,
1996; Alburquerque et al., 2002). ‘Katy’ pollen @sbbearing either th§- or the S-
haplotype were able to grow in ‘Katy’ and ‘Goldriclpistiis and to complete
fertilization, producing the thre&genotype classes expected for anp®pulation
(5S:5S:SS). However, no progeny was obtained in the reciplromoss using ‘Katy’
as female parent. These results would support a BRIMked to theSlocus as the
cause for SC. Crosses performed with other cvdh asc'Harcot’ §S,) and ‘Canino’
(SS) reinforce this conclusion, since seedlings cagythe ‘Katy’ S- (when crossing
with ‘Harcot’) and theS,-haplotype (when crossing with ‘Canino’) were atdmained.
Moreover, segregation ratios in all performed cessiit with a model where ‘Katy’ is
heterozygous for the PPM conferring 3€rQ’) (see Table 1.2).

Interestingly, in the ‘KxK’ and ‘GxK’ populationsheé number of seedlings

homozygous for the5-haplotype (20) is significantly lower than thatr fthe S-
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haplotype (Tao et al., 1999) (see Table 1.1). @mdeviations were observed by
Winsch and Hormaza (2004) when the sweet cherry‘@stobalina’ was self-
pollinated. Following their reasoning, several @usnight explain these deviations
such as postzygotic selection against homozygoubryas, linkage in coupling
between the mutated allele of the modifier factoy &nd theS;-allele or differences in
the pollen competitive capacity to grow through ttiyle (depending on th&
haplotype). In this particular case, a hypothetefébct of postzygotic selection would
explain the reduced number &S, but not the high number d5S genotypes.
Regarding the second reason, neither the segragagitos observed in different
populations nor the SDL analysis support a linkagawveen theM’-and theSlocus.
Therefore, a lower growth capacity for pollen gagsebearing thes-haplotype is
regarded as the most acceptable hypothesis toiexpia discrepancy.

SC caused by loss of poll&ifunction has been usually found to be associated
with mutations (mainly indels) of th8FB genes in differenPrunus species such as
sweet cherry (Ushijima et al., 2004; Sonnelveldlet 2005; Marchese et al., 2007),
apricot (Vilanova et al., 2006), Japanese apritish{jima et al., 2004), peach (Tao et
al., 2007) and sour cherry (Hauck et al., 2006)wekeer, sequence analysis revealed no
mutations or indels affecting any of the two ‘Ka§FB alleles discarding this as the
cause of Sl breakdown. In Solanaceae, self-conipa@BMs may arise fror8-allele
duplications located in a centric fragment, in a4%chromosome or linked to tis
locus leading to the formation &fheteroallelic pollen (Golz et al., 2001). Accorglito
the segregations obtained in the performed croSsaliele duplications did not seem
probable in ‘Katy' (all descendants should have H&lS,S; genotype), even so, we
discarded that possibility showing tHaEB gene dosage is equivalent between ‘Katy’
and the self-incompatible cv. ‘GoldrichSallele duplications may also result from
polyploidy but ‘Katy’ was confirmed as diploid byoWw cytometry analysis and by
marker segregation and mapping in all crosses. eTmesults rule out competitive
interaction resulting frons-heteroallelic pollen as the cause of SC in ‘Katy'.

Altogether, it can be hypothesized that the los&in€tion of aS-locus unlinked
factor gametophytically expressed in pollen caubesakdown of S| in ‘Katy'
Moreover, according to the relative abundanc&BB, and SFB transcripts in ‘Katy’,
when compared with the reference cv. ‘Goldrichg thypothetical defective factor in
‘Katy’ does not seem to affect their expressionedéh characteristics of the self-

compatible mutant ‘Katy’ resemble those of othdf-sempatible pollen-part mutants
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defective for nonSlocus factors already found ifPrunus For instance, gene
duplications and modified transcription levels loé &locus genes were also discarded
as the cause of SC in tReunus aviuncv. ‘Cristobalina’ (Winsch & Hormaza, 2010)
and thePrunus armeniacacv. ‘Canino’ (Vilanova et al., 2006). According the
classification established by McClure et al. (200® modifier factor in ‘Katy’ would
belong to the group of modifier genes requireddolien rejection but with no wider
role in pollination. Although no direct evidenceasailable about its possible function,
last findings inPrunus may provide some clue in this respect. For instarie
PavSSK1 and PavCull proteins recently identified Nbgtsumoto et al. (2012) in
Prunus aviunare proposed to form the SERE3 ubiquitin ligase complex involved in
S RNases degradation. Therefore, the loss-of-funaticany of them would predictably
lead to SC. However, none of these two genes mtddcin LG3 where th#’-locus
region is found and so they can be discarded assilpe cause of SC in ‘Katy’. On the
other hand, Tao & lezzoni (2010) proposed an atéra model for the GSI iRrunus
where aS-RNase inhibitor would be the target for the SCRubiquitination complex
instead of theSRNases. If the modifier factor found in ‘Katy’ walsis hypothetical
inhibitor, its loss-of-function would lead to Sldmot to SC what also rules out this
possibility. Further research will therefore be essary to reveal the Sl related function
affected by the PPM in ‘Katy'.

PPMs conferring SC in ‘Katy’ and ‘Canino’ apricots are both located at the chr. 3
distal end

To facilitate future identification and cloning,ethKaty’ GSI mutated modifier
gene locus NI'-locus) was mapped following a two-steps strate§yrst, we
hypothesized that those markers linked withMielocus should be highly distorted in
the populations obtained from crosses where ‘Katgs the pollen parent, since only
‘Katy’ pollen tubes carrying then’-allele would be able to grow. In other words, the
M’-locus genomic region should correspond to a segi@ydistortion locus (SDL), a
chromosomal region that causes distorted segregedimos (Zhu & Zhang, 2007). To
identify this kind of regions, ‘Kxks and ‘KxKgg' populations, which all trees carry the
PPM, were tested for genome-wide distributed SSRsldtect SDL by examining
changes in genotypic frequencies. Attending toesgajion of pollen alleles, two SDL
were found in LG3 and LG6 but a deeper analysisvsldothat LG6 markers were

partially linked to theSlocus and only moderately distorted. Consequeni33 was
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predicted as the most likely location for thE-locus. Distortion in LG6 seems more
plausibly related to the different capacity 8f and S-pollen gametes for growing
through the style. Further analyses are in progeessnfirm this point.

In a second step, to refild'-locus mapping, chr.3 specific SSRs were analyzed
to estimate their segregation distortion ratiosetfing (F) and outcrossing populations
obtained by using ‘Katy’ as pollen parent. Additdlyg, indirect M’-locus genotyping
was performed by analyzing linked SSRs in theoffspring of six selected ‘KxK’ §
trees. Recombination breakpoints in five of thesed defined a 9.4 cM interval for the
‘Katy’ M’-locus that corresponds to ~1.29 Mb in the peactoge (18.49-19.78 Mb)
and overlaps-273 Kb with that established for tvd-locus in ‘Canino’ (Zuriaga et al.,
2012). A nonSlocus PPM conferring SC to the aviumcv. ‘Cristobalina’ was also
mapped on the LG3 by Cachi and Wunsch (2010). Hewatvwas tentatively predicted
to be downstream the EMPaS02 marke2(Q,0 Mb) and therefore, if confirmed, the
position for this locus is not coincident with tleofor theM- andM’-loci in apricot.
Different map locations for PPMs would support eliéint defective genes as
responsible for SC in sweet cherry and apricot,thistpoint still requires confirmation.
Particularly in apricot, SSR markers showing thghbst distortion values associated
with the PPMs in ‘Canino’ (PGS3_62) and ‘Katy’ (P&23) are located in very close
positions (18.612 and 18.608 Mb, respectively). SThin the light of the similarities
found between the apricot cvs. ‘Katy’ and ‘Canirfpé. genetics of SOM- and M’-
locus mapping positions, etc.) it is tempting t@eagate that both PPMs causing SC
might be affecting the same gene, however no csivdwevidence is yet available on
this point. Only 42 genes are shared in common é&tWM- andM’-locus (Zuriaga et
al., 2012) and, if this was the case, the avaitgtlf two different PPMs would be very
helpful to identify the modifier gene. Interestipnglboth cultivars have different
geographic origins (i.e. ‘Katy’ is a North-Americapricot selection (Russell, 1998)
and ‘Canino’ is a local Spanish apricot (Vilanovwaak, 2006) and, according to the
analysis of gemome-wide distributed SSRs, they deebe genetically unrelated. This
prompts us to speculate that both PPMs (being ortm® same) may have arisen
independently.

According to the peach syntenic genome region atedtby IPGI, the apricot
M’-locus is predicted to contain about 223 gene tm@ts. Based on sequence
similarity, putativeArabidopsisorthologues were suggested for many of tHeseus
genes (Zheng et al., 2005) and, according to Madia¢teal. (2011), a consistent tissue-
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specific expression might be expected for the replogene pairs. Under this general
rule, a high number of genes scattered throughwaitvt -locus (up to 53) might be
pollen-expressed fulfilling one of the main requments for the Sl ‘Katy’ modifier
gene. Nevertheless, those genes whose orthologeie®apollen-expressed should not
be discarded because inferred orthologues do nedyal have the same biological
function (Movahedi et al., 2011). Gene function @ation might also be helpful to
select candidate genes for the Sl ‘Katy’ modifieng. Unfortunately, the hypothetical
roles suggested for this factor are still merelgcgpative hindering this approach. In
view of the limitations for these strategies anasidering the high number of ORFs
comprised within thé’-locus, narrowing down the mapping region will lmeessential
step to identify the SI modifier gene in ‘Katy’. Bummary, ‘Katy’ does not only
provide an additionab-locus unlinked source of SC, a desired trait fmict breeding
programs, but also becomes a very useful tool $eedit the molecular genetics behind

pollen-pistil interactions ifPrunus

Materials and Methods

Plant material

Four apricot cvs. ‘Goldrich’, ‘Canino’, ‘Harcot’ an ‘Katy’, the progenies
derived from the outcrosses ‘Goldrich x Katy - 2006xK’), ‘Canino x Katy - 2007’
(‘CxK’), ‘Katy x Canino - 2007’ (‘KxC’) and ‘Harco Katy - 2005’ (‘HxK’), and the
F, populations obtained by selfing ‘Katy’ in 2005 &Kgs) (N=16), 2006 (‘Kxkyg)
(N=37) and 2010 (‘KxKy) (N=41) were used in this study (Table 1). ‘KxK’ poptida
was formed by pooling all the individuals from thethree latter Fpopulations. All
these trees are maintained at the collection of thstituto Valenciano de
Investigaciones Agrarias (IVIA) in Valencia (Spaiydditionally, 12 independent;F
seed populations (ranging froM=2 to N=77) were obtained after self-pollination of
‘KxK o5 and ‘KxKpe' trees. Selfing populations from ‘Katy’ §land F) were obtained
by putting insect-proof bags over several brandieestaining 200-250 flower buds)
before anthesis to prevent cross-pollination. ussing populations were obtained by
pollinating balloon-stage flowers. Fruits were eoted about three months lateg F
seed-derived embryos were dissected from the fetteoseed tissue and stored at —
20°C.
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Nucleic acids extraction

Two leaf discs of each selection were collected stoced at -80°C before DNA
isolation. Genomic DNA was extracted following tinethod of Doyle & Doyle (1987).
DNA quantification was performed by NanoDrop ND-QGpectrophotometer (Thermo
Fisher Scientific, Wilmington, DE) and integrity svachecked by comparison with
lambda DNA (Promega, Madison, WI, USA). Embryo DN#Aas extracted by
incubating for 10 min at 95°C with 20 of TPS (100 mM Tris-HCI, pH 9.5; 1 M KCI;
10 mM EDTA) isolation buffer (Thomson and Henry959. Total RNA was extracted
from mature anthers (contaning mature pollen gyahalloon-stage flowers using the
UltraClean Plant RNA Isolation Kit (MoBio, Carlsba@A, USA).

PCR-amplification, cloning and sequencing ofS-RNasegene fragments and the
completeS-locusF-box alleles from ‘Katy’

Fragments comprising tt& RNasdirst intron were PCR-amplified with primers
SRc-F (Romero et al., 2004) and Pru-C2R (Tao etl@b9) (Table S1.6) using ‘Katy’
genomic DNA as template. Cycling conditions weref@kws: an initial denaturing
step of 94°C for 2 min; 30 cycles of 94°C for 3G5°C for 60 s and 72°C for 1 min 30
s; and a final extension of 72°C for 10 min (Gen@®RCR System 9700, Perkin-
Elmer, Fremont, CA). PCR products were electroptentein 1% (w/v) agarose gel,
purified using the QIAquick Gel Extraction Kit (@en, Hilden, Germany) and cloned
into the pGEM T-Easy vector (Promega, Madison, VLINA sequences from four
independent clones were determined with an ABI3&80ipment using the Big Dye
Terminator v.3.1. cycle sequencing kit (Applied 8istems, Foster City, CA).
Sequences were assembled and edited with the Spadiage v1.4 (Bonfield, 2004)
andhomology searches were performed with BLASTX (Attgicet al., 1990)S-RNase
fragments comprising the second intron were angdlifivith primers Pru-C2/Pru-C4R
(Tao et al., 1999) (Table S1.6) using PCR-condgiolescribed by Sonneveld et al.
(2003). Genomic fragments containing the completirng sequence @FB, andSFB
(as well as their 3'/5’ flanking regions) were P@Rwlified with the haploytpe-specific
primer pairs FBf-Hapl/FBr-Hapl (this work) and RB&p2/FBr-Hap2 (Vilanova et al.,
2006) respectively (Table S1.6), using ‘Katy’ gemonDNA as template. PCR
conditions and methods for isolating, cloning, aeduencing these fragments were the

same used for th&-RNasdragments.

72



Chapter 1: Ars-locus independent pollen factor confers Self-Catibfiy in ‘Katy’ apricot

Genomic PCRs forS-genotyping

S-genotyping of populations and cultivars was penfed by PCR-amplification
of the SRNasefirst intron with the primer pair SRc-F/SRc-R (Rera et al., 2004)
(Table S1.6) following the protocol described byavibva et al. (2006).

Ploidy level determination

Ploidy level was determined using tRartec CyStain UV precise Ragent kit
(Partec PAS, Minster, Germany) for nuclei extractamd DNA staining of nuclear
DNA from plant tissues. Approximately 0.5 Eieaf tissue was chopped using a sharp
razor blade in 40Q extraction buffer and filtered throughRartec 50um CellTrics
disposable filter. Samples were then incubated6fbseconds in the staining solution
and analyzed in thé&artec flow cytometer Ploidy Analyzer PA (Partec, Munster

Germany) in the blue fluorescence channel.

Real time RT-PCR for SFB; and SFB;

cDNA was obtained from total RNA isolated from nratwanthers of the cvs.
‘Goldrich’ and ‘Katy’ using the SuperScript Il Bit-Strand Synthesis System for RT-
PCR (Invitrogen, Carlsbad, CA, USA). Genomic DNAdes were previously removed
from RNA samples by treatment with DNAse | (Invigem, Carlsbad, CA, USASFB
allele-specific PCR-primer pairs were designedhis tvork to amplifySFB, andSFB
(RT-SFB1-for/RT-SFB1-revl and RT-SFB2-for/RT-SFBR22, respectively) (Table
S1.6). Primer allele-specificity was tested by P&®plifying both alleles from
genomic DNA and comparing fragment sizes with kn@genotypes in agarose gels
after electrophoresis. Thactin gene was used as endogenous control and theispecif
PCR primers Act3 and Act4 designed from the peaatome sequence (Gabino Rios
personal comm.) were used for amplification (TaBle6). Specificity ofactin PCR
reaction was tested through size estimation of #meplified product by gel
electrophoresis. Real-time PCR reactions were padd using an Applied Biosystems
StepOnePlus Real-Time PCR System (Applied Biosystémster City, CA, USA) in a
final volume of 20ul, containing 10ul of the SYBR Premix Ex Taq (Takara, Foster
City, CA, USA), 0.4ul of ROX reference dye, 0.37@M of each primer and @l of
cDNA template diluted 1:15 from a total of aDsynthesized from g of total RNA.
Cycling conditions were as follows: an initial daming step of 95°C for 30 s; 40
cycles of 95°C for 5 s, 60°C for 30 s and 72°Clfenin. Relative expression &FB
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and SFB from ‘Katy’ and ‘Goldrich’ RNA of mature anthersas measured by the
standard curve method. Threshold cycle)(@alues were automatically determined by
StepOne v. 2.0 software (Applied Biosystems, Fo€ligy, CA, USA). PCR reaction
specificity was assessed after the amplificatiorcbgfirming the presence of a single
peak in the dissociation curve analysis. Resultewiee average of three independent

biological replicates repeated three times.

Real-time PCR-based gene dosage assay &#B; and SFB,

SFB allele-specific PCR primers used to determine gégosage ofSFB, and
SFB from genomic DNA of cvs. ‘Goldrich’ and ‘Katy’ weralso RT-SFB1-for/RT-
SFB1-revl and RT-SFB2-for/RT-SFB2-revi:tin was used as endogenous control and
the specific primers used to amplify this gene wicE3/Act4 (see previous sections).
Real-time PCR reactions were performed using theedaCR mixtures (except forud
of gDNA as a template), cycling conditions and thecycler previously reported for
real-time RT-PCR. Relative DNA quantity corresporyito SFB and SFB alleles
from ‘Katy’ and ‘Goldrich’ was measured by the stard curve method.-Gralues and
PCR reaction specificity were also determined asttie real-time RT-PCR. Results

were the average of two independent biologicalicaf@s repeated three times.

SSR marker analysis

A total of 118 SSR markers, spread over tir@uschromosomes, were tested
to perform a genome-wide screen for the PPM (T&84l&). Those SSRs amplifying in
‘Katy’, ‘Goldrich’ and ‘Canino’ (85) (Table S1.3) eve used to estimate Nei's genetic
distance between the three cultivars (Nei, 1972nkgns of GENETIX v.4.05 software
(Belkhir et al., 2004). One hundred and two add@idcSSRs developed by Zuriaga et al.
(2012) were tested to construct the ‘Katy’ LG3 n{dpble S1.2). SSR amplifications
were performed in a GeneAmp® PCR System 9700 tHeayder (Perkin—Elmer,
Freemont, CA, USA) in a final volume of 20, containing 75 mM Tris—HCI, pH 8.8;
20 mM (NHy)2SOy; 1.5 mM MgC}; 0.1 mM of each dNTP; 20 ng of genomic DNA and
1 U of Taq polymerase (Invitrogen, Carlsbad, CAgclk polymerase chain reaction was
performed by the procedure of Schuelke (2000) ughrge primers: the specific
forward primer of each microsatellite with M13(-2tHjl at its 5’ end at 0.41M, the
sequence-specific reverse primer atMg and the universal fluorescent-labeled M13(-

21) primer at 0.4M. The following temperature profile was used: 946€2 min, then
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35 cycles of 94°C for 45 s, 50-60°C for 1 min, &2dC for 1 min and 15 s, finishing
with 72°C for 5 min. Allele lengths were determingsing an ABI Prism 3130 Genetic
Analyzer with the aid of GeneMapper software, varst.0 (Applied Biosystems).

M’ -locus fine mapping

Segregation distortion locus (SDL) associated with PPM was detected using
JoinMap 3.0 software (Van Ooijen & Voorrips, 200y analyzingx® values of
selected SSRs spread over tReunus genome in the ‘Kxks and ‘KxKgg F2
populations. Genetic maps for each linkage groupeweughly estimated using these
two populations. The logarithm of odds (LOD) graupthreshold was established>at
3.0 for LG2, LG4, LG7 and LG8 but < 3.0 for thetréSomparative mapping with other
apricot cvs. was used to support grouping of markethese latter cases.

Linkage maps of ‘Katy’ chr.3 were constructed usBf§R markers segregating
in ‘KxK’ and ‘CxK’ populations. Calculations wereedormed by JoinMap 3.0
software (Van Ooijen & Voorrips, 2001) using the sambi mapping function
(Kosambi, 1944) to convert recombination units igenetic distances. In the ‘CxK’
population, LG3 was established following the “tway pseudo test-cross” model of
analysis Grattapaglia and Sederoff (1994) unde®B Igrouping threshold of 5.0 and a
recombination frequency parameter below 0.4. Adogrdo the single LG3 map
obtained for ‘Katy’ from ‘CxK’, LOD score was relag to 2.0 for merging, two
separated groups (at LOD > 5.0) in the ‘KxK’ popigla to construct LG3.

M’-locus genotyping of KxK-F individuals was indirectly performed by
analyzing segregation ratios of heterozygous SSRemalinked to the PPM (according
to the SDL analysis) in the;Brogenies. A’ test was performed to check whether the
observed ratios fit a 1:2:1 ratio, correspondinghte m’'m’ genotype, or a 1:1 ratio,

corresponding to theI’'m’ genotype.
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compatibility and widely distributed in apricot ggplasm

Abstract

Apricot (Prunus armeniacd..) is basically considered as a self-incompatdpecies
where numerouself-compatible exceptions occunainly linked to the mutatec-
haplotype. However, more recenBdocus unlinked pollen-part mutations (PPMs)
and m’ have also been reported to confer self-compdiib{C) in apricot cultivars
‘Canino’ and ‘Katy’, respectively. This work wasna@d to explore whether other
additional mutations might explain SC in apricot wasll. To do this, a set of 67
cultivars/accessions with different geographic iosgand pedigrees were genetically
analyzed by PCR-screening & and M-genotypes, contrasting results with the
available phenotype data. As first findimg,andm’, initially described as independent
PPMs, were found to be within the same haplotypesuRs also indicate that this
pollen-part mutatedr+haplotype is tightly associated with SC in aprigetmplasm. Its
prevalence was higher than expected but lower thainfor &, either in frequency or
geographic distribution. In addition, two new pitatmutations conferring SC were
pointed out. Overall, results led to conclude thdgspite a number of different
mutations can be behind SC in apricot, the affedtedl are restricted to two as
occurring in othePrunusspecies. Reasons that could be underlying thiaviehare

discussed.
Introduction

Gametophytic self-incompatibility (GSI) is a widetyistributed system in the
plant kingdom (Igic and Khon 2001) that prevent§-fegtilization favoring outcrossing
(De Nettancourt 2001). GSI specific recognitiorurgler the control of a multi-allelic
locus, termeds-locus, containing at least two linked genes: dilpspressed S-RNase
(McClure et al., 1989) and the pollen expresSédcusF-box (Lai et al., 2002; Sijacic
et al., 2004; Ushijima et al., 2003%locus F-Box proteins are thought to be
components of E3 ubiquitin ligase complexes thatogeize non-selfSRNases
promoting their ubiquitination and degradation Ihe t26S proteasome proteolytic
pathway (Hua and Kao, 2006; Huang et al. 208&cently, the collaborative model
proposed in Solanacea@efunig suggests that several F-box proteins are negessar
recruit S RNases for degradation (Kubo et al., 2010). Tiistesn seems to be extended

to other plant families exhibiting GSI such as Rese and particularly the Maloideae
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subfamily (Kakui et al., 2011). However, interegtin Prunusdoes not seem to follow
this model since knock-out of the SFB leads to SCantrast with the observations in
Solanaceae. Reasons behind this singular behaanver een speculated for a long time
but only recently evidences supporting a ‘genetaihitor’ distinct from SFB irPrunus
have been provided (Matsumoto and Tao 2016).

In general, SC trait predominates in stone fruReuflus genus) in accordance
with the high level of heterozygosity showed bysthespecies. However, different
‘degrees’ of SC have been detected in this gemugimg from almost strict Sl in sweet
cherry, with a few exceptions, to complete SC iagbe(Tao and lezzoni 2010). SC
sources are also variable but mostly related taatiouts in theS-locus genes. In fact,
mutations affecting both genes have been deteatedanyPrunus species (Tao and
lezzoni 2010; Hegedds et al., 2012). Particulanyapricot Prunus armeniacd..) the
S-allele known to confer SC has been well charamerishowing that a 358-bp
insertion in theSFB gene leads to a putative truncated protein lackiegtwo essential
3’-hypervariable domains HvVa and HVb (Vilanova &t 2006). Furthermore, the
origin and dissemination d& has also been reported, identifying the non-mdtate
ancestoiS-allele and detecting its presence in cultivarsnfidifferent geographic areas
(Halazs et al., 2007). In fact, mdSigenotyped self-compatible apricot cultivars have
been shown to carry thg-allele (Vilanova et al., 2005; Halazs et al., 2@0d 2010;
Kodad et al., 2013).

Along with theSlocus specific products, oth&locus unlinked factors are also
necessary for the GSI system to work. These fadtoosvn as ‘modifiers’ were firstly
identified in Solanaceae (McClure et al., 2000; iCaeal., 2010). Nevertheless, genetic
evidence supporting modifiers have also been aclatetiin other species including
Prunus spp(Wunsch and Hormaza 2004; Vilanova et al., 2006.apricot, pollen-part
mutations (PPMs) conferring SC by putatively affegtmodifiers have been identified
in the Spanish local cultivar ‘Canino’ and the NeAmerican one ‘Katy'. Both PPMs
were mapped at the distal end of chr.3 within thealedM- andM’-loci, respectively
(Zuriaga et al., 2012 and 2013). This led us tooliypsize that these two PPMs could
have arisen independently (according not only ® dhigin but also to the genetic
distance between both cultivars) affecting the skues. In the same line, we thought
that additional similarSlocus unlinked mutations might be present in ajtric

germplasm.
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In this work, we have genotyped molecularly fheandM-haplotypes using the
5'UTR SFBintron and the 2" SRNase introns, on one side, avidocus linked SSR
markers, on the other. This approach has allowedouslissect SC causes and
distribution in apricot germplasm by using a widet ®f cultivars from different

geographic origins.

Results

Self-incompatibility vs. self-compatibility in apricot

In this study a set of 67 apricot cultivars waslyred. They were selected
trying to represent a wide range of geographicinsigs well as different phenotypes
regarding two main traits: self-(in)compatibilitynd blooming time (Table 2.1).
Information about pedigree was only available féewa of them but it was quite useful
to reinforce genotyping data. According to the Ibohoreg time phenotype reported in the
literature (footnotes on Table 2.1) apricot cultsravere grossly classified into 5
classes: early, mid-early, mid, mid-late and |&elf-incompatible vs. self-compatible
phenotypes were assigned to the different cultigsac®rding to literature reports (Table

2.1) and our own data when adult trees were availdable 2.2).

Table 2.1.Apricot cultivars analyzed in this studylaterial sources, origin, pedigree as well as

self-(in)compatibility and blooming time phenotypeee indicated.

Cultivar Source Geographic Country Pedigree** SI/SC** Blooming
area of origin time**
1 Aba CAPA Western-Eur.  ltaly Unknown scH Mid*
2  ASP* FM Western Eur.  Spain (V) Unknown (isolated tfee) Pk Mid*
3 Aurora CAPA North-Am. USA RR17-62 x NJA-13 SI? Mid™
4 Bebecou MAGRAMA S-Eur/N-Afr  Greece Unknowh ScH Mid-early*
5  Bergeron MAGRAMA Western Eur.  France Unkndwn SCH Mid-late®*
6 Budapest St. Istvan Eastern-Eur. Hungary ‘NamofAcme’, ‘Hungarian SC Mid-late™’
Best', ‘Kései Rozsa®)
7  Bulida MAGRAMA  S-Eur/N-Afr  Spain (M) Unknowh SscH Mid*
8  Canino IVIA Western-Eur.  Spain (V) Unknofvn ScH Mid*
9 Canino 9-7 IVIA Western-Eur.  Spain (V) Clonal selection fronaind ? Mid®
10 Canino 14-4 IVIA Western-Eur.  Spain (V) Clonal selection frona@nd ? Mid®
11 Canino 14-6 IVIA Western-Eur.  Spain (V) Clonal selection fronaind ? Mid®
12 Castlebrite CEBAS North-Am. USA 0.p. (Perfection x Castleton) SC* Mid-late™
13  Castleton CEBAS North-Am. USA Perfection x Nesttl sc’ Mid*
14 Cegledi Orias  St. Istvan Eastern-Eur.  Hungary  kridwn (local selectiori) S Mid*
15 Colorao CEBAS S-Eur/N-Afr ~ Spain (M) Unknofvn A sterilé? Mid*
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16 Corbat6 MAGRAMA  Western-Eur.  Spain (V) Unknovin ? Mid-late™
17 Cow-1 CAPA Western-Eur. France INRA ? Midl
18 Cow-2 CAPA Western-Eur. France INRA ? ?
19 Cristali FM Western-Eur.  Spain (V) Unknown ? Mid™
20 Currot IVIA Western-Eur.  Spain (V) Unknown Ssc Early™
21 Dulcinea CAPA Western-Eur.  ltaly Unknown (Toscana variéty) SCY Mid?®
22  Effect St. Istvan Eastern-Eur.  Ukraine Krupnaolyich.p? sC Late'®
23  Ezzine CAPA S-Eur/N-Afr  Tunisia INRAT ? Early™
24 Fergani St. Istvan Eastern-Eur. Former  Unknown ? ?
USSR
25 GaltaRoja* CAPA Western-Eur.  Spain (V) Unknown SCcH Mid-early’
26 GVV FM Western-Eur.  Spain (V) Unknown (isolated tfee) ? ?
27 Gandia FM Western-Eur.  Spain (V) Unknown ? Mid-early®
28 Gavatxet FM Western-Eur.  Spain (V) Unknown ? Mid™
29 Ginesta IVIA Western-Eur.  Spain (V) Unkndwn SCH Mid-early*®
30 Goldrich IVIA North-Am. USA Sunglo x Perfectibn Si? Mid**¢
31 Gonci Magyar  St. Istvan Eastern-Eur. Hungary n€lor hybrid of Hungarian  SC Mid-late™
Besf
32 Harcot* IVIA North-Am. Canada [(Geneva x Naramjat S Mid*
Morden 604] xNJAL (Phelps x
Perfection}
33  Hargrand St. Istvan North-Am. Canada V51092 |jeRée x 0.p.) x Si? Late”
0.p.] x NJA1 (Phelps x
Perfection }
34 Harlayne IVIA North-Am. Canada V51092 [(Reliabl®.p.) x o Mid-late®*
0.p.] x Sunglé
35 Henderson IVIA North-Am. USA Unknovin sc* Mid-late**
36 Katy IVIA North-Am. USA Zaiger's genetics (USA) sC Early™
37 Kech-pshar St. Istvan Eastern-Eur. Uzbekistan known (local selection) ? ?
38 Konservnyi St. Istvan Eastern-Eur.  Ukraine Unknown (chancelse’ sC Mid-late™’
Pozdnii
39 Lambertin-1 CEBAS North-Am. USA [Perfection xa&l x Blush)]  SI* Mid?®
0.p. x (Perfection x Roydl)
40 Lito IVIA S-Eur/N-Afr  Greece SEO x Tyrinthds sc Mid-late™
41  Manri FM Western-Eur.  Spain (V) Clonal selection from&dg  ? Mid-early®
Carlet
42  Maride Cenad St. Istvan Eastern-Eur.  Romania  knowr? sC ?
43  Mariem CAPA S-Eur/N-Afr  Tunisia Z generation (Bergeron x ? Mid®
Quardi) x (Carraut x Crossa-
Raynaudj
44 Martinet FM Western-Eur.  Spain (V) Unknown ? Mid™
45  Mitger IVIA Western-Eur.  Spain (V) Unknown SC* Mid®
46 Moniqui CEBAS S-Eur/N-Afr  Spain (M) Unknown Si? Mid*
47  Ninfa CAPA Western-Eur.  Italy Ouardi x TyrintHos SC* Mid-early*®
48 Orange Red IVIA North-Am. USA Lasgerdi Mashhad x NJA2 Si? Mid**¢
49  Ouardi* IVIA S-Eur/N-Afr  Tunisia Canino x Hamfdi Si2 Mid-early*
50 Palabras IVIA Western-Eur.  Spain (V) Unknéwn SC* Mid-early*®
51 Palau IVIA Western-Eur.  Spain (V) Unknatvn SCH Mid-early*®
52 Patterson CEBAS North-Am USA » Beedling Perfection x 3cC Mid-late’

82



ChaptePdllen-part mutatech-haplotype is associated with self-
compatibility and widely distributed in apricot ggplasm

unknowr{

53 Perla CAPA Western-Eur. Italy ANFIC (Italy) ? Mid-early
54  Portici* FM Western-Eur. Italy Unknowrf SC* Mid-early*
55 Rojo de Carlet IVIA Western-Eur.  Spain (V) Unknd SC* Mid*
56 Rozsakajszi St. Istvan Eastern-Eur.  Hungary Lselaction Nagykords sC Mid-late™’
57 Sayeb* CEBAS S-Eur/N-Afr  Tunisia Canino x Harfidi SC* Mid-early*
58 SEO* IVIA North-Am. USA Unknowr SI? Mid-late’
59 Shalah* St. Istvan Eastern-Eur.  Armenia Unknown SC/SI3? Late®®
60 Stella IVIA North-Am. USA Unknowrf SI? Late"
61 Szegedi St. Istvan Eastern-Eur.  Hungary Unknown (local ciéde)'® S| Mid¥

Mammut
62 Tadeo IVIA Western-Eur.  Spain (V) Unknowin Sc+ Mid-late™
63 Tirynthos IVIA S-Eur/N-Afr  Greece Unknowh ScH Early’
64 Trevatt CEBAS North-Am. Australia Unknofvn SCcH Mid-late’
65 Veecot IVIA North-Am. Canada 0.p. from Relialle Si2 Mid*
66 Velazquez MAGRAMA  S-Eur/N-Afr  Spain (M) Unknown Si? Late™
67 Xirivello CAPA Western-Eur.  Spain (V) Unknown ? Mid-laté®

* Synonyms and acronyms: ASRlbaricoquero Sin Polen’Galta Roja ‘Galta Roja de Mitger’ or
‘Palau’; GVV ‘Galta Vermella Valenciana’; Ouardirigna’; Portici ‘Portici-6’; Sayeb ‘Beliana’; SEO
‘Stark Early Orange’ and Shalah ‘Erevani’.

** References? CRA Consiglio per la Ricerca e la Sperimetaziandgricoltura;? Garcia et al. (1985)
Halasz et al. (2005§: Della Strada et al., (198PHalasz et al., (2007§:Badenes et al. (1993)Brooks
and Olmo (1997)® Russell (1998)° Syrgianidis and Mainou (1993)° Nyéki et al. (1999)! Egea and
Ruiz (2014);*? Burgos et al., (2004) IVIA (see footnotes in Table 2.3}* www.gb-online.co.uk®
Badenes et al. (1997f:Massai (2010)’ Nyuijt6 et al. (1982)**Mehlenbacher et al. (1991).

*** No reports on the SI/SC or blooming phenotypere/found for these cultivars (7?).

Self-pollinations were used to determine (9) or d¢onfirm (15) self-
(in)compatibility phenotypes and to check progé&genotypes searching f&locus
unlinked mutations. A total of 19 cultivars/accessi out of the 21 included in Table
2.2 were self-pollinated in this work (2008). Dataggest that 6 of them are self-
incompatible (‘Aurora’, ‘Cow-2’, ‘Mariem’, ‘Perla’,Veecot’ and ‘Velazquez’) while
the remaining 15 show variable fruit-setting ramgiinom 0.5% (‘Bulida’) to 55%

(‘Ninfa’) being recorded as self-compatible.

Table 2.2. Self-pollination assay®ata about dates, bagged flowers, fruit-setting iaferred
phenotype are included.

Cultivar Year Flowers  Setting % Phenotype Progeny
Alba 2008 355 37 10.4 SC 1
Aurora 2008 350 0 0 SI -
Bebecou 2009/2013 760 108 14.2 SC 96
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Bulida 2009 200 1 0.5 SC?* --
Canino 2005 412 99 24.0 SC 99
Castlebrite 2009 300 36 12.0 SC 2
Corbatoé 2009/2014 320 52 16.3 SC 44
Cow-1 2008 200 8 4.0 SC 7
Cow-2 2008 315 0 0 Si --
Cristali 2009 200 24 12.0 SC 13
Dulcinea 2008/2013 850 111 13.1 SC 104
Ezzine 2008 350 160 45.7 SC 21
Galta Roja 2008/2013 775 106 13.7 SC 106
Katy 2005 731 80 10.9 SC 80
Mariem 2013 450 0 0 Sl 0
Ninfa 2008 400 221 55.3 SC 12
Perla 2008 370 0 0 Si -
Portici-6 2008/2013 850 63 7.4 SC 59
Tadeo 2008 375 14 3.7 SC 5
Veecot 2013 450 0 0 Sl --
Velazquez 2009 270 0 0 Sl --

In general, fruit-setting percentages below 2-3%ufth not be undoubtedly associated to SC since some

degree of pollen contamination can not be fullydigsed.

S-genotyping: identification of newS-alleles and newS-genotypes

All the 67 cultivars/accessions weSggenotyped using primer pairs amplifying

different fragments of th&haplotype region: the first and seco&dRNaseintrons as
well as the 5’-UTRSlocusFbox (SFB) intron (Table 2.3).

Table 2.3.S andM-haplotypes of the apricot cultivars analyzed is gtudy

Cultivar SI/SC Sgenof  M-genof Cultivar SI/SC S-genot M-genot
1 Alba e SI/Sc M1.4/Ms 35 Henderson SC SYSH Ma.od/M16
2 ASP Asterile® S/ My o/Ms.1 36 Katy* SC/S€& SIS Mas/mg.o
3 Aurora* Sl S/Se Ma/M11 37 Kech-pshar* ? Sd/S M+ M-
4 Bebecou SC S/Sc My-odMy-2 38 Konservnyi P.*  SC S/Sc Mg.1/Mg.1
5 Bergeron* SC SIS Mg4-o/Mg-o 39 Lambertin-1* Sl SIS M1-o/M17
6 Budapest* SC S/Sc M1-1/M12 40 Lito S S/Sc Me/M1o
7 Bulida SC S/Sc Ma.2/Ms_4 41  Manri ? S/Sc Mo.o/Mo-o
8 Canino* SC/SC* SIS Miodmeo |42 Maride Cenad* SC S/SS Ms.o/M1g
9 Canino 9-7 ? S/Sc Midmoo | 43  Mariem SC/SC* SIS0 M1.0Msg.2
10 Canino 14-4 scr SIS Midmoo |44 Martinet ? SIS, Mo.o/Mo.1
11  Canino 14-6 scr SISc Midmeo |45  Mitger scr Sc/Se Ms.o/Ms.o
12  Castlebrite SC SIS Ma/Mo-o 46  Moniqui* Sl SIS Ma/M14.0
13 Castleton SC SIS Ma/mo.o 47  Ninfa SC Si/Sc M7.dMio
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14 Cegledi Orias* Sl SIS M12/M13 48 Orange Red Sl SIS0 M2.od/M2-1
15 Colorao* Asterile S/Sc Mao/Mso | 49  Ouardi* Sl SIS M1.dM7.o
16 Corbat6 Slegl SIS Msomeo |50 Palabras SCISC™  S/s Mo.o/Mo.o
17 Cow-1 S¢ Si/Sso Ma/Mo.o 51 Palau* SCISC™ /s Mo.d/Mo.o
18 Cow-2 S S0/Ss0 M1.od/Moo 52  Patterson SC SI/Sc M1.9/M3
19 Cristali Slegl S0/Sc Msomeo |53 Perla Sr SIS M1.o/Mis1
20 Currot* SC/SE" S/S Mo.o/Mo-o 54  Portici SC/SC* S/So M1-4/Mo.o
21 Dulcinea SC SISc M7z.4Mis1 | 55  Rojo Carlet ST Sc/Sc My.o/Ms.o
22  Effect* SC S/Sc Ms.d/M12 56 Rozsakajszi* SC S/Sc M1.dM12
23 Ezzine Se S4Sc M1.dM7.1 57 Sayeb* SC Si/Sc M1.dM7.»
24 Fergani SC Su/Sx MJ/M, 58 Shalah SC S/Si Ms.//M1g
25 GaltaRoja SC/SC* S/Sc Ma.d/Ms.» 59 SEO Sl S/So M2-o/Ms
26 GVwV ? S/Sc My.odMs.» 60 Stella Sl SIS0 Mo/Mg
27 Gandia ? S/Sc Mo.o/Mo.o 61 Szegedi M. Sl SIS Mi1/Mi3
28 Gavatxet ? So/Sc Mo.o/Mo-o 62 Tadeo SC So/Sc Mis.dMo-o
29 Ginesta* SC/S€ S/Sc Mo.o/ Moo 63  Tirynthos SC S/Sc Mi1o/M1o
30 Goldrich* SI/SFe SIS M1-d/M2.o 64  Trevatt SC S/Sc M1-d/Mo-o
31 Gonci Magyar* SC S/Sc Ms.o/M1, 65 Veecot SI/spe SIS0 Ma.o/M3
32  Harcot* Sisy SIS M1-d/M2.» 66 Velazquez Sl S/So Ma.o/Maq
33 Hargrand* SI SIS Mi.od/Mao 67  Xirivello ? Sc/Sc My.o/Ma.1
34  Harlayne* e So/Sn M2.0Mg

* Cultivars previouslyS-genotyped

°d Own data on self-(in)compatibility phenotype (Jeble 2.2)

°d" Moderate fruit setting was also observed (thoughoquantified) across several years (since 2000jfset of
cultivars grown under insect-proof screen housk/Ei: ‘Rojo de Carlet’, ‘Mitger’, ‘Palabras’, ‘Palay’‘Currot’,
‘Ginesta’, ‘Canino 14-4’ and ‘Canino 14-6'.

2 S-allele nomenclature is proposed according to \filenet al. (2005), Halasz et al. (2005 and 201d)\&iu et al.
(2009).Shaplotype associated with self-compatibili§x) is written in bold. Except fog, (Vilanova et al. 2005%,,
and S;5 (Halasz et al. 2005 and 2010), th&elleles detected only once were named with lei{8fsS and S;).
Allele fragment sizes corresponding3pandS, could not be established since both were fourtlérsame cultivar,
while S;5 andS; could only be clearly distinguished on the basite second intron size (see Table S2.2).

® M-haplotypes were named with two digits. The finse@orresponds to thé-haplotype itself and the second to the
variant type M-haplotype variants associated with self-compatyb{in,o andmy_;) are written in bold.

¢S, is Sgaccording to the nomenclature reported by Halast. ¢€2010) and Kodad et al. (2013).

Fragment analyses of the PCR products obtained \Bithprimer pair
combinations allowed us to detect up to 19 diffefalleles. Fourteen out of them had
already been identified in apricd® (S, S, S5, S, S, S0 S0 Sin Sis0 S0, S0 S and
S). Three more (present in at least two differerticars) have been shown to be new
and named aSg, S3p andSs; according to the nomenclature established by gilaret
al. (2005), Halasz et al. (2005 &2010) and Wu e{(2009). Intron sizes and sequence
analysis (data not shown) strongly supports thaemaf these three corresponds to any
previously describedS-allele (Figure 2.1). Lastly, three addition§talleles were

detected only once and preliminary suggeste8,a$« and (this latter also already
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identified) (see next section). Variability in sipé the 5’-UTR SFB intron containing
fragments ranged from 189,¢) to 210 bp &) and facilitated the identification of 12
alleles &, $S1, S S S5 S0 SoS, S and S-S) but it was not useful to
distinguish the remaining B, S, S, S0, S4. Sy andS). On his side, the amplification
of first SRNaseintron with a single primer pair (SR1-F/SR1-R)tohiguished up to 13
Salleles ranging from 2605 to 427 bp &) (Table S2.2. and Figure 2.1). Exceptions
were §-S; and S-S pairs having exactly the same fragment sizesQpdnd Sk that
could not be PCR amplified with any of the fourfeliént primer combinations tested
(data not shown). Moreover, an additional primdr pad to be used to amplifg and
Syalleles (Pru-T2/SR1-R). Sizes for the sec@RNaseintron were approximately
determined ranging from 30&) to 2800 bp %) (by agarose gel electrophoresis) and
allowed to define up to 1%alleles with a single primer pair (Pru-C2/Pru-C6R)
Exceptions wer&s-S, S-S and S-Sy pairs sharing the same fragment size, &ad
that could not be amplified with any of the tworper combinations used. Altogether,
combined data allowed us to identify unambiguodsihy&-alleles (Table S2.2). Lastly,
according to the nomenclature reported by Halas#. €2010) and Kodad et al. (2013)
S, should beSyo, but under the experimental conditions used is thork it was not
possible to detect oth&allele thans: in ‘Mari de Cenad'.

(1250
Sy, [ hasnsrafitennuans] |

281 (1200
T A e W PR |

?

S B L N A

Figure 2.1. Identification of new apricotS-alleles.Genomic structure of therunus armeniac&,g, Sy
and S;-RNAsealleles. White boxesand lines represent exons and introns, respectively (nascte).
Dashed linesindicate not sequenced introns and numbers estimadse pair sizes (? could not be
determined).

M-locus genotyping

The apricotM-locus was previously identified in cultivars ‘Caai and ‘Katy’
as carrying ars-locus unlinked pollen-part mutation conferring &uriaga et al., 2012
and 2013). Up to 35 SSRs were found in the peadltesic region of theM-locus
(defined according to the ‘Canino’ genetic map) just five of them could be finally
mapped due to several reasons (i.e. multiloci p&fe monomorphism, non-
amplification, etc.). Three were mapped using tlxCa’ population (PGS3_71,
PGS3 62 and PGS3 96) and two with ‘GxK’ (PGS3_2d BGS3 23). Linkage
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phases determined by JoinMap 3.0 were used to ifigeatleles in coupling
(haplotypes). Additionally, these 5 markers were RP&nplified from M-locus
homozygotes individuals derived from the self-pwtion of ‘Canino’ [CC-77 NIM)
and CC-671hm)] and ‘Katy’ [K06-17 fnm)] confirming linkage phases. This procedure
also allowed us to incorporate two additional S$RSS.20 and AGS.30) into thd-
haplotypes. As a whole, these results lead to ddbar differentM-haplotypes Ko,
M2.o, M3 and mp.o according to nhomenclature as shown in Table 2@&nf‘Canino’,

Katy’ and the reference cv. ‘Goldrich’ (Figure 2.2)
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Figure 2.2. Apricot M-locus haplotypes structureThe peach syntenic region at the distal end of hr.
(black boy comprising theM-locus @rey box is zoomed twice and shows SSRisghed lines PCR-
amplified in apricot cultivars ‘Goldrich’ (G), ‘Camo’ (Ca) and ‘Katy’ (K). SSR positions in peach
genome (Kb) and allele sizes (bp) determined incapare indicatedWhite grey, dark greyandblack
thick lines represent apricaoty.o, M1.o, Mo andM; haplotypes, respectively. SSR anchoring positares
shown in centimorgans (cMp¢xed numbejsaccording to the available mapping populatiofaxCa’,
‘KxK’ and ‘GxK").

These seven SSR markers were subsequently PCRygedoin the rest of
cultivars studied (Table S2.3). Structures of up3#b additionalM-haplotypes were
statistically inferred (see Mats. and Methods fetails) and those of the first four
already identified fully confirmed (Table S2.4). Téacilitate the graphical
representation of their relative frequencies, higples were grouped together into

‘classes’ when they differ in no more than thred&rSflleles (resulting in a total of 20
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M-haplotype ‘classes’M; to Mig and m) (Figure 2.3). Pedigree, when known, was

helpful in order to confirm assignments.
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Figure 2.3.S and M-locus haplotypes distribution according to geogralpic areas.Apricot cultivars
analyzed in this study were grouped in four arbilyalefined geographic areas represented by thi@imo
map: Western-Europe (WE), North-America (NA), SauthEurope and North-Africa (SE/NAf) and
Eastern-Europe (EE). Accordingly, relative frequeadorS- (pie charts) ani1-haplotypes (histograms),
respectively, are shown for each area (clonalfsiym ‘Canino’ were excluded from estimations). fog
sake of simplicityM-locus haplotypes are represented in their ‘malasses. Number of accessions
showing self-(in)compatible phenotype are encirclgsleen color means SCyred Sl and blue
undetermined phenotype).
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Mutations conferring self-compatibility in apricot

Based on literature reports and our own results, et of the 67
cultivars/accessions analyzed in this work weréc@hpatible, 16 self-incompatible, 2
male-sterile and the self-(in)compatibility phemmgycould not be determined for 8
more (Table 2.3). The&x-haplotype, characterized by Vilanova et al. (2006
conferring SC, was found in 38 cvs. (being homomggo 7). Thirty out of the 38 were
self-compatible cultivars (including ‘Bulida’ thatroduced only one fruit under self-
pollination test conditions, see Table 2.2), 6 hawneletermined phenotype and two
were male-sterile. On the other side, tindhaplotype, also associated with SC by
Zuriaga et al. (2012), was detected in a total®€us. (being homozygous in 8): 8 were
shown previously to be self-compatible, 5 were teaieined and one was classified as

self-incompatible (‘Cow-2’) since it did not produany fruit under self-pollination test
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(Tables 2.2 and 2.3). As a whole, all self-compatdultivars analyzed have at least one
of these two haplotypes already known to confer &€ept for ‘Harlayne’ and
‘Henderson’. The number of self-compatible hapletys: and my) carried by each
cultivar ranged from O to 1, 2, 3 and 4 (with 27, 22, 3 and 4 cultivars, respectively).
Sgenotypes segregation observed in the progenynaokdrom self-pollination of two
self-compatible cultivars carrying a single copy tbk m-haplotype (‘Portici’ and
‘Corbat0’) suggested a mutation outside Biecus as the cause for the phenotype in
both cases. Progenies from self-compatible culi@Dulcinea’ and ‘Bebecou’) not
carrying them-haplotype were used as controls (Table 2.4). &miksults were
observed in other cultivars (with a modest progergsyying (‘Cow-1’" and ‘Cristali’)
and not carrying (‘Ezzine’ and ‘Ninfa’) the+haplotype (data not shown). Moreover,
distortion ratios detected in the segregation dR $&arkers known to be tightly linked
to theM-locus (PGS3_62 and PGS3_23) point out that thetmout is located at thiel-
locus in accordance with the haplotypes previoaskigned by genotyping (Table 2.4).
Interestingly,S-genotypes segregation found in the ‘Portici’ progenight also indicate
the presence of another mutation affectingShkaplotype and conferring SC. Analysis
of genomic DNA fragments containing the completquemice ofS-RNaseand SFB
alleles from ‘Portici’ revealed only one mismat&i' @) with the functionaSFB allele
located at position 1.296. This change leads torasynonymous substitution (lysine

by arginine) in the hypervariable region HVb (datd shown).

Table 2.4.Segregation oc&RNasealleles in controlled self-pollinations

Cultivar Progeny S-genotypes Total Ratio 1:1* Ratio 1:2:1% Ratio 1:1°
S-genotype A H B

Bebecou®/S) 0SS 33G/S) 45(&SS) 96(78)  0.93(0.34) 30.8(2.9e-7) n.g.
Dulcinea &/S) 36(J/S) 37(J/S) 0(S/S) 104 (73) 0.01(0.93) 24.1 (6.0e-10) n.d.
Corbaté &/S)) 10E&S) 17ES) 9(ES)  44(36) 0.08 (0.96) 0.08 (0.77) [24]
Portici (S/Sy) 16 &) 24&/S0) 4 (SdS0) 59 (44) 4.28 (0.12) 0.45 (0.50) [40]

242 and P) values forS-genotypes expected ratios considering a singlationtunlinked (1:2:1) or linked to ti&
locus (1:1). SignificanP-values are written in bold.
b y?and P) values folPGS3_23andAGS.20genotypesi] expected ratios considering a single mutatioated at

theM-locus (1:1). SignificanP-values are written in bold.

°n.d. Not determined.

Regarding ‘Harlayne’ and ‘Henderson’ both are tmdydwo self-compatible

cultivars sharing thé&s;-allele what suggest thiS-haplotype could be non-functional.
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Mapping of the ‘Harlayne’ genomic sequence agapeach genome allowed us to
decipher the sequence of thg-RNaseandSFBs; alleles detecting a putative deletion at
the 3’end of this latter that might be the caus&Gf(Figure 2.4). In total, 4 different
mutations conferring SC have been recorded (twaheim just putatively): three
affecting theS-haplotype (and more concrete&§B and one affecting thigl-haplotype.
All self-compatible cultivars can be assigned tg ahthese mutated haplotypes. Lastly,
characterization of clonal sibs from ‘Canino’ (Qamil4-4; 14-6 and 9-7) did not reveal

any difference in genotype with the original cudtiy

|

HY

Figure 2.4. Identification of new apricotS-alleles Alignment of ‘Harlayne'S(/S;;-RNase (upper) and
SFB (below) genomic lllumina sequences against peaciome v1.0 reference sequence as reported by
CLC Genomics Workbench 8.0.1 software. Haplotypesrewidentified by CLCbio tools using
represented SNPs. ORFs, coverage and conservagéiaaisa indicated according to peach genome v1.0.
Blue and yellow arrows define gene and transcript annotat®loe and red boxes zooms in adjacent
regions at th&FBterminal end containing boy/S;; and onlyS;; haplotype reads, respectively.

Geographical distribution of self-(in)compatibility and blooming time traits
Cultivars/accessions studied in this work can bmuged as belonging to four
big geographic areas according to the country mfirgrpedigree (see Table 2.1) and
data about dissemination (Mehlenbacher et al., 1Balist et al., 1998; Bourguiba et
al., 2012): North-America (NA), West Europe (WE)astE Europe (EE) and South
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Europe/North Africa (SE/NAY). Self-(in)compatibpitphenotype is distributed across
all four groups but frequencies varied from 2/19WE to 9/16 in NA. Similarly,
blooming time types from early/mid-early to middAate are present in all four groups,
but frequency ranged from 9/24 in WE to 1/16 in NAble 2.1). In general it could be
said that most early/mid-early classified cultivare self-compatible (13/15) but this
phenotype is also generally found in many mid-late/ classified cultivars (12/17).
Therefore, assuming limitations in sampling anduljghenotypic characterization, it
seems that there is no correlation between SC aylldooming.

Frequencies of th&alleles andVi-haplotypes also varied between the different
regions analyzed. For instanc®, and & are present in all four groups but, on the
contrary,S andS (as well ass;s andS;) are only present in EE cultivaiS; in NA and
S, in SE/NAf (Figure 2.3). It should be highlighteat meanwhile thex-allele
(conferring SC) is widely distributed, its ances®r seems to be restricted to EE
cultivars.

a b - Al
@ EE
@ WE/NA
O we
M M, . @ WE/SE
17 M, - NA
j Moo, M ) WE/SE/EE
M, / M5 [ SE/NA

Mo

Myq

My

My,
Mo ® 4 ~

Figure 2.5. Clustering analysis of apricotM-locus haplotypes based on genetic distancea)
Clustering obtained by Neighbor-Joining algorithsing Jaccard’s distance. b) Clustering obtained by
Neighbor-Joining algorithm using Bruvo’s distanCelors represent geographic areas where the distinc
M-locus haplotypes were detected (see legend).

Similarly, distribution of the 38-haplotypes that could be finally inferred is
assymetrical, witiM; present in all four groups while others suchvas andM, were

exclusive for EE and NA cultivars, respectivelydiiie 2.3). Particularly, at odds with
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the & allele, them-haplotype associated with SC is only present en\WE and NA
groups, while its putative ancestds is widely distributed (Figure 2.5).

Discussion

Self-compatibility and genotyping: uncovering new kements behind the phenotype
Part of the materials analyzed in this work coubd Ine self-pollinated because
adult trees were not available. However, thoughnphge could not be directly
assessed in these cases, according to the almdsttpassociation between SC and
S/m-alleles it can be inferred that all cultivars garg whatever of these two alleles
will also be self-compatible. However, some incarijgs between phenotype and
genotype should be highlighted. For instance, pallination of cv. ‘Cow-2" &o/Sso-
Mi.o/myg) did not produce any fruit as should be expecidds behavior could be
related to fruit-set problems, as exemplified by slelf-compatible cv. ‘Bulida’ (Burgos
et al., 2004) which setting was also nearly nuiffddent were the cases for the self-
compatible cvs. ‘Mariem’ %/S-M1.o/Msg.p), ‘Shalah’ &/S11-Mg1/Myg), ‘Harlayne’
(S0S51-M2.d/Mg) and ‘Henderson’ $o/Ss1-Mo./M1g). None of theseS and M-
haplotypes has been previously associated withlis@ddition, most of them are also
present in self-incompatible cultivars and therefcan be considered ‘functional’ (such
ass, So, S, S, S, 0N one side, anil;.o andM,.o, on the other). This reason (albeit
with reservations) might be used to discard thera pstative source for SC. Regarding
the rest,Mg.; and Mg, belong to theMg-haplotype subclass always detected in self-
compatible cultivars (a total of 7 in this work amgbstly East-European), but no
progenies are available and therefore it could bwttested ifMg is mutated (non-
functional). Something similar can be said ks andMig but in this case they were
only detected once in the set of cultivars analyZ@derall, otherSM-loci unlinked
mutations can not be discarded for ‘Mariem’ andal@h’. Evidences are different for
S33, since this rare allele is shared by two of the féorth-American self-compatible
cultivars. In fact, sequence analysis point outig{ive indel within the&SFBs; 3"-end as
a plausible cause for SC, similarly to many otha&ses reported iRPrunus(Tao and
lezzoni 2010). Lastly, genetic analysis suggestsptiesence of a SNP mutation within
SFB HVb region in ‘Portici’ that could also be assdew with SC. It could be
speculated that a single non-synonymous changamathSFB hypervariable region
might alter its specificity, since these domainsofsgly hydrophobic and under positive

selection) were already suggested to have a rdleeispecific recognition of S-RNases
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(Ikeda et al., 2004). As a whole and in the lightheese results, it is conceivable that
additional mutations conferring SC may remain ‘leddin the bunch of unanalyzed
plant material.

New S-alleles &9, SsoandSs;) were identified and named basically according to
the nomenclature previously adopted by Vilanoval e2005) 5-S; and], Halazs et
al. (2005) B-Si¢] and Wu et al. (2009)§~Sg]. However, some exceptions to this
nomenclature can be appreciated. For instanceSthallele was found to be highly
similar (99%) to the sequence reported by Zhang.g2008). To our knowledg&:¢-
and $4-alleles are two of the feB-alleles found in Chinese cultivars also present in
Mediterranean germplasng§ only in ‘Ezzine’). ParticularlySye-allele is surprisingly
widely distributed across all the geographic arsgtaslied except for Eastern-Europe.
Lastly, according to th&genotyping result§s reported in this work is proposed to be
the same tha®; reported by Haldsz et al. (2010) in the Armenian‘8halah’. This
finding is relevant since connects this low frequalfele, mainly found in Armenian,
Eastern-Turkish and Moroccan cultivars (Halaszlet2810; Kodad et al., 2013) with
Southern-Spanish cultivars (Burgos et al.,, 1998antdva et al., 2005; this work)
supporting the Southwest-Mediterranean diffusioateofor apricot, from the Irano-

Caucasian gene pool, proposed by Bourguiba e2@L3)).

Pollen-part mutated m-haplotype origin and dissemination

Pollen-part mutatean-haplotypehad been previously associated with SC in
‘Canino’ and ‘Katy’ cultivars (Zuriaga et al., 201ghd 2013). In this work ther
haplotype has been detected in 17 additional @rkiyexcluding ‘Canino’ clonal sibs)
mainly Spanish (12 in total) but also from USA, &ala, France and ltaly. Fifteen of
them were confirmed as self-compatible (exceptiwase ‘Cow-2’ described above as
well as ‘Gandia’, ‘Gavatxet’, ‘Manri’ and ‘Martinetvith undetermined phenotype).
Them-haplotype was frequently accompanied by$pallele (9 cases), suggesting that
mutations conferring SC might tend to accumulateedhe system is broken. However,
it was also found alone in 6 self-compatible cats:z The analysis of progenies from
two of them (‘Portici’ and ‘Corbat¢’) fully confired the association with SC in apricot
germplasm.

Beside them-haplotype, 37 additionaM-haplotypes were identified by SSR
analysis being grouped in 19 ‘main’ classes. Actgydo these results, it was not so

surprising to find that heterozygosity was highar the M-locus (0.82) than for th&
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locus (0.77). High variability at th&locus is thought to be a requirement for the
control of GSI specific recognition (Ushijima et,aP003). Thus, lower variability
should be expected for théd-locus if, as expected, it is not a specificitytéac This
discrepancy may be explained by the bigger sizth@fdefinedM-locus and the high
mutation rate associated with SSR markers.

To reinforce results on microsatellite haplotypestaiices, two alternative
methods were used for clustering analysis. The &re relies on the proportion of
shared alleles assuming independence and ignotingtional processes which can bias
distances, particularly when loci are highly polypidc. This method was based on the
similarity coefficient for binary data developed Bgccard (1901). The second takes
into account the stepwise mutation model considehigher likelihood for small than
for large changes in microsatellite repeat numberiais based on the Bruvo’s distance
(Bruvo et al., 2004). Results obtained were eqemalvith both methods. Regarding
the distribution of themhaplotype it seems to be restricted to North-Agzeri and
Western-European cultivars. However, accordinght dlustering analyses the closest
M-haplotype (putative founder) i8l;.o which is widely distributed in all geographic
areas studied (the second one Wasonly detected in Eastern-European cultivars).

Meanwhile, the mutate&c-allele is widely distributed in all geographic ase
(Vilanova et al., 2005; Halasz et al., 2007 and®®&bdad et al., 2013) but the ancestor
S-allele was only detected in Hungarian cultivarfogether, these results suggest that
the mutatedn-haplotype arose much later in time, after apriwas established as a
regular crop in Europe.

Forces selecting for self-compatibility in apricot

It is possible to conclude that SC is quite commonapricot. However,
distribution of Sl vs. SC is not uniform across gephic areas. Sl is the prevalent
phenotype in three out of the four major eco-geplgial groups for apricot (centers of
origin): Central Asian, Irano-Caucasian and DzhwXilij and also in the later
proposed Chinese groups (Mehlenbacher et al., 199Iact, most recent works with
Chinese material do not report self-compatibleicaits (Jie et al., 2005; Zhang et al.,
2008; Wu et al., 20090n the contrary, SC predominates in the Europeanpgbut
some disequilibrium can also be observed. Amongrthterials analyzed in this work,
Sl is frequent in commercial North-American cultivgtwo thirds) but unusual in West

and East-European countries (one fifth). This migbtnt out a non-European SI
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ancestral donor for North-American cultivars aptscas previously suggested for PPV
resistance trait (Zhebentyayeva et al., 2008). Nwmtess, it is generally accepted that
apricot genetic diversity decreases from east twhsavest (Mehlenbacher et al., 1991).
Supporting this hypothesis, a marked domesticatimttleneck from the Irano-
Caucasian gene pool was detected using SSRs byg@baret al. (2013). In this
context, a question arise regarding self-(in)conbddy: is it one of the causes of this
bottleneck or is it just a result of selection? Thduction in apricot genetic diversity
has been pointed out as a consequence of selégatibigh and reliable yield (Halasz et
al., 2007). Interestingly, the relationship betw&h and yield has already been proved
in stone fruits (Goldway et al., 2007). Moreov8E by itself does not seem to be an
essential requirement for growing apricots (angeneralPrunusspp) though it favors
the removing of interspersed pollinators. In fasthen most of the ‘European
traditional’ cultivars were selected (mid of thespaentury) apricots were commonly
grown in mixed orchards and therefore this showd be a real problem. Regarding
blooming time, results of this work do not evensu a direct association between SC
and earliness or late blooming. However, SC presé&nhabiquitous in apricot cultivars
despite their geographic origin. Thus, SC in afrsgems more to be the indirect result
of selection linked to other main traits for breeglsuch as yield or earliness.

In this work we have confirmed the presence ofeast three different PPMs
conferring self-compatibility that affect two lo(&/Ss1 andm). These PPMs seem to be
originated independently in different geographicahtexts and the (putative) reasons
why these mutations were selected have been ddmbi@ve. According to Hegedus et
al. (2012) a total of 27 non-function&haplotypes (including natural and induced
mutations) and two mutated modifiers (Winsch andntéza 2004; Vilanova et al.,
2006) have been identified Prunus Their frequencies seem to depend largely on the
clonal propagation process of stone fruit cultivanghere dissemination of self-
compatible mutations is far from that expecteddqranmictic population. On the other
hand, it is noticeable that all reportBdunus self-compatible mutations to date affect
the same two lociSandM) (Tao and lezzoni 2010; Hegedus et al., 2012).sDiokave
any biological meaning? This is currently a matiespeculation but some hypothesis
could be suggested. It can be argued that a mdrauskive screening is necessary to
discard the presence of additional (and novel) tiarta but the number of accessions
evaluated in alPrunusspecies is already large enough. Assuming thiatpdiother

modifiers are participating in the control of th&IGsystem inPrunusthey should be
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redundant in the genome, since no riglecus unlinked mutation has been recovered.
On the other hand, loss of function of some factarght lead to Sl hindering their
detection such as that recently predicted for SLEMatsumoto and Tao 2016). Lastly,
proteins encoded b$ andM loci might be operating in the same pathway. Ineot
words, theM-modifier could be somehow modulating tl&edeterminants. Further
research is necessary to clarify these questionsrder to dissect the molecular
mechanism underlying GSI iRrunusand to better understand GSI implications from

an evolutionary point of view.

Material and methods

Plant Material and self-pollination test

Sixty seven apricot cultivars/accessions from digegeographic origins were
used in this study (Table 2.1). Most are currek#pt at the collections of tHastituto
Valenciano de Investigaciones Agraridd/IA) in Valencia (Spain). Part of these
collections was kindly provided biyrutales Mediterraneo S.AFM) company, by the
Conselleria de Agricultura, Pesca y Alimentaci@dAPA) and by theMinisterio de
Agricultura, Alimentacion y Medio Ambienté Spain (MAGRAMA). Other materials
were provided by th®epartamento de Mejora y Patologia Vegetal GEIBAS-CSIC
in Murcia (Spain) and by the University of St. Bstv(Budapest, Hungary).

Trees from different cultivars/accessions (Tabl@) 2were tested for self-
compatibility by self-pollination in the field. Befe anthesis, insect-proof bags were put
over several branches, containing approximately-Z8ID flower buds in total per
cultivar ad minimumto prevent cross pollination. Subsequent fruitss recorded and

fruits collected about 3 months later.

DNA extraction

Two leaf discs were collected from each accesdimzen in liquid N and
stored at -80°C before DNA isolation. Genomic DNAswextracted following the
method of Doyle and Doyle (1987) with some modiimas. DNA quantification was
performed by NanoDrop ND-1000 spectrophotometere(ifilo Fisher Scientific,
Wilmington, DE) and integrity was checked by comgam with lambda DNA
(Promega, Madison, WI, USA). Embryo DNA was extegicby incubating for 10 min
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at 95°C with 20 ml of TPS (100 mM Tris-HCI, pH 9.5;M KCI; 10 mM EDTA)
isolation buffer (Thomson and Henry 1995).

S-locus genotyping

Apricot Salleles were identified by PCR-amplifying fragmembomprising first
and second introns of tf@RNaseas well as the 5"UTR F-box intron, respectively.
Genomic DNA isolated from cultivars listed in Tal#lel was used as PCR template.
PCRs were performed in a final volume of@0containing 20 mM Tris-HCI (pH 8.4),
50 mM KCI, 2.5 mM MgCJ, 0.2 mM of each dNTP, 0.28M of each primer, 20 ng of
genomic DNA and 1 U of Taq polymerase (Thermo RisBaentific, Waltham, MA,
USA). Previously developed primers designed fronmseoved regions oPrunus
armeniaca SRNase genomic sequences, SRc-F and SRc-R (Romero et084; 2
Vilanova et al., 2005) and frofrunus aviumS-RNasecDNA sequences, Pru-T2 and
Pru-C2R (Tao et al., 1999), were used to amplig/fttst intron (Table S2.1) in all four
possible combinations. The amplification was cdrraeit using a temperature profile
with an initial denaturing of 95 °C for 3 min; 3gctes of 95 °C for 30 s, 54 °C for 45 s
and 72 °C for 1 min 15 s; and a final extensiory®»fC for 10 min (UNO96, VWR,
Radnor, PA, USA). Each polymerase chain reactios peaformed by the procedure of
Schuelke (2000) using three primers: the speciffevérd primer with M13(-21) tail at
its 5" end at 0.4 mM, the reverse primer at 0.8,nalld the universal fluorescent-
labeled M13(-21) primer at 0.4 mM. Allele length®r& determined using an ABI
Prism 3130 Genetic Analyzer with the aid of Genepwpsoftware, version 4.0
(Applied Biosystems, Foster City, CA, USA).

The second intron was amplified using two sets wiers designed from
Prunus aviumnS-RNasecDNA sequences (Tao et al., 1999; Vilanova et24lQ3) Pru-
C2/Pru-C4R and Pru-C2/Pru-C6R (Table S2.1). PCRse weerformed using the
program previously described by Sonneveld et 8082 to amplify long PCR products.
PCR products for the second intron were electroggeat in 0.8 % (w/v) agarose gels
using 1 x TBE (89 mM Tris, 89 mM boric acid, andr@ EDTA (pH 8.0)) buffer,
stained with ethidium bromide (O8y/mL) and visualized under UV light. Molecular
sizes of amplified fragments were estimated usidg@bp ladder (Life Technologies,
Rockville, Md.)

The 5"UTR F-box intron was also amplified using tdegenerate primer pair (F-
BOX5 A/F-BOXintronR) developed by Vaughan et al0@3) from sweet cherry
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sequences (Table S2.1). PCR components, thermercgonditions and detection
procedure were identical to that described abowéhifirstS RNaseantron.

Two additional primers (RFBc-F/SFBins-R), designedm the consensus
sequence of th@runus SFBalleles (Vilanova et al., 2006), were used to adynphe
SFE: insertion from genomic DNA of several apricot owdts in order to distinguisi:
andSs-alleles (Table S2.1).

M-locus genotyping

Seven SSR markers comprised within (or flanking)Mhlocus were genotyped:
PGS3_71, PGS3_ 22, PGS3_62, PGS3_23 and PGS3_%g@aet al., 2012 and 2013)
and AGS.20 and AGS.30 (see Chapter Ill). SSR aioglibns were performed in a
GeneAmp® PCR System 9700 thermal cycler (Perkin€Elfreemont, CA, USA) in a
final volume of 20 ml, containing 75 mM Tris—HCIHB.8; 20 mM (NH4)2S04; 1.5
mM MgCI2; 0.1 mM of each dNTP; 20 ng of genomic DIdAd 1 U of Taq polymerase
(Invitrogen, Carlsbad, CA). PCRs were performedescribed above by the procedure
of Schuelke (2000). The following temperature geofvas used: 94°C for 2 min, then
35 cycles of 94°C for 45 s, 50-60°C for 1 min, &24C for 1 min and 15 s, finishing
with 72°C for 5 min. Allele lengths were determineging an ABI Prism 3130 Genetic

Analyzer with the aid of GeneMapper software, \a@r1st.0 (Applied Biosystems).

Sequence analysis of PCR products containirsgfRNaseintrons

PCR products containing the first and second isti@iisoand$.-RNasealleles
previously obtained from genomic DNA of cv. ‘EzZiN&:$4) on one side and cvs.
‘Cow-2’ (S030), ‘Harlayne’ §0Ss1), Cristali §0S), Gavatxet $0X:), Mariem §0S,),
Perla §0S), Portici §0S), Stella §0S), Tadeo £0:), Veecot §0S) and Velazquez
(S0S) on the other (see Table 2.3) were sequencedeckdieir identities. Similarly,
PCR products associated to e, S30, andS;;-RNasealleles previously obtained from
cvs. ‘Orange Red’'$%9S), ‘SEO’ (56), ‘Cow-1" (5S30), ‘Cow-2’ (S00), ‘Harlayne’
(S01) and ‘Henderson’ §Ss;1) were sequenced to confirm they were new alleles.
Primer combinations SRc-F/SRc-R and Pru-C2/Pru-@4Re used in all cases for the
first and second introns respectively exceptSar(Pru-T2/SRc-R) an&so (Pru-C2/Pru-
C6R) (see Table 2.3). PCR products were electresieorin 0.8% or 2% (w/v) agarose
gels (second or first intron, respectively) staiveith RedSafe Nucleic acid Staining

Solution (iINtRON Biotechnology, Korea) and usingEH Bx buffer. Molecular sizes of
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the amplified fragments were estimated using GeleRiDObp DNA ladder (Thermo
Fisher Scientific). Fragments were extracted andfipd from the agarose gels using
the Zymoclean Gel DNA Recovery kit (Zymo Reseaichine, CA, USA). Sequences
were determined automatically using an ABI PRISM@Lenetic Analyzer (Applied
Biosystems) and the Big Dye Terminator Cycle Sequmn Kit v3.1 (Applied
Biosystems) following the manufacturer's instruoBo Homology searches were
performed against the NCBI Genbank database uss@iASTN program (Altschul et
al., 1990).

S,- and Sy-loci sequence analysis

Specific primers designed from the apriGthaplotype sequence (Vilanova et
al., 2006) were used to amplify genomic fragmemtstaining the complet&-RNase
(Sf-Hap2/Sr-Hap2) andbFB coding sequences (FBf-Hap2/FBr-Hap2) (Table S2.1)
using ‘Portici’ &S0 genomic DNA as template. PCR conditions (LD-PC&Hhne)
and methods for isolating and sequencing (FBF1,cSFB-BF5, FBF6 and FBr-Hap2-
2) these bands (Table S2vi¢re the same reported above for fragments contathie
S-RNasesecond intron

Whole-genome sequencing of the cv. ‘Harlayne’ wasdacted on an Illumina
HiSeq2000 platform, using 100-bp paired-end reatsgenomic facilities of the
DHMRI (David H. Murdock Research Institution, Kampodis, NC, USA;
http://www.dhmri.org) and later on kindly providég Dr. Chris Dardick (USDA-ARS
Appalachian Fruit Research Station, USA). ‘Harldyméumina sequences were
mapped against the peach v1.0 genome sequence , (IPGI
http://www.rosaceae.org/species/prunus_persicafgenel.0) by using CLC
Genomics Workbench 8.0.1 software (http://www.abctbom) (Aarhus, Denmarks
RNAseand Slocus F-box genes corresponding to ti&;-haplotype were identified
using the variant calling tool (CLCbio) and ti$ sequence already published in

Prunus armeniacas reference (Zhang et al., 2008).

Clustering analysis

Referencemy.o, Mi1.9, M2o and Ms-haplotypes were establisheding genetic
maps from ‘GxCa’, ‘KxK’ and ‘GxK’ populations thr@h the automatic determination
of linkage phases by JoinMap 3.0 (Van Ooijen ananips 2001). Remainingu-
haplotypes were inferred from SSR genotypes by esmg with the references and
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confirmed by using the EM algorithm (Excoffier adiatkin 1995) implemented in
PowerMarker V3.25 software (Liu and Muse 2005). iainties betweerM-haplotypes

were estimated by using Jaccard’s similarity coedffit (Jaccard 1901) through
Phyltools 1.32 free-software (Buntjer 1997) and\®’s genetic distance (Bruvo et al.,
2004) through a hand-made script. Clustering t@nstuct phylogenetic trees was
performed using the Neighbor-Joining algorithm {(@aiand Nei 1987) and HyperTree

software was used to visualize the obtained tlBegyHiam and Sudarsanam 2000).
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Chapter 3: PaMDOr gene is an essential pollen fdotcself-incompatibility

Abstract

Prunus sppexhibit a Gametophytic Self-incompatibility (GSt)echanism, wher&
RNases (pistilS-determinant) ands-haplotype-specific F-box (polle&-determinant)
genes control specific recognition. However, i®factors (modifier factors) are also
known to be completely necessary for the mechan@runction as pointed out by
Pollen Part Mutations (PPMs) conferring self-coniphtly in apricot cultivars ‘Canino’
and ‘Katy’. Both PPMs map in an overlapping regairthe distal end of chr. 3 named
M-locus. This work was aimed to the identificatidrntids S-locus unlinked PPM using
a strategy based on genomic and transcriptomic N&&. Firstly, an apricdl-locus
supercontig was obtained aftede novoassembly of BAC clones from the self-
incompatible apricot cv. ‘Goldrich’. Next, new renbinant hybrids and molecular
markers were used to narrow down tfidocus region leading to a physical map of
~134 Kb. On the basis of RNAseq data (from maturexs, styles and leaves) this
refined M-locus region was shown to contain 15 genes, féwloch over-expressed
differentially in mature anthers. Finally, comparat screening of non-synonymous
polymorphisms (called bjilumina WGS data) in ‘Canino’Nim), ‘Katy’ (Msm) and
‘Goldrich’ (M1M,) M-locus led to identify a 358-bp insertion segragatin coupling
with the m-haplotype in self-compatible apricots. This ingertcorresponds to BaSt
transposable mutator element and, presumably, leadspremature stop-codon that
produces a truncated protein lacking the C-termiflee mutated gene codes for a
pollen-expressed Disulfide bond A-like Oxidoredgsetdnamed®aMDOTr from Prunus
armeniaca _Mlocus Disulfide bond A-like_Oxidoreductase). Plgdoetic analysis
suggested tha&aMDOTr might have occurred from tandem duplication asdunction
became essential for tHerunus SRNase-based GSI system. Altogether, evidences
supportPaMDOr as the first norsfactor identified inPrunus essential for the GSI

mechanism to function.
Introduction

A common feature in angiosperms is the close priayibetween male (anther)
and female (pistil) reproductive organs increasihg probability of selfing (Barret
2002). This may generate a hazardous situation mmiping genetic variability within
a species as a consequence of the long-term deletaffect derived from inbreeding.
To escape this problem and enhance outcrossingsgtave adopted several strategies
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including self-incompatibilty (SI), a molecular n@mism widely spread in plant
kingdom. Sl is controlled by a multiallelic locuS-lpcus) encompassing at least two
linked transcriptional units acting as female analens-determinants (de Nettancourt,
2001). Rosaceae, Solanaceae and Plantaginaceapramesed to share the same
Gametophytic Self-Incompatibility (GSI) system bdsen S-RNases as the fem&e
factor (McClure et al., 1989), while the m&eleterminant codes for an F-Box protein
(SLF in Solanaceae and Plantaginaceae, SFBBiinsandMalus and SFB inPrunug
(Lai et al., 2002; Sijacic et al., 2004; Ushijimaak, 2003). S-RNases are style-specific
expressed proteins proposed to specifically re@egand reject self-pollen growth by
its cytotoxic activity, while unrelated pollen walibe able to reach the ovary (Boskovic
et al. 1996; Xue et al. 1996).

It still remains unclear how th&RNases and&-locus F-box proteins interact
with each other. Nevertheless, different proofspsupthatSlocus F-Box proteins are
components of a conventional E3 ubiquitin ligasmplex aimed to recognize non-self
S-RNases promoting their ubiquitination and postediegradation by 26S proteasome
proteolytic pathway (Hua & Kao, 2006; Huang et28106). More recently, a refinement
of the inhibitor model (the so-called collaboratiredel) where several SLFs work
together to recognize non-s&RNases has been proposed (Kubo et al., 2010; Egttan
al., 2014). Alternatively, Goldraij et al. (2006yoposed the compartmentalization
model in Nicotiana where pollen endomembrane system plays a key giolee S
RNases access into pollen tubes via vacuolar campats, being released or not
depending on cross compatibility. InterestingtyunusGSI mechanism exhibits several
differences regarding Solanaceae, PlantaginacehewnMaloideae but remarkably
pollen part mutations (PPMs) truncati®&gB genes lead to the loss of Sl in contrast
with the collaborative model (Tao & lezzoni, 20Hegedis et al., 2012). Matsumoto
& Tao (2016) have proposed that SLF-like2 factds as a ‘general inhibitor’ instead
of SFB, whose role would be to protect self-S-RNdsem degradation. Nevertheless,
this working model needs to be more carefully tkste

Apart from Sspecific factors, otheBlocus unlinked genes are required for
pollen rejection. These ndgspecific factors are commonly named as modifietdis
or modifier genes. Some of them have been isoltexigh biochemical studies. For
instance, stylar modifier factors identified iNicotiana include HT-B, a small
asparagine-rich protein presumably involved in SaB& discharge by vacuole
degradation (McClure et al., 1999;Goldraij et 2006); NaStEP, a proteinase inhibitor
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that positively regulates HT-B stability (Busotatt, 2008; Jimenez-Duran et al., 2013);
120K, an arabinogalactan protein (AGP) that biBdRNases (Hancock et al., 2005);
and NaTrxh, which might function reducinfgRNases and/or other proteins from
extracellular matrix of the transmitting tract, buas AGPs (Avila-Castafieda et al.,
2014; Juéarez-Diaz et al., 2006). Pollen &factors have been described as well, these
include SCF E3 ubiquitin ligase complex compon@amfetuniamentioned above, such
as PhSSK1 (Zhao et al., 2010), Rbx1 and Cullinlefli, 2014). SBP1, another E3
ubiquitin ligase (RING-finger) protein that intetaavith SLFs and S-RNases has been
identified inPetunia (Sims & Ordanic, 2001). NaPCCP protein has beggested to
be involved in AGPs transport through endomembsystem (Lee et al. 2008) and an
ABCF transporter has been shown to interact wBtRNases and mediates their
transport across pollen tube Malus domesticgMeng et al., 2014). IfPrunus spp
uniquely orthologues to Skpl and Cullinl by profefotein interaction analysis have
been proposed (Matsumoto et al. 2012).

Genetic evidence [mainly based on mutations coinfgriself-compatibility
(SC)] has also been compiled for other modifieregeralthough they have not been yet
identified, for instance, in Solanaceae, Kieotiana4936 stylar factor (Mc Clure et al.,
2000), two pollersSfunction modifiers inSolanum tuberosurfThompson et al., 1991)
andPetunia axilaris(Tsukamoto et al., 2003), or tisdocus inhibitor §li) factor from
Solanum chacoens€Hosaka & Hanneman, 1998a,b). Meanwhile, in Rasace
mutations in nor&locus factors conferring SC have been characerizé’yrus spp
(Wu et al., 2013)Prunus mumgWang et al., 2013)Prunus salicina(Beppu et al.,
2015), Prunus avium(Cachi & Wiuinsch 2011 and 2014) amfunus armeniaca
(Vilanova et al., 2006).

Particularly in apricot Rrunus armeniacal.), two different self-compatible
cultivars bearing nois-locus mutations have been genetically charactiizeleep. On
one side, ‘Canino’ $SMim) carries two independent mutations conferring 8@G:
insertion in theSFB allele leading to a putative truncated protetg-tjaplotype) and a
mutation in a modifier gene (namedtallele) (Vilanova et al., 2006). This latter has
been mapped in a 364 Kb interval (according tosyr@enic peach genome region) at
the distal end of chr.3, referred Bbklocus (Zuriaga et al., 2012). A similar genetic
scenario was observed in ‘Katyg&Msm), excepting that a uniqgue mutation in a non-
Sfactor was responsible of self-compatible phenetypimilarly, SC in ‘Katy’ was

found to be due to a unique mutation in a moddjene located within a 1,2 Mb region
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of chr.3 overlapping in 274 Kb with the ‘Canin®-locus (Zuriaga et al., 2013).
Interestingly, ulterior genetic analysis showedt threhaplotype structure defined by
SSR alleles is shared by these two and 17 addite@lbcompatible apricot cultivars
from different geographic origins. Furthermore, reggtion analysis of the progenies in
two of them (‘Portici’ and ‘Corbatd’) confirmed thpresence of them-haplotype
(Chapter 1I). Overall, these results strongly suppihat m-haplotype contains a
mutation in a modifier gene conferring SC presard humber of apricot cultivars.

This work was aimed to identify the mutated modiiene comprised within the
m-haplotype. For this purpose, and partly due toittensic limitations of working
with woody species, an approach mainly based ort Bexeration Sequencing (NGS)
technologies was performed. Identification of muiffactors required for the GSI
system to function is a key step in order to dis#ee underlying molecular mechanism
in Prunus but also to improve our knowledge on the evotutadf GSI within the

Rosaceae.

Results

To identify variants within ther-haplotype associated with the loss of pol&n
function in apricot,a four stepwise strategy based on NGS data was asédllows
(Figure 3.1): 1) To get an apricot reference segeeior theM-locus from a self-
incompatible cultivar. 2) To develop a high reswnot map narrowing down the
previousM-locus map. 3) Gene annotation and differentiguigsexpression analysis by
RNAseq data. 4) Polymorphism screening using geadllnimina data by comparing

variants from self-compatible vs. self-incompatiblgtivars.

M-locus apricot
Gene annotationand

N supercontig Fine-mapping expression analysis Called
\ N alled variants
De novo assembly indivi N
and contie soining of b New individuals x Gene annotation >> Screening for variants %}}}
New SSRs and SNPs j . . Z .
/ S| BAC clones Z Differential (genetic models)

markers . .
GAP closure expression analysis

Genomic lllumina
data

Genomic lllumina RNAseq llluminadata
454 BAC clone data
sequencing

Figure 3.1. Schematic workflow form-mutation identification using NGS data.
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Apricot M-locus sequence assembly

For the first step, twelve ‘GoldrichM:M,) BAC clones, previously reported to
cover ‘Canino’M-locus (Zuriaga et al., 2012), were pyrosequendadufe 3.2 and
Table S3.1). Cleaned 454 BAC sequences were assénsdered and oriented using
Prunus persicgpeach v1.0 IPGI) anBrunus mumg¢NCBI BioProject under accession
PRJINA171605 and http://prunusmumegenome.bjfu.eflugenome sequences as
references. Contigs were mostly located at thealdestd of theP. persicascaffold 3,
between 18.380.006 and 18.815.966 positions, eXoegiiose belonging to the 251105
BAC clone 3’ half with a high-repeat content, whictatch regions of the scaffold 2
between 21.831.979 and 25.460.858 positions. \hemumegenome was used as
reference,M-locus contigs obtained per BAC clone were locatgdthe chr. 4
(corresponding to peach chr. 3) between 19.113a62223.060.140 positions (a much
larger region than that in peach) whereas contigjs mgh-repeat content were located
in chr. 5 (chr. 2 in peach). A total of thirty cagg spanningM-locus region were
obtained from self-incompatible cv. ‘Goldrich’. Tnty-five were assigned to thHd,-
haplotype and the rest to thMy-haplotype (Figure S3.1 and Table S3.2) as confirme
by PCR-genotyping of SSRs according to the nom&ndareported for theM-
haplotype in Chapter Il (Figure 3.2 and Table S3@Qntigs from overlapping BAC
clones from the samd-haplotype (234011, 148M17, 253J12 and 251L05,renside,
and 160J21, 95D02 and 159P08 on the other) wereessitlly joined byGAP4
software Afterwards, overlapping contigs derived from er#nt M-haplotypes were
joined using synteny criteria (see Materials andthidds for detail) remaining 15
unsolved GAPs (Figure S3.1). Subsequently, GAPuckog/as performed to refine the
reference sequence. GAPs known to be within PG88ss8SRs (8 out of 15) were
resolved by editing the sequence and five more gmciic PCR-amplification and
Sanger sequencing (Table S3.3). Only GAP-13 and -E&Rould not be resolved.
Hence, three major contigsi{locus_contig-1, 2 and 3 with 311.575, 3.193 an@.925
bp sizes, respectively) were obtained and theregbioy indeterminations (N) resulting
in a 435.961 bp supercontig, named as apfidédbcus supercontig (d-supercontig),
that constituted the reference sequence used lbseguent analysis (Figure 3.2).

Narrowing-down the apricot M-locus
Zuriaga et al. (2012) defined théd-locus in cv. ‘Canino’ within an interval
flanked by PGS3.71 and PGS3.96 SSR markers. BoRs e located in positions
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18.860 and 380.760 bp within thtMasupercontig previously obtained encompassing
361.900 bp. In ‘Katy’ theM’-locus was flanked by PGS3.22 (position 115.85than
aM-supercontig) and EPPCU7190 (Zuriaga et al., 20di8jantly located at the
supercontig 3’-end (over 1 Mb according to peachteyic region).M- and M’-loci
overlap within an interval of 264.940 Kb (betwee®33.22 and PGS3.96) where
PGS3.62 and PGS3.23 (Figure 3.2), showed to bg fulked to this mutation in
‘Canino’ and ‘Katy’, respectively. This overlappinggion encompasses 42 ORFs
according to the peach gene annotation. To redueentimber of candidate genes, a
new fine-mapping was accomplished for both culsvay using new recombinant
hybrids and new molecular markers identified ugimg aM-supercontig and genomic
lllumina data (Figure 3.2). In the ‘GxC-08 outcross pogola only one new
recombinant was found, M-545&M.m), which breakpoint is located between
PGS3.71 and PGS3.62, like GC-98 recombinant. Twadalitiadal ‘Katy’ F;
recombinants (K06-18 and K06-37) were also addedatwow down the ‘Katy'M-
locus map (Figure S3.2). New molecular markers waatified in two phases. Firstly,
up to 40 SSRs (coded in AGS and 160J21 series) idlentified in the ®-supercontig
(Table S3.4), and secondly, SNPs called from ‘CalniGoldrich’ and ‘Katy’ genomic
lllumina data were used to refine SSR mapping results €T&3.6). In ‘Canino’,
AGS.20 marker was the unique SSR that could be ewhpphe rest were not
polymorphic, did not amplify, showed multiband patis or did not fulfill ‘Canino’
genetic requirements) and it co-segregated withntl¢ation (Figure 3.2 and Table
S3.4). Regarding SNPs, 5.297 and 5.104 variante Wweund for ‘Canino’ and
‘Goldrich’ respectively (against thévasupercontig), but only 30.37% and 76.23% were
heterozygous (Table S3.5). Five loci (SNPCaMmapBb)tdrom the d-supercontig
were tested but only one recombination breakpaiotrésponding to SNPCaMmapl)
was observed in M-54 15.007 bp downstream of PASE:igure 3.2 and Tables S3.5
and S3.6). Regarding ‘Katy’ fine-mapping, 62.5%nefv SSRs markers proved to be
polymorphic (Table S3.4) leading to find individsdahat recombined between AGS.12
(position 136.201, individuals K05-24 and K06-06)daAGS.30 (position 309.620,
individual K06-18), improving substantially preveuKaty’ map (Figure 3.2). In
‘Katy’, 6.597 variants were found and the 59.83%wgbd to be heterozygous SNPs
(Table S3.5). Eight SNPs, 4 between SSRs AGS.12/AM5Snd 4 between
AGS.27/AGS.30 were tested (Figure 3.2, and Tab®$ &nd S3.6). Recombination
breakpoints were observed in positions 142.155 (GMWRnapl) and 276.184
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(SNPKaMmap7) regardingMxsupercontig. This new physical map delimited bg th
SNPs refines ‘Katy’ map flanked by SSRs from ~17B # ~134 Kb, a region

comprised within the ‘Canino’ map (Figure 3.2). Aoding to results shown in Chapter
II, ‘Canino’ and ‘Katy’ share the sanma-haplotype and therefore this region delimited

by SNPKaMmap1/7 in the ‘Katy’ high-resolution mamsvconsidered for subsequent

analysis.
1
B 234011 |
[ 148M17 2
HAPLOTYPE M1 [ 51105 ] 161F24
M-locus_contig-2 )

M-locus_contig-1 | M-locus_contig-3

PGS3_71 PG33 _22 PGS3 23_| r:ess 82 ETaRR PGS3_96 SSRs PGS3
M-locus ]

supercontig J Lags.14 AGS. 27J
AGS.12

| SSRs AGS

SNPCaMmap1 SNPKaMmap1 AGS 20 SNPKaMmap7 AGS.30 and SNPs
1 'M-54'
‘GxC
recombinants ‘GC-38’
: GCATT
‘K06-06'
‘KxK { ‘K05-24'
recombinants T
M-locus map
| ~134Kb |
SNPKahMmap1 PGS3 23 SNPKaMmap7
ttse AGS.20 " -pes3_62 2egiog
] e — . 1] e o]
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pE— q d aa DJadma @ 4 =adq
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Figure 3.2. Graphical representation of #-supercontig assemblyM-locus high resolution map and
gene annotation.Upper black and grey rectanglesepresent BAC clones from the self-incompatible
apricot cv. ‘Goldrich’ BAC library used fade novo Mocus reference sequence assemblyh@plotype

is indicated). Resultinghd-supercontig assembly (formed by contigs M-locusitigel,-2 and -3, and the
interspersed GAP-13 and GAP-15) is shown pointingbothM-haplotypes grey andblack rectangls).
The scale in Kb for M-supercontig is shown withed dotted linesSSRs from PGS3 series used in
previous works to define ‘Canino’ and ‘Katy’ gerethaps are shown above d¥l&upercontig, while
SSRs from AGS series and SNPs markers developthisimork are shown belowdolecular makers in
bold delimit ‘Canino’ M-locus physical map; recombinant hybrids of ‘Gx@pplations are shown in
strippedandblack thin rectangleswhereas molecular markers defining ‘Ka#*locus physical map are
shown inred bold recombinant hybrids of ‘Katy’ self-pollination eiindicated irwhite andblack thin
rectangles Vertical red thick linesshow definitive positions delimiting the ~134K¥-locus high
resolution physical map. A zoom in thisl34Kb M-locus map is shown below where gene annotation
results are indicated yark grey arrows SSRs AGS.20, PGS3.23 and PGS3.62 linked to thatiow
are shown as well.

Gene annotation and differential expression analysi

lllumina RNAseq data from mature anthers, mature styledeaks of apricot
cvs. ‘Canino’, ‘Katy’ and ‘Goldrich’ were used fogene annotation and tissue
expression analysis (Table S3.1). Trimmed data frath three ‘Goldrich’
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transcriptomes were aligned through ‘Transcriptaoery 2.0° (module included in
CLC Genomics Workbench 8.0.1). Our own gene aniootdbr the ~134 Kb region

within the aM-supercontigvas reviewed and manually curated udthgersica(peach
v1.0 and v2.0 IPGI) an®. mume(NCBI BioProject under accession PRINA171605)

annotations as references. A total of 15 ORFs warmmtated and named BaM-1 to

PaM-15 (from Prunus _armeniacaM-locus) (Figure 3.2). An additional

gene

homologous to ppa004594m (peach v1.0 IPGI) wasuded of the subsequent analysis

because theM-locus recombination breakpoint (SNPKaMmapl) wasated in the

middle of this gene. Up to 4 and 3 genes annotatéd persica(peach v1.0 and v2.0,

respectively) and 7 i?. mumewere not found in our apricot gene annotation (@ab

3.1). However, the genomic sequence of tHe. persicagenes (peach v2.0) is highly

conserved in the M-supercontig suggesting that they were not expdessethe

analyzed tissues used for apricot gene annotafipricot annotated genes showed a

high homology rate witlP. persicaandP. mumepredicted CDS and protein sequences,
ranging from 93 to 100% and 85 to 100%, respedtijekcept for ppa011450m, which

lower homology might be due to a wrong annotatiropeach v1.0) (Table 3.1).

Table 3.1.Apricot M-locus high resolution map gene content and honyalatg sequence with

corresponding putative orthologues Bf persica(v1.0 and v2.0, IPGI) an&.mume(NCBI
BioProject, accession PRINA171605) for CDS andipted protein sequences. Start and end

positions for each gene withilMasupercontig are indicated as well as the genepaotkin

sizes.
P.armeniaca Start End Size gene (nt)/ Putative _ Homolggy Putative orthologue Homolggy Putative Homolggy
gene s o, : orthologue in rate: . 3 rate: orthologue rate:
annotation* position  position ~ protein (aa) P. persica v1.0 CDS/protein In P. persica v2.0 CDS/protein| in P.mume CDS/protein
PaM-1 141885 141885 1901/182 ppa012139m 99,27/100 PrGp4&300.1 99,27/100 Pm015410  99,27/99,45
- - Pm015409
PaM-2 141885 141885 25271/4966 ppa000002m  98,53/98,45 peF3G248400.1 98,53/98,45 Pm015408  99,33/98,98
- ppa026731m - -
- - PmMO015407
- ppa023507m - Prupe.3G248500.1 Pm015406
PaM-3 141885 141885 1626/424 ppa005351m  96,81/94,02 RGR48600.1 96,81/94,02 PmMO015405 99,6/98,57
PaM-4 141885 141885 1594/360 ppa011450m  47,37/32,76 RGR48700.1 93,7/94,82 Pm015403 98,15/98,61
PaM-5 141885 141885 6668/786 ppa001620m  95,08/99,24 RGE48800.1 95,08/99,24  PmO015402 93,3/98,98
PaM-6 141885 141885 4360/227 ppa011007m  98,68/99,12 RGA48900.1 98,68/99,12 Pm015401 100/100
PaM-7 141885 141885 1842/212 ppa017665m  97,34/96,23 RGR49000.1 97,34/96,28 PmM015400 99,06/98,58
PaM-8 141885 141885 2688/216 ppa011285m  98,92/99,54 RGR49100.1 98,92/99,54 PmMO015399 99,08/99,54
PaM-9 141885 141885 4183/477 ppa005069m  99,09/99,16 RGRE49200.1 99,09/99,16 PmO015398  99,37/98,95
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PaM-10 141885 141885 4663/269 ppa010249m  98,05/9%,33 RGE49300.1 97,04/85,88 Pm015397  98,77/97,03
--- - - Pm015396
--- - - Pm015395
PaM-11 141885 141885 4769/245 ppa010548m  99,05/98,78 RGR49400.1 99,05/98,78 PmO015394  99,73/99,18
PaM-12 141885 141885 1320/112 ppa026503m  98,82/99,11 RGE49500.1 98,82/99,11  Pm015393 99,12/100
--- - - ppa016385m Prupe.3G249600.1 Pm015392
--- - - ppal027219m Prupe.3G249700.1 - - Pm015391
PaM-13 141885 141885 5381/579 ppa003386m  98,79/99,31 RGE49800.1 98,79/99,31 Pm015390  99,77/99,65
PaM-14 141885 141885 2433/356 ppa007756m  99,07/99,44 RGEE9900.1 99,07/99,44 PmO015389  99,72/99,16
PaM-15 141885 141885 2621/464 ppa005994m  99,08/99,07 RGES0000.1  99,2/99,28 Pm015388  99,64/99,78

*Gene annotatioin for ~134 Kb region within thd-gupercontig

RNAseq data from all tissues among the three arfiwere compared by using

Trinity (Haas et al.,, 2013). Seven out of the @&fteapricot annotated genes were

differentially over-expressed in mature anthersardipg leavesKaM-6, -7, -8, -9, -11,
-14 and -15) in ‘Canino’, ‘Goldrich’ and ‘Katy’, a5 PaM-6, -7, -9, -10 and -14) with
regards to mature styles in ‘Canino’ and ‘Goldri¢ghb mature styles RNAseq data
were available for ‘Katy’) (Figure 3.3). Addition®T-PCR analysis using mature
anther RNAs obtained from recombinant hybrids hoygotes for theM- and m-

haplotypes detected gene-expression for all apaicobtated genes (data not shown).
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Figure 3.3. Heat map illustrating log fold-change IbgFC) values ofM-locus genes in the pairwise
tissue comparison for each apricot cultivarColour key indicates logFC (rows) from over-expesss
(green boxes to down-expressedrdd boxey genes for each cultivar/tissue pairwise compariso

(columns). LogFC is calculated between first caltitissue sample against (indicated with Vs) second

cultivar/tissue sample. Thus, positive logFC vataeans a higher expression in the first cultivasites
sample regarding second for corresponding generidgrex), negative logFC value (red box) represants
lower expression following the same order of corigmar. Cultivar/tissue sample is as follows: (Gan)
‘Goldrich’ anthers, (Gle) ‘Goldrich’ leaves, (Gstizoldrich’ styles, (Can) ‘Canino’ anthers, (Cle)
‘Canino’ leaves, (Cst) ‘Canino’ styles, (Kan) ‘Kagnthers and (Kle) ‘Katy’ leaves.
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Variant calling

A screening for identifying non-synonymous polyntagms was carried out for
the annotated ~134 Kb region within thil-aupercontig(Figure 3.1). Assuming the
hypothesis suggesting that ‘Canino’ and ‘Katy’ hakie same mutation (Chapter II),
both cultivars should share a variant in heterogigydn addition, one of the two alleles
of this variant should be absent in ‘Goldrich’ leagito a non-synonymous change in
the predicted protein in ‘Canino’ and ‘Katy’. Und#rese assumptions, low stringent
conditions and different types of analysis weredufe variant calling (SNPs, Indels
and Structural Variants) in the three cultivarsi{f€éaS3.7). A total of 1.118, 1.136 and
1.365 variants from genomidumina data were called for ‘Goldrich’, ‘Canino’ and
‘Katy’, respectively, in the ~134 Kb region withthe avi-supercontig. Of these, 249
and 414 were variants uniquely found in ‘Caninod dKaty’ and not in ‘Goldrich’,
respectively. However, only 39,4% of the ‘Caninatiants are heterozygous while the
percentage in ‘Katy’ reaches out the 92,5%. The emof heterozygous variants
differing with respect to ‘Goldrich’ within annotd genes (excluding intergenic
regions) decreased noticeably for both cultivar@dand 133 (6 and 33 only in exons)
for ‘Canino’ and ‘Katy’, respectively. A total of &nd 27 variants in ‘Canino’ and
‘Katy’, respectively, lead to non-synonymous chander predicted proteins (Table
3.2). Lastly, only one of these variants was fotmtbe shared by ‘Canino’ and ‘Katy'’:
an insertion of undetermined size between posit@14.578-214.587 withirPaM-7
(also detected in the transcriptomic alignments).

Table 3.2. Comparative polymorphism screening between setfpaiible apricots (Canino’
and ‘Katy") against self-incompatible apricot cuétr ‘Goldrich’. Data corresponding to distinct
heterozygous variants regarding ‘Goldrich’ in amtetl M-locus genes and exons leading to

non-synonymous changes.

Cultivar Total Variants differing Heterozygote variants different from 'Goldrich'
variant§ with 'Goldrich'

Total Annotated genes Annotated exons NomB8ymous

Goldrich 1118

Canino 1136 249 98 20 6 5
Katy 1365 414 383 133 33 27
& All variants found in the-134 Kb region within theM-supercontig

The presence of the insertion in ‘Canino’ and ‘Kagnd the absence in

‘Goldrich’” was confirmed by specific PCR-amplificat. An extra-band, ~350bp larger
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in size than the band shared by the three cultigard putatively containing the

insertion, was only detected in ‘Canino’ and ‘Kaflyigure 3.4).
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Figure 3.4. FaSt insertion genotyping in recombinant hybrids and apicot cultivars bearing m-
haplotype.PCR amplification of apricot gDNA with primer paiPaMDsb_F2/PaMDsb_R?2) containing
the insertion. Samples are as follows: (1) ‘GoldrigVi;M,), (2) ‘Canino’ Mim), (3) ‘GC-38" (Mim), (4)
‘GC-98' (M;M,), (5) ‘GC-171" M,m), (6) ‘M-54" (M,m), (7) ‘CC-67" (mm), (8) ‘CC-77° M:My), (9)
‘Katy' (Mam), (10) ‘K05-06" (mn), (11) ‘K05-15' (Mam), (12) ‘K05-24 (Mam), (13) ‘K06-06" (Mam),
(14) ‘K06-17" (mm), (15) ‘K06-18' Masm), (16) ‘Castelbrite’ Msm), (17) ‘Castleton’ sm), (18)
‘Corbaté’ (Msm), (19) ‘Cow-1" Msm), (20) ‘Cow-2' Mim), (21) ‘Cristali’ (Msm), (22) ‘Currot’ (mm),
(23) ‘Gandia’ (mm), (24) ‘Gavatxet’ (nn), (25) ‘Ginesta’ thm), (26) ‘Manri’ (mm), (27) ‘Martinet’ (mm),
(28) ‘Palabras’ fim), (29) ‘Palau’ (nm), (30) ‘Portici’ Mim), (31) ‘Tadeo’ Mism) y (32) ‘Trevatt’
(Mlm)
A FallingStone (FaSt) mutator element within PaM-7 is in coupling with m-
haplotype and leads to a putative premature stop-cmon

In order to check and characterize whether thisrtren might result in a non-
functional protein, specific amplification of whoRaM-7 genomic region was carried
out. Genomic DNA from ‘CC-77'NI:M; ‘Canino’ self-pollinated recombinant hybrid)
was used foPaM-7 M-allele sequencing, whereas ‘CC-67’ and ‘K06-1vih{‘Canino’
and ‘Katy' self-pollinated recombinant hybrids) wemsed for PaM-7 m-allele
sequencing. Both sequences proved to be identizgpe for a 358-bp insertion
between positions 332/690 of tRaM-7 m-allele coding region within the third exon
(Figure 3.5a). The 358-bp insertion leads to a t#tubisn of a TTT codon
(Phenylalanine) by TGA producing a premature stogen of the predicted translated
protein in the amino acid position 111 (Figure 3.5khis insertion is identical in size
and highly similar in sequence (86,3%) to the omentl in SFB: by Vilanova et al.
(2006). SFE: insertion was characterized as a Miniature Inerepeat Transposable
Element (MITE) type nameBalling Stone(FaS) (Halasz et al., 2014faStelements
contain Target Site Duplications (TSDs), short AReh segments and Terminal
Inverted Repeats (TIRs). Both structural elemergsaéso present in tifeaM-7 m-allele
insertion. TIR elements are well conserved betweaht7 m-allele andSFB: while
TSDs differ in AT-repeats content. In addition, tfne TSDs observed iRaM-7 m-

allele differ in the first nucleotide (Figure 3.5b)
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PaMDOr gene

m-FaSt insertion (358-b -
PaM-6 ! (358-bp) (|P am-7)
M-locus 11— ] T - =T T 1 ] ]

. ‘ H H H H H ‘
supercontig 213500 214000 214500 215000 215500
PaMDOr _CC- 77( M) 1 ATGGCTGGAATCAAGAAAAAGCTTGTGGAAATTGATATAATT GCAGACACT GT GT GTCCAT GGTGCT TTGTGGGCAAAAGAAACCTTGAC 90

1 MAGI KKKLVETIDII1TADTV[CPWCCFV GKRNTLD 30
PaMDOr_CC- 67/ K06-17(mm) 1 ATGGCTGGAATCAAGAAAAAGCTTGTGGAAATTGATATAATTGCAGACACT GTGT GTCCAT GGT GCT TTGTGGECAAAAGAAACCTTGAC 90
1 MA GI KKKULVEI DI I ADTUVCPWCFVGIKRNLD 30
PaMDOr _CC- 77( M) 91 AAAGCTCTAGTGGAAGGTAATGATCGATACGAGT TTGAGCT CAGATGGCAT CCATTTCAAAT TGATCCTGAAGT COCTAAAGAAGGCATT 180
31 K ALV EGNUDWRYEFELIRWHPFOQI DPEVUPKETGI 60
PaMDOr _CC- 67/ KO6- 17(mm) 91  AAAGCTCTAGTGGAAGGTAATGATCGATACGAGT TTGAGCTCAGAT GBCATCCATTTCAAAT TGATCCTGAAGT CCCTAAAGAAGGCATT 180
31 KALVEGNDRYETFETLRMWHPTFO QI DPEVPEKTETGI 60
PaNvDOr _CC- 77(MV) 181 TACAAGAAAGAGT TTTATGATACAAAGATGGGCGCTGATGTAGCTGAAGT GTTTCAGACCCGTATGBCGGATATCTTTTCAAACCATGAC 270

61 Y K K EFYDTI KMGADVAEVFQTRMADI FSNHD 9
PaMDOr _CC- 67/ K06- 17(nm) 181 TACAAGAAAGAGT TTTATGATACAAAGATGGGCGCTGATGTAGCTGAAGT GTTTCAGACCCOGTATGGCGGATATCTTTTCAAACCATGAC 270

61 Y K K EF YDTIKMGADVAEVFQTRMADI FSNHTD 9
PaMDOr _CC- 77( M) 271 ATGACCTATAAGATCGAGGGACT CACGBGAAATACTATTAAGAGT CACAGGCT TATATATT- - - - - - - = <« e e e e e 331
99M T Y KI EGLTGNTI KSHRTLI YF 111
PaMDOr _CC- 67/ KO6- 17(mm) 271 ATGACCTATAAGATCGAGGEGACT CACGGGAAATACTATTAAGAGT CACAGGCT TATATATTGAGATATTTAGTAATATACCCATTCTTAG 360
99M T Y KI EGLTGNTI KSHRTLI Y * 110
PaMDOr _CC- 77( M) e 331
111 111
PaMDOr _CC- 67/ KO6- 17(mm) 361 CACTAAAACTATAAATAAACCCTACATCATTTCATTTTTATAAACATACCCAAAAAAAACCCAAAAAATGACAAATTGTACTATTAAATT 450
110 110
PaMDOr _CC- 77( M) BB - m o mm e 331
111 111
PaMDOr _CC- 67/ KO6- 17(1m) 451 TAATTTTAATTATTAAATTACTTTGATACCCTATTGAGTGTTTTGGGTTTTTTTATGAAATTTTGGGT TGGGTTTGTTTTAAGAAATCAA 540
110 110
PaMDOr _CC- 77( M) e 331
111 111
PaMDOr _CC- 67/ KO6- 17(1m) 541 TGGCAATTTTGTAATTTAAAAGAAGTTAAAAGCT TTTTTGTTATGTTATAAATGGGCTTTGGGTGTATTTATAAATTCCATTTCATATAG 630
110 110
PaMDOr _CC- 77( M) BB - m i m e TTGCTGGECTACAGGATCATGATAAGCAGCA 362
111 A GL QDHTDK Q Q 121
PaMDOr _CC- 67/ KO6- 17(mm) 631 GGTTTTTTTATAATTTGGGCTCATATATTGGGTATATTAGTGAATCTOOCATATATATTTTGCTGGEGCTACAGGATCATGATAAGCAGCA 720
110 110

Figure 3.5FaStinsertion within PaM-7 mallele.a) Schematic representationRdM-7 gene structure
in the av-supercontigLight grey rectangleepresents region ofvasupercontig containingaM-7 gene
anddotted red lineshow positions in KbPaM-6 is indicated wittblack arrow white arrowssymbolize
PaM-7 UTR regions andlark grey arrowsPaM-7 exons (reverse orientatiorffaM-7 m-allele FaSt
insertion is indicated in the third exon. b) Par@®S (predicted by NGS) nucleotide alignmenPaivi-7
m- andM-alleles as well as codifying amino acid sequemcenozygous recombinant hybrids sequenced
are indicated: CC-67, K06-17 and CC-7HaStinsertion starts after position 33dle line and lead to a
premature stop-codon (shown by asteris. Target site duplications and terminal invertegaats in
FaSttransposable elements are indicateddal lettersandgrey shadingrespectively. Dicysteinic redox
motif typically conserved in DsbA proteins is showith bold lettersand intoblack frameof the amino
acid sequence (CPWC domain).

The PaM-7 mrallele insertion was PCR-amplified in all self-coatible apricot
cultivars (other than ‘Canino’ and ‘Katy’) known tarry them-haplotype (Chapter 1)
and recombinant hybrids derived from ‘Canino’ améhty’. Heterozygote Nim) and
homozygote MMM and mn) cultivars/accessions were included (Figure 3Bhe
presence of th®aM-7 mallele insertion was detected in all self-compatibultivars
bearing themhaplotype, and homozygote recombinants confirnhedl the insertion is

in coupling with them-haplotype.
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PaM-7 codes for a Disulfide bond A-like Oxidoreductase @&MDOTr). Analysis of
the phylogenetic relationships.

The predicted translated protein PaM-7 is homolsgmuoxidoreductases that
contain a Disulfide bond A-like (DsbA-like) domaiiPR001853PF01323) and belong
to the large Thioredoxin (TRX)-like superfamily @veins containing a Thioredoxin
fold; IPR012336) (Table 3.3). AccordinglaM-7 was renamed &aMDOr (Prunus
armeniacaM-locus DsbA-like_Oxidoreductase). These proteingeha characteristic
motif containing two active cysteines, separate@ lamino acids (CXXC), responsible
for the redox state in target proteins; the madgence in PaMDOr is CPWC (Figure
3.5b).

The direct BLASTP analysis performed against NCBdrn-redundant protein
sequences’ database using PaMDOr translated prgeguery found homologues from
different plant species with no more than one-tws per specie with E-values lower
than 10°. Table 3.3 shows direct BLASTP hits belonging tmilies where SI
molecular mechanism has been partially elucidatBdséiceae, Solanaceae and
Brassicaceae) excluding Papaveraceae for whichteevare found. First two hits were
PmO015400 and ppa017665m frdM mumeand P. persica respectively (Table 3.3).
Third hit ppa011285m corresponds to a putativegmmotontiguous to ppa017665 ih
persica highly homologous to the apricot PaM-8 (Figure 3aAd Table 3.1).
Nevertheless, there is a significant differencehomology with ppa017665m and

ppa011285m decreasing from 6,3%&0 1,26 E-values, respectively.

Table 3.3.PaMDOr ‘Direct BLASTP’'NCBI accession name’ column shows selected hits of
PaMDOr BLASTP output using PaMDOr predicted proteis query. ‘Genome database
accession name’ refers to the annotated ID in tlieesponding protein database (see Material
and Methods). In ‘NCBI description’ column, spewikich accession belongs to is indicated in

square brackets

NCBI accession Genome database Max Query E-value Identity NCBI description

name accession name score coverage
XP_008230297.1 Pm15400 429  100% 7,0E-154 98% uactesized protein LOC103329582
[Prunus mume]
PRUPE_ppa017665mg [Prunus persica]
XP_007215948.1 ppa011285m 291 100% 1,0E-99  62%nypothetical protein

PRUPE_ppa011285mg [Prunus persica]

XP_008379454.1 MDP0000233548 291 100% 3,0E-99 62% uncharacterized protein LOC103442449
[Malus domestica]
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XP_008230295.1 Pm15399 291  100% 1,0E-99 62% unctesized protein LOC103329581
[Prunus mume]
[Fragaria vesca subsp. vesca]
[Malus domestica]
XP_0043060541 geneO4224-v10-hyerﬁZ 98% 5,0E'88 62% uncharacterized protein LOC101292444
[Fragaria vesca subsp. vesca]
XP_009774377.1 256 98% 5,0E-85  53% uncharacterized protein LOC104224422

[Nicotiana sylvestris]

XP_009608607.1 256 97% 5,0E-85  54% yncharacterized protein LOC104102573
isoform X2 [Nicotiana tomentosiformis]

0 - 0,
XP_009608606.1 256 97% 6.0E-85  54% uncharacterized protein LOC104102573
isoform X1 [Nicotiana tomentosiformis]
[Solanum lycopersicum]
NP_198706.1 AT5G38900.1 251 97% 1,0E-87  55% Thioredoxin superfamily protein

[Arabidopsis thaliana]

To search for putativBaMDOTr orthologues a three step approach was followed:
1) ‘Reciprocal Best BLASTP Hit' (RBH) analysis; &yntenic blocks identification
across species; 3) Inference of phylogenetic welatiips on the basis of clustering
(tree-based) methods. Proteins from Rosaceae silieaMaloideag Potintilleae and
Prunoideae/Amygdaloideaalong with proteins from Solanaceae and Brassamace
families were used as queries for RBH identificatising NCBI database (Figure 3.6).
Within  Prunus RBHs were detected between Pm015400/ppa017665 and
PmO015399/ppa011285m. RBHs were also detected égpair Pm015399/ppa011285m
in all the rest of species but not for Pm0154000i3&65 (Figure 3.6).
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(ppad17665m; PaMDOTr)

XP_007215948.1

(ppa011285m)

(MDP0000233548)

XP_008341809.1
(MDP0000148485)
XP_004304201.1

(gene04226-v1.0-hybrid)

XP_004306054.1

(gene04224-v1.0-hybrid)

XP_004232135.1

(Solyc02g089230.2.1)

XP_009774377.1

(AT5G38900.1)

XP_007216055.1
XP_008379454.1
XP_009608607.1
XP_009608606.1
NP_198706.1

XP_007216055.1
(ppa017665m; PaMDOr)

XP_007215948.1
(ppa011285m)

XP_008379454.1
(MDP0000233548)

XP_008341809.1
(MDP0000148485)

XP_004304201.1
(8ene04226-v1.0-hybrid)

XP_004306054.1
(8ene04224-v1.0-hybrid)

XP_004232135.1
(Solyc02g089230.2.1)

XP_009774377.1

P.persica

M.domestica

F.vesca

S.lycopersicum

XP_009608607.1 Nicotiana

XP_009608606.1

NP_198706.1

(AT5G38900.1) ——A thaliana

F.vesca

A.thaliana:

g
5]
=
o
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Z

P.persica
M.domestica,
S.lycopersicum:

Figure 3.6. PaMDOr/PaM-8 RBH results.Reciprocal Best Hit outcome of accessions from &&hB

per pairwise comparison is shown in each box, wgezen boxesefer to RBHs, whileed boxego non-
RBHs. NCBI pold) and genome protein database (withiracket3 (see Material and Methods)
accessions are indicated in the left and upper gideBH square, whereas specie which belongs each
accession is indicated in the right and lower siéfes values of similarity from BLASTP analysis coift
Table S3.8.

Syntenic blocks for thé. persica Mlocus region between ppa001611lm and
ppa001157m (~18,4-18,8 Mb in peach scaffold_3 JVPGI) were found inMalus
domesticachrs. 9 and 17 (~4,3-4,7 Mb and ~4,9-5,3 Mb, respely), Solanum

lycopersicunchr. 2 (~45,6-45,8 Mb) andrabidopsis thalianahrs. 3 (regions ~0,4-0,5
Mb; ~5,1-5,2 Mb; ~11,2-12,0 Mb) and 5 (~15,5-15,6)\MFigure 3.7).
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[ ] Arabidopsis thaliana

:| Prunus persica
|:| Malus domestica
- Solanum lycopersicum

e Scale change

ppa011285m ppaOl7665m

Figure 3.7.M-locus syntenic blocks among Rosaceae, Solanacead BrassicaceaeM-locus syntenic
blocks in Prunus persica(Pruinodeae SFB/S-RNase SI mechanism; blue) aWthlus domestica
(Maloideae SFBB/S-RNase S| mechanism; orange) Rosaceaensilibfs andSolanum lycopersicum
(Solanaceae; SLF/S-RNase SI mechanism; red)Aaabidopsis thaliangBrassicaceae; Sporophytic Sl
mechanism; green) non-Rosaceae famil@ack rectangleswithin circular genome regions represent
gene annotation in scalerange linesare anchors betwed? persicaand M. domesticared linesare
anchors betweeR. persicaandS. lycopersicunandgreen linesare anchors betwedh persicaandA.
thaliana Red trianglesndicate a scale change. The putafaVDOr and PaM-8 orthologues are shown
for each specie.

Figure 3.8 shows phylogenetic relationships amawgems identified by direct
BLASTP analysis. Brassicaceae and Solanaceae msogeouped separately but both
groups clustered with a third one includiligloideae Prunus(orthologous to PaM-8)
and Fragaria (XP_004304201.1/gene04226-v1.0-hybrid) proteinscokding to the
conserved dicysteinic site, this major group washedh CPWG, whereasPrunus
proteins group with higher similarity to PaMDOr wammed CPWg F. vesca
XP_004306054.1/gene04224-v1.0-hybrid protein braddeparately from CPW@&nd
CPWG groups but closer to second. This protein contai®®WC domain losing the
first Cys residue, which is thought to be the mirgiortant of the two for redox activity
(Grauschopf et al., 1995).
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Figure 3.8. PaMDor and PaM-8 phylogenetic tree angbis.Maximum Likelihood phylogenetic tree
for selected accessions from ‘Direct BLASTP’ outpist well as PaMDorogange squargand PaM-8
(yellow squarg proteins. Bootstrap values are shown for evedendhree groups (CPWOCPWG and
SPWC) correspond to proteins homologous to PaMaB/DOr and XP_004306054.1//gene04224-v1.0-
hybrid, respectivelydrey shadiny Dashed lineggroup Brassicaceagréer), Solanaceaeofangg and

Rosaceaeblue) accessions.
Discussion

Paving the way for the identification of the mutatel M-locus modifier gene
Previous works identified two heterozygous PPMsapnicot cvs. ‘Canino’ and
‘Katy’ within M- andM’-loci, respectively. Interestingly, both mutationspped in an
overlapping region at the distal end of chr. 3nfing out that the same gene might be
affected. However, according to peach genome ahootalefined intervals comprised
~60 ORFs in ‘Canino’ and more than a hundred intyK&Zuriaga et al., 2012 and
2013). Therefore, mapping refinement was requirfdre starting a positional cloning
strategy. Incorporation of new molecular markers wacessary to achieve this goal but
the peach genome reference sequence had alreadyekbausted. Thus, ‘Goldrich

BAC clones covering thé-locus were sequenced and assembled to get arptapric
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reference sequence useful for this purpose. Thra@rnctontigs were obtained and
GAPs were joined by indeterminations defining tMesupercontig.

This strategy provided 40 new SSRs and first apr&dPs for the analyzed
region. Unfortunately, only one SSR, co-segregaittt the mutation, could be mapped
in ‘Canino’ (AGS.20). Similarly, only one third ¢dhe SNP variants found in ‘Canino’
were heterozygous. Finally, from the 5 selectedands tested in ‘GxC’ recombinants
only one was useful to reduce the mapping regidnkkldownstream PGS3.71 through
the newly identified recombinant M-54. Fine-mappingsults were much more
successful in ‘Katy’, largely due to the higher rhenof recombinants and markers that
could be incorporated. Thus, new recombination Kpeimts were detected by SSR
analysis in AGS.12 and AGS.30 encompassing anvaltef ~174 Kb. This map was
further improved by using SNPs such as SNPKaMmagll SNPKaMmap7 reducing
the interval to ~134 Kb. Interestingly, this regi@nincluded within the ‘CaninoM-
locus fine-map and excludes the fragment contaihigh-repeat content.

Moreover, recent findings suggest that ‘Canino’ afdty’ share the samer
haplotype supporting the hypothesis that the twaresthe same PPM as well (Chapter
I). Altogether, this apricot ~134 Kbl-locus region was decided to be screened for the
identification of the PPM.

Candidate genes: discrimination from expression p&trns

Fifteen genes were annotated in the aprideliocus region (~134 Kb) using
RNAseq data and all of them were found to be higldgserved in othdPrunus spp.
according to collinearity and homology rates. Thadditional ORFs were consistently
predicted inP. persicaandP. mumesuggesting that these genes might be not expressed
in the apricot sequenced tissues. Discrepancigene content were also found between
P. mumeand P. persica(v1.0 and v2.0) but this might result from the atation
methodology used in each case. In fact, RNAseq aathEST collections have been
used inP. persicawhereas irP. mumeanab initio prediction approach was employed
(Zhang et al., 2012; Verde et al., 2013).

The 15 genes showed to be expressed in all tistwerefore no specific pollen-
expressed genes are contained in this region. Hawvéwr of theseRaM-6, -7, -9 and
-14) showed higher differential over-expressiomiature anthers with regards to other
tissues and therefore may be considered as caedgites. Furthermore, neither

RNAseq data nor RT-PCR analysis support miss-egfmesas the cause of SC since
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positive expression were detected for all 15 gemedfomozygoteMM and mm

recombinants.

A unique variant within the M-locus fulfills genetic requirements

In parallel to gene-expression analysis, variariteny nature, from SNPs to
structural variants, were called for the aprikbtocus region in the three reference self-
incompatible/self-compatible cultivars. The numbéwariants different to those found
in ‘Goldrich’ identified in ‘Katy’ (414) was almodiwice than in ‘Canino’ (249). This
might be explained because ‘Canin®;(n) shares théMl;-haplotype with ‘Goldrich’
(M1M2) whereas ‘Katy’ M3 m) does not (Chapter II).

To fulfill the genetic requirements &locus unlinked SC in ‘Canino and ‘Katy’
both PPMs should be in heterozygosis, hence honoteygalled variants were
discarded. ‘Canino’ showed a much lower percentafieheterozygote variants
compared with ‘Katy’, confirming previous resultsica suggesting that currently
cultivated ‘Canino’ apricot might have arisen fr@lf-pollination event/s (Zuriaga et
al., 2012 and 2013). According to genetic and gaadrackground data in ‘Canino’ it
might be anticipated a low number of variants wattheM-locus fulfilling the exposed
requirements. In fact, only 27 and 5 variants legdio non-synonymous changes in
exons were found in ‘Katy’ and ‘Canino’, respectiveMore restrictively, only one of
them was present in both, an insertion detecteddiyy genomic and transcriptomic
alignments based on NGS data. It was also confirbne®CR-amplification in these
two cultivars showing an extra-band ~350 bp laigesize than the band shared with
‘Goldrich’. This insertion is located withiRaM-7, very close to microsatellite markers
AGS.20, PGS3.23 and PGS3.62 previously shown tdube linked to the PPM
(Zuriaga et al., 2012 and 2013; Chapter Il). Finathe 358-bp insertion was found to
be in coupling with then-haplotype not only in the recombinant hybrids gmedl but
also in many other cultivars (Chapter 1l). Therefothis variant was the only one
fulfilling all genetic requirements for being thause of SC within then-haplotype.
PaM-7 was fully sequenced fdvi/m-alleles and the 358-bp insertion was found to
putatively lead to a premature stop-codon in tregljoted protein lacking 4 out of the 6
exons. Furthermord?aM-7 was one of the four genes differentially ovepi@ssed in
pollen, in agreement with the tissue-specific egpi@n expected for th&l-locus

mutated modifier gene.
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This insertion has identical size and shows higlusece similarity with the
SFEB:-insertion previously found to confer SC in ‘Carin®ilanova et al., 2006).
SFB:-insertion was characterized as an active non-amtons mutator (transposable)
element [namedrallingStone (FaS)] containing structural features that have been
proved to be also present in thaM-7 insertion (Halasz et al. 2014aStelements are
suggested to have a recent specific occurrencd’rimoideae subfamily, being
accumulated in gene-rich regions of finusgenome and authors advanced further
effects that would be likely identified in the fuéu(Halasz et al., 2014). This work
seems to confirm their hypothesis. However, thesenat isolated cases. Most of the
mutations conferring SC iRrunus have been associated with transposable elements.
For instance, the insertions of a 615Mplike element intdSFB- (Hauck et al., 2006)
and that of a 2,6 Kb Mu element upstream of $gg-RNase (Yamane et al., 2003) in
P. cerasusthe insertions of 115-bp and 5-bp direct repesttsin the SFB, HVb region
and between th&FB V1 and V2 regions irP. persica(Tao et al., 2007), or the
insertion of 6,8 Kb in th&FB coding region irP. mumgUshijima et al., 2004).

PaMDOr is an oxidoreductase essential for th@runus GSI system to function

PaM-7 encodes an oxidoreductase that contains a Thigiredold domain
(IPR012336). Proteins having this domain form geaand diverse protein superfamily
characterized by a CXXC motif, which confers theoltdisulfide redox activity
essential for folding, stability and function irrdat proteins (Hogg, 2003; Schmidt et
al., 2006). Proteins containing this domain havenbassociated with a wide range of
events during sexual plant reproduction, from gamieyte formation to seed setting
(either for their redox activity or as signalingctiars) specially under the control of
thioredoxin (TRXs) and glutaredoxin (GRXs) proteifigaverso et al., 2013). More
specifically, several TRXs participating in SI sysis have already been identified. In
Phalaris coerulescensa protein containing a TRX motif in the C-ternlireand and
expressed in mature pollen grains has been showa &ssential for the Sl response (Li
et al., 1996). IBrassica pistil TRX proteins THL-1 and THL-2 have beenateld to
the SSI system being suggested to prevent SRK laospporilation (Cabrillac et al.,
2001). Functional analysis showed that antisersesgenic lines led to reduced levels
of Sl supporting their requirement for the systemfunction (Haffani et al., 2004).
Lastly, NaTrxh is a TRX protein with a noveBMignal peptide (that leads to use the
endoplasmic reticulum, Golgi apparatus and vesiébessecretion) localized in the
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extracellular matrix of theNicotiana stylar transmitting tract that interacts with S-
RNases reducing them (Juarez-Diaz et al., 2008aA3astafieda et al., 2014).

All these TRXs taking part in Sl belong to h-typ@wp of TRX proteins (up to
8 groups have been classified in plants to datd) rmsrmally work reducing target
proteins (Meyer et al., 2012). However, on the @yt PaM-7 does not codes for
neither a TRX type h nor other TRX type but forratpin containing a Disulfide bond
A-like (DsbA-like) domain (IPR001853; PF01323). Bslke proteins were firstly
identified inEscherichia colias disulfide bond introducers in the periplasmeeessary
process for protein folding (Depuydt et al., 20IMherefore, DsbA-like proteins are not
usually reducing enzymes such as TRX proteins bugizang. However, proteins of the
TRX superfamily are intrinsically bidirectional, ut can catalyze either oxidation or
reduction depending on the redox states in whidy twre maintained (Ito & Inaba,
2008). AccordinglyPaM-7 was renamed drunus_armeniaca Mocus Disulfide bond
A-like OxidorreductaseRaMDOr), which dicysteinic motif CPWC is located at the
protein N-terminal end (Cys19-PW-Cys22). Interegiin E.coli DsbA defective
mutants dsba) showed partially and fully restored function ietérologous systems
expressingArabidopsis thalianaProtein Disulfide Isomerase-like (AtPDIL) factors
(proteins containing 2 TRX fold domains) (Yuen kf 2013). Particularly, AtPDIL1-1
has also been associated with the regulation ajrBremed Cell Death (PCD) (Onda,
2013). Concretely, AtPDIL-1 acts as a redox-sevsitiegulator of the activity of
noncaspase-type proteins by the prevention of tpegmature activation during
embryogenesis and to control the timing of the br$ePCD by protease activation
(Cho et al., 2011). PCD is well known to be invalvie@ pollen rejection irPapaver
(Bosch & Franklin-Tong, 2008) but evidences alsggast a role for PCD in theyrus
S-RNase based GSI system (Wang & Zhang, 2011hisncbntext, a possible role of
PaMDOr regarding PCD may be speculated. On ther dihied, it is well known that
pollen-expresse8-locus F-box proteins are cytoplasmic, thus soniiNases must exit
the luminal compartment, possibly after retrogradensport to the endoplasmic
reticulum, in order to interact (McClure et al.,13). Interestingly, AtPDIL1-1 is
orthologous to thé&lycine maxGmPDIL-1 which showed, along with GmPDIL-2, the
capability to refold denatured RNaseA by oxida@ativity in recombinant versions of
both genes expressed i coli (Kamauchi et al.,, 2008). Since stylar ngifactor
NaTrxh was observed to reduce S-RNaseitro, it has been suggested that protein

three-dimensional structure might be altered t@fats trafficking in pollen tubes (may
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be through the pollen endomembrane system) (Mc@uet., 2011) and, consequently,
affecting its function. This function should betared by protein refolding to the active
state in an oxidative-dependent manner. AtPDILsehlawen detected in endoplasmic
reticulum (Yuen et al., 2013), therefore, S-RNasi®lding (after releasing) might be
carried out by an oxidizing protein like PaMDOr damly to GmPDIL-1/AtPDIL1-1
restore RNase/DsbA activity in the endoplasmicragtim.

A hypothesis on the evolutionary history of PaMDoiin Prunus

Reciprocal Best Hits for PaMD@®. persicahomologous protein (ppa017665)
were detected iPrunus spp but not in norPrunus species (includingValoideae,
Potentilleae, Solanaceaand Brassicaceag Best hit in all these latter cases was
ppa011285m protein (peach v1.0 IPGI) homologouspacot PaM-8. However, the
best direct BLASTP hit of th&ragaria vescaaccession XP_004306054.1 was ke
mumeaccession XP_008230297.1 found to be homologowaMDOr. Since PaM-8
seems to have orthologous in all considered spewibsreas PaMDOr has not, a
tandem duplication in Rosaceae is suggested whakDPr and PaM-8might be
paralogues. Regarding this point, it is relevanhigghlight thatPaM-8is differentially
over-expressed in reproductive tissues (antherspasitds) but not in leaves whereas
PaMDOr expression is largely specific to anthers. Intemgl/, no Maloideaeprotein
was found to be homologous to PaMDOr. This miglggest thatMaloideaespecies
may have lost the PaMDOr orthologue throughoutetent evolutionary history, but
sooner than genome duplication event occurredignstibfamily (Velasco et al., 2010).
In contrast,F. vescahas CPWg and SPWC, putatively derived from a CPWC
ancestor, suggesting that tandem duplication niigive taken place before subfamily
split in the Rosaceae (~62 MYA). The long periodtiofe elapsed might explain the
high divergence betweerragaria/Prunus CPWC putative orthologues. In agreement
with this, it has been shown thlialus andPrunusS-RNases and SFBs evolved from
different lineages supporting a convergent evolut the GSI system for these two
genera (Aguiar et al., 2015; Akagi et al., 2016;rivhmto et al., 2015). This observation
is also supported by differences in the GSI systeinge a single SFB controls self-
recognition inPrunoideaeand multiple SFBB determine non-self-recognitiorMalus
(Matsumoto & Tao, 2016; Sassa, 2016; Tao & lezz@0i0). A different scenario

might imply an alleged duplication occurred uniqual Prunus after splitting from
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Malus (=32 MYA) and therefore XP_004306054.1 and PaMD@ould not be
orthologous.

Syntenic blocks foM-locus region were clearly observedNh domesticaand
S. lycopersicumAs expected, according to a recent genome dujlicavent, two
different regions were shown to be syntenic Malus (Velasco et al., 2010).
Remarkably, syntenic blocks #rabidopsiswere not well defined at odds wilMalus
and Solanum despiteArabidopsisis phylogenetically closer tBrunus(lgic and Kohn
2001). It could be speculated that these resutisn fthe conservation of regions
containing factors needed for a common pathway echanism, since Solanaceae and
Rosaceae share the same GSI systerAtaltidopsisexhibits SSI (Takayama & Isogali,
2005).

Overall orthologue study supports a divergent etatufor M-locus DsbA
proteins in the Rosaceae family. However, putapaealogues (CPWLCand CPWGg)
arose from gene duplication in tandem, being tmetion of the CPWg&type proteins
specifically related to GSI. In this sense, CPYBPWG divergence process might

shed some light dflalus/PrunusGSI evolution as well.
Material and methods

Plant material

Two self-compatible apricot cvs. ‘CaninoS;&Mim) and ‘Katy' (§SMsm),
and the self-incompatible control ‘Goldrict®&M1M,) were selected for genomic and
transcriptomic Next Generation Sequencing. Recoarttitybrids ‘GC-38’, ‘GC-98’
and ‘GC-171’ from the outcross populations ‘Goltrie Canino-01" and ‘M-54" from
‘Goldrich x Canino-08" were used for ‘CaninM-locus fine-mapping (Zuriaga et al.,
2012). ik recombinant hybrids ‘K05-24", ‘K06-06’, ‘K06-18'ral ‘K06-37’ from ‘Katy’
self-pollination (Zuriaga et al., 2013) were used ‘Katy’ M-locus fine-mapping. All
these trees are maintained at the collection of thstituto Valenciano de
Investigaciones Agrarias (IVIA) in Valencia (Spain)

‘Canino’ self-pollinated hybrids homozygous for tielocus ‘CC-67" &S mm)
and ‘CC-77" &SMiMs), F self-pollinated ‘Katy’ recombinant hybrids ‘K05-06
‘K05-15", ‘K05-24’, ‘K06-06’, ‘K06-17’, ‘K06-18’ (Zuriaga et al., 2013) and apricot
cvs. ‘Castelbrite’, ‘Castleton’, ‘Corbatd’, ‘Cow-1'‘Cow-2’, ‘Cristali’, ‘Currot’,
‘Gandia’, ‘Gavatxet’, ‘Ginesta’, ‘Manri’, ‘Martinét ‘Palabras’, ‘Palau’, ‘Portici’,
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‘Tadeo’ y ‘Trevatt’ bearingn-haplotype (Chapter Il) were used feaStinsertion PCR-
genotyping.

Nucleic acids extraction

Two leaf discs were collected from each sample faoden at -80°C before
genomic DNA isolation following the method of Doyé Doyle (1987). Total RNA
was extracted from leaves, mature anthers (congimiature pollen grains) and mature
styles of balloon-stage flowers using the RNeagnPMini Kit (Qiagen), including
column DNase treatment (Qiagen RNase free DNasdp Bnd RNA quantification
was performed by NanoDrop ND-1000 spectrophotom@ibermo Fisher Scientific,
Wilmington, DE) and integrity was checked by getadtophoresis. For BAC clone
DNA delivery, frozen BAC clones were grown for 2ah37°C in liquid LB medium
with cloranphenicol. Each BAC clone was inoculated..5 ml solid LB medium and
sent to sequencing. Macrogen Inc. kept on DNA BA®e isolation and purification.

Next Generation Sequencing and cleaning

Apricot BAC clones 215E14, 209M03, 108J24, 224A34Q11, 148M17,
253J12, 251L05, 159P08, 95D02, 160J21 and 161K#4 the self-incompatible cv.
‘Goldrich” BAc library (Vilanova et al., 2003) werpyrosequenced by 454 GS-FLX
Titanium NGS technology (Roche), commercially coetdd by Macrogen Inc. (Seoul,
South Korea). Whole genome sequencing (WGS) of ii@anand ‘Katy’ apricot
genomes was conducted on an lllumina HiSeq200@optat using 100-bp paired-end
reads, commercially conducted by Macrogen Inc. d8oh” WGS kindly provided by
Chris Dardick was also generated on an llluminagdB®00 platform using 100-bp
paired-end reads, at genomic facilities at DHMRIa¥l@ H. Murdock Research
Institution, Kannapolis, NC, USA,; http://www.dhnotg). RNA sequencing (RNAseq)
data were obtained using RNA isolated from matumhexrs, mature styles and leaves
from cvs. ‘Canino’, ‘Katy’ and ‘Goldrich’ (exceptof ‘Katy’ styles that were not
collected). Two biological and two technical repties per biological replicate were
generated for each tissue and cultivar with theeption of anthers samples, where three
biological replicates were obtained (Table S3.INAR were sequenced by Illumina
paired-end (100 bp). Sequencing was conducted biAUNeurosciences genomic
Core (University of California, CA, USA).
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454 raw data from BAC clones were filtered by CL@n@mics Workbench
8.0.1 (http://www.clcbio.com), trimming those seqaes with a ‘Quality limit’ of 0.05
and ‘Ambiguous limit' of 3, maintaining sequenceghwa minimum length of 50 bp
and a maximum of 500. Additionally, trimmed sequeshovere aligned against
pBeloBAC11 (cloning vector used to develop ‘Goldti®AC library) in order to
remove those sequences coming from the cloningorvegMismatch cost = 2/,
‘Insertion cost’ = 3, ‘Deletion cost’ = 3, ‘Lengfiaction’ = 0.5, ‘Similarity fraction’ =
0.8). WGS lllumina raw data was filtered by CLC Genomics Workbench.18.
Sequences with a ‘Quality limit" of 0.05 and ‘Amhbigus limit’ of 2, and sequences
with a lower length of 20 bp were trimmddumina RNAseq raw data were processed
using FastQC v.0.10.1 (http://www.bioinformaticdleham.ac.uk/projects/fastqc/)
software to assess the quality of raw and clead sets. Reads were quality trimmed
using FASTX-toolkit (http://hannonlab.cshl.edu/fagbolkit) with a minimum quality
score of 25 and a minimum length of 40. Adaptoruseges were trimmed using the
‘trim_blast_short' script available as part of segqmbs

(http://bioinf.comav.upv.es/seq_crumbs/).

Apricot M-locus supercontig. BAC clonesle novoassembly

Cleaned 454 sequences were usedléonovoassembly of each BAC clone by
CLC Genomics Workbench 8.0.1 using following partere k-mer = 45; automatic
bubble size; minimum contig length = 100; ‘Map reddack to contigs (slow)’;
mismatch cost = 2; insertion cost = 3; deletiont cos3; length fraction = 0.75 and
similarity fraction = 0.9. Additionally, Macrogemd. provided ale novoassembly per
BAC clone performed by GS De Novo Assembler v.R8dhe) using default values
for set parameters. Consensus contig sequences ldobinnde novoassemblies were
determined by Staden software package
(http://'www.sanger.ac.uk/Software/production/stdflen Resulting contigs were
correctly oriented and ordered througiicrobial genome finishing modul@icluded in
CLC Genomics Workbench 8.0.1 and using bBthpersica(peach v1.0 International
Peach Genome Initiative 2010 http://www.rosacegépeach/genome) and. mume
(NCBI BioProject under accession PRJIJNA171605 and
http://prunusmumegenome.bjfu.edu.cn) genomes aserergfes. Contigs from
overlapping BAC clones belonging to the same ‘GoldrM-haplotype were joined by
GAP4 included in Staden software packag@&hose contigs from overlapping BAC
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clones that could not be joined BAP4 were considered to belong to differdvit
haplotypes. To confirm this hypothesis SSR genotypvas performed for each BAC
clone. DNA from BAC clones 215E14, 224A3, 234014817, 253J12, 161F24 was
PCR-amplified for SSRs PGS3_71, PGS3_47, PGS3_&%3P62, PGS3_63 and
PGS3 96, respectively; AGS 6 was PCR-amplified ACB 209M03 and 108J24, and
160J21-2 in BACs 251L05, 159P08, 95D02 and 1603&dldrich’ gDNA was used as
control. PCR conditions were the same describe®&R amplification in section ‘SSR
identification and analysis’ (see below) anthaplotype BAC clone was coined
according to the nomenclature reported in Chaptdrd join overlapping contigs from
different haplotypes, two stepwise conditions weomsidered: 1) if a putative gene
based onP. persicaand P. mumeannotation might be present in overlappiRg
armeniacacontigs, that contig with highest homology ratebtith genes inferred by
ClustalwW (Thompson et al., 1994) would be chosénf there were no putative genes
in overlapping contigs, that contig belonging te k-haplotype more numerous would
be chosen. For unjoined contiguous contigs, GABuwwas carried out as follows: 1)
a BLASTN (Altschul et al., 1990) analysis (cutofivalue < 10°) using primer pair
sequences for SSRs from PGS3 series was perforgagasacontig sequences in order
to identify those GAPs that matched with PGS3 nsatellites. If each primer of a pair
confirmed to blast to ending sequence of contiguou#igs, then both contigs were
joined. 2) For remaining unsolved GAPs, specificngrs (Table S3.3) flanking ending
contiguous contigs were designed by Primer3 \00(Wntergasser et al., 2012) and
PCR-amplified. PCR conditions were: initial denatgrstep of 95°C for 2 min; 35
cycles of 95°C for 30 s, 52°C for 30 s and 72°Clfamin; and a final extension of 72°C
for 10 min, using as template corresponding BACSADRour independent replicates
were amplified and PCR products were checked by efgttrophoresis. The four
replicates were mixed together and purified by D8I&an&Concentrator-5 Kit (Zymo
Research, Irvine, CA). Purified PCR products weguenced by Sanger, commercially
conducted by Sistemas Genomicos S.L. (PaternanbfaleSpain). Resulting sequences

were assembled throu@taden software package.

WGS lllumina data alignment
Cleaned WGSIlumina reads from cvs. ‘Canino’, ‘Katy’ and ‘Goldrich’ we
aligned separately (CLC Genomics Workbench 8.0.fiwape) against a ‘hybrid’

reference sequence Bf persicagenome sequence (peach v1.0 IPGI) whérecus
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region (scaffold_3 from 18.380.006 to 18.833.026sifians) was replaced bp.
armeniacaM-locus supercontig sequence using following sgtasdmeters: ‘Mistmatch
cost = 2’, ‘Cost of insertions and deletions = Afigap cost’, ‘Insertion cost = 3,
‘Deletion cost = 3, ‘Insertion open cost = 6, dartion extent cost = 1’, Deletion open
cost = 6', ‘Deletion extent cost = 1’, ‘Length ftaan = 0.6’, ‘Similarity fraction = 0.8,
‘Global alignment = No’ and ‘Non-specific match laing = Map randomly’. Apricot
M-locus supercontig alignments (between positions38B006 and 18.833.026 of
scaffold_3) were extracted and ‘Local realignmentdule was applied in order to
improve alignment results (‘Realign unaligned erdges’, ‘Multi-pass realignment =
3).

SSR identification and analysis

New SSR markers were identified . armeniacaM-locus supercontig by
Repeat Masker software (Smit, AFA, Hubley, ®RepeatModeler Open-1.2008-2015
http://www.repeatmasker.org). Primer pairs flankmgrosatellite repeat motifs were
designed using Primer3 (Table S3.4). SSR ampliinat were performed in a
GeneAmp_PCR System 9700 thermal cycler (Perkin—Elfreemont, CA, USA) in a
final volume of 20 pl, containing 75 mM Tris— HQIH 8.8; 20 mM (NH)2SQ;; 1.5
mM MgCl,; 0.1 mM of each dNTP; 20 ng of genomic DNA and lolUDreamTaq
polymerase (Thermo Scientific, Waltham, MA). Eadilymerase chain reaction was
performed by the procedure of Schuelke, (2000) gughree primers: the specific
forward primer of each microsatellite with M13(-2tH)l at its 50 end at 0.4 puM, the
sequence-specific reverse primer at 0.8 uM, andiheersal fluorescent-labeled M13(-
21) primer at 0.4 uM. The following temperaturefppeowvas used: 94 °C for 2 min, then
35 cycles of 94 °C for 45 s, 50-60 °C for 1 mind &2 °C for 1 min and 15 s, finishing
with 72 °C for 5 min. Allele lengths were deterndngsing an ABI Prism 3130 Genetic
Analyzer with the aid of GeneMapper software, \@1st.0 (Applied Biosystems).

SNP identification and analysis

SNPs and small InDels were called with CLC Genorifiskbench 8.0.1 using
‘Basic Variant Detection’ algorithm through the [eaking parameters: ‘Ploidy level =
2’, ‘lgnore positions with coverage above = 200@&jinimum coverage = 4,
‘Minimum count = 1" and ‘Minimum frequency = 25%T&ble S3.5). Primer pairs

flanking SNPs were designed using Primer3 for s$etkcvariants (Table S3.6).
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Amplifications were performed in a GeneAmp_ PCR &yst9700 thermal cycler
(Perkin—Elmer, Freemont, CA, USA) in a final volurae 20 pl, containing 75 mM
Tris— HCI, pH 8.8; 20 mM (NB2SQ; 1.5 mM MgC}; 0.1 mM of each dNTP; 20 ng
of genomic DNA and 1 U of DreamTaq polymerase (ecientific, Waltham, MA)
using corresponding gDNA as template. Cycling cbods were as follows: an initial
denaturing step of 95°C for 2 min; 35 cycles of®&r 30 s, 52°C for 30 s and 72°C for
1 min; and a final extension of 72°C for 10 min.uFandependent replicates were
amplified and PCR products were checked by geltrelploresis. An admixture of four
replicates was purified by DNA Clean&Concentratokh (Zymo Research, Irvine,
CA). Purified PCR products were sequenced by Sarggenmercially conducted by
Sistemas Genomicos S.L. (Paterna, Valencia, Spa®quence chromatogram

visualization for SNP confirmation was performedBgEdit softwargHall, 1999).

Gene and transcript annotation of apricotM-locus physical map

‘Goldrich” RNAseq data from mature styles, maturathers and leaves
transcriptomes were aligned to the ‘hybrid’ pea@name sequence containing the
apricotM-locus syntenic region using ‘Large gap mapperl tnoluded in ‘Transcript
discovery Plug-in 2.0’ of CLC Genomics Workbenc.8.with these set of parameters:
‘Maximum number of hits for a segment = 10’, ‘Maxim distance from seed =
20000, ‘Multi match mode = random’, Mismatch cost2’, ‘Insertion cost = 3,
‘Deletion cost = 3’, ‘Similarity = 0.9", ‘Length &ction = 0.9’ and ‘Overside default
distances = Yes'. Then, transcript discovery toabwsed to produce mRNA and gene
annotations (parameters: ‘Strand specific = Noktdad existing annotations = Yes’,
‘Splice sites = All', ‘Exclude uncertain splice et = Yes’, ‘Ignore duplicate reads =
Yes’, ‘Ignore non-specific matches = Yes’, ‘Minimwmique observations (un-spliced)
= 1, ‘Minimum coverage ratio (un-spliced) = 0.03Jinimum unique observations
(spliced) = 1, ‘Minimum coverage ratio (spliced)0:03’, ‘Exclude internal un-spliced
events = Yes’, ‘Exclude external un-spliced even¥es’, ‘Maximum distance between
events = 1000’, ‘Minimum observations in gene =‘Blinimum length of gene = 150,
‘Genes with spliced transcripts only = No’, ‘Maximujoining distance = 250,
‘Minimum length = 100’). Resulting annotations wemanually curated by comparing
with predicted annotations fét. persica(v1.0 and v2.0 of IPGI) and. mumeby gene,
CDS and predicted protein alignment study througlstal Omega aligner (McWilliam
et al., 2013).
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RNAseq differential expression analysis

Cleaned reads from mature anthers, styles anddedv&oldrich’, ‘Canino’ and
‘Katy’ were aligned against ‘hybrid’ peach genonegjsence containing the apriddt
locus syntenic region through the 'align_and_es@n&bundance.pl’ script available
using the Bowtie aligner as part of Trinity soft@gtangmead et al., 2009). From these
alignments, transcript quantification was performmeth RSEM (Li and Dewey 2011).
Estimated fraction of fragments that are derivemmfra gene were further used for
differential expression analysis. Raw counts gegedrfom RSEM were imported into
the edgeR package (Robinson et al., 2010) fromdsidactor v.2.11 (Gentleman et al.,
2004) in order to determinate the significance llefegene-level expression. To filter
out the likely transcript artifacts and lowly expsed transcripts, only were maintained
those with a value of counts per million (cpm) >atlleast in all replicates of one
condition. A between-sample normalization was made taking adoount the total
number of reads by library. To observe the relatibetween samples and replicates,
both technical and biological, a multidimensionedlsrg (MDS) plot was made. False
discovery rate (FDR) <= 0.05 was used to deterntireethreshold of the P-value in

multiple tests. Heat-map was performed using aimade script by R.

Polymorphism screening

Variants from positions 142.155 to 276.18M¢faupercontig) called in ‘SNP
identification and analysis’ section were used fihis analysis (Table S3.5).
Additionally, ‘InDels and Structural Variants detien’ algorithm through CLC
Genomics Workbench 8.0.1 software was also usékeirdaM-supercontig realignment
of the three cultivars (from ‘WGS lllumina data gaiment’ section), parameters
settings: ‘P-value threshold = 0.0001’, ‘Maximumnmaer of mistmatches = 3’ and
‘Minimum number of reads = 2'. Overall variants if&ats called from ‘Basic variant
detection’ and ‘InDels and Structural Variants datn’) between positions 142.155-
276.184 from self-compatible cultivars (‘Canino’daiKaty’) were compared against
self-incompatible cultivar ‘Goldrich’ using ‘Comparsample variants’ (‘Keep variants
that are different’ option was choice) and ‘Aminadachanges’ tools included in CLC
Genomics Workbench 8.0.1 in order to identify thpséymorphisms present in self-
compatible cultivars and absent in the self-incatibpa cultivar that led to non-

synonymous changes in the predicted proteins (T&BI€).
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PaMDOr gene amplification and sequencing from gDNA

Overlapping fragments comprisinBaMDOr gene (considering that has a
reverse orientation in the apricet-locus supercontig sequence annotation) were PCR
amplified with specific primer pairs PaMDsb_F1 (5-
GTTCTCTTGCCGGATATCTAATATGT-3', -1741 bp from stadedon)/PaMDsb_R1
(5-ACGGTTGGGTTGACATTAAAAC-3', +169 bp from startadon) and
PaMDsb_F2 (5- TTTGGCCTGTTTTGGAACC-3, -1179 bp from start-
codon)/PaMDsb_R2 (5ATACAAAGATGGGCGCTGA-3’, -199 bp from start-codon)
using ‘CC-67' mm) and ‘K06-17" (mm) gDNA as template fom-allele sequencing and
‘CC-77" (MM) gDNA as template foM-allele sequencing. PCR amplifications were
performed in a final volume of 20 ul containing @M Tris— HCI, pH 8.8; 20 mM
(NH4)2SOy; 1.5 mM MgC}; 0.1 mM of each dNTP; 20 ng of genomic DNA and dfU
DreamTaq polymerase (Thermo Scientific, Waltham,)M&ycling conditions were as
follows: an initial denaturing step of 94°C for 2nm30 cycles of 94°C for 30 s, 55°C
for 60 s and 72°C for 1 min 30 s; and a final egi@m of 72°C for 10 min
(GeneAmp®PCR System 9700, Perkin-Elmer, Fremont,). CFour independent
replicates were amplified and PCR products wereclana by electrophoresis and
finally mixed together to purify by DNA Clean&Conueator-5 Kit (Zymo Research,
Irvine, CA). Purified PCR products were sequencgdshnger by the Bioinformatics
Service at the IBMCP (http://www.ibmcp.upv.es) anelsulting sequences were

assembled throughtaden software package.

PaMDOr m-FaStinsertion genotyping

Specific primer pair PaMDsb_F2/PaMDsb_R2 was usedPaMDsbm-FaSt
insertion genotyping. PCR conditions were the sansed for PaMDOr gene
amplification from gDNA in previous section (seeowb). PCR products were
electrophoresed in 1% (w/v) agarose gel.

BLASTP Reciprocal Best Hit (RBH) analysis

BLASTP analysis of the PaMDOr predicted protein wagormed against ‘non-
redundant protein sequences’ database of NCBI¢diset al., 1990). Some accessions
related to Sl from this ‘BLASTP direct’ result weselected for ‘BLASTP reciprocal’
analysis againsPrunus (taxid: 3754) database of NCBI. These proteinsewgP
008230295.1 and XP 008230297.1 (corresponding t@®1B8809 and Pm015400
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respectively inPrunus mumerotein database), XP_007215948.1 and XP 007216055
(corresponding to ppa011285m and ppa017665m reggkycin Prunus persicavl.0
IPGI, protein database), XP_008341809.1 and XP 1D®834.1 (corresponding to
MDP0000148485 and MDP0000233548 respectivellaius domesticavl.0, protein
database (Velasco et al., 2010)), XP 004304201d1X#h004306054.1 (corresponding
to gene04226-v1.0-hybrid and gene04224-v1.0-hytegpectively inFragaria vesca
v1.0, protein database (Shulaev et al., 2011)), 08R232135.1 (corresponding to
Solyc029g089230.2.1 inSolanum lycopersicum ITAG 2.3 protein database),
XP_009774377.1 Nicotiana Sylvestris accession), XP_009608607.1Ni¢otiana
tomentosiformisaccession) and NP_198706.1 (corresponding to ABSGA31 in
Arabidospsis thalianaTAIR10, protein database). All BLASTP analysisrevearried

out with an E value cut-off < Te

Apricot M-locus syntenic block analysis

Assembled genome sequence and predicted proteiectbomhs of Prunus
persica (Verde et al., 2013)Malus domestica(Velasco et al., 2010)Solanum
lycopersicum(Consortium et al., 2012) arrabidopsis thaliangArabidopsis genome
initiative, 2000) were used to localidd-locus syntenic blocks in the four genomes.

Data were retrieved from the GDR database (wwwoesaorg;

Prunus_persica v1.0_scaffolds.fa, Prunus_persica_sdaffolds.gff3,
Prunus_persica_v1.0_peptide.fa, Malus_x_domestidgaasontigs.fa,
Malus_x_domestica.v1.0.consensus.gff and
Malus_x_domestica.v1.0.consensus_peptide.fa), the olGehomics Network
(www.solgenomics.net; S_lycopersicum_chromosomgs.fa,

ITAG2.3_gene_models.gff3 and ITAG2.3 proteins.fastad from TAIR database
(TAIR10_chr_all.fas, TAIR10_GFF3 genes.gff and TARpep_20101214.txt).
Proteins from ppa001611m (position 18.391.171)pa001157m (position 18.769.249)
of scaffold_3 inPrunus persicaencompassing 62 genes, were used as querie8fdr R
analysis against the other 3 predicted proteinbdates. Thus, best hit after ‘Direct
BLASTP’ analysis was used as query agaRrsinus persicgrotein database; whether
best hit from ‘Reciprocal BLASTP’ analysis matchedth initial Prunus persica

protein used as query, this positive RBH was usgdamchor in syntenic block
identification. RBH analysis againgflalus domestica Solanum lycopersicunand

Arabidopsis thalianadatabases was carried out through custom-madepygbripts
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using executable gffutils (www.pythonhosted.orgigfé) and blastall (Altschul et al.,
1990) packages. RBH results supporting syntenickislodentification was visualized

by Circos softwargKrzywinski et al., 2009).

Phylogenetic tree-based analysis

Phylogenetic analysis was conducted\bgGAG6 (Tamura et al., 2013). Amino
acid sequences of accessions selected in sectlohSBP Reciprocal Best Hit (RBH)
analysis’ and the protein accessions XP_093737ahd XP_009378259.1Pyrus
accessions), XP_006338333.1 and XP_015064048.1 refpunding to
Sotub02g033650.1.1 and Sopen02g034020.1 respsctivel Solanum tuberosum
(protein database) an8olanum pennelliPGSC DM v3.4 andS.pennelli protein
databases of ), XP_013674618.1 and XP_0136518%dsgica napusaccessions),
XP_009125096.1 Brassica rapaaccession), XP_013613719.Bréssica oleracea
accession) and XP_002868748.Ardbidopsis lyrata accession) were aligned by
Clustalw (Thompson et al., 1994). Phylogenetictrefship tree was constructed by
the Maximum Likelihood method (Felsenstein, 1984)l @hylogenetic test was done
based on 1,000 bootstrap replicates. LG+G was gmglas the best fits for protein

alignment.
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Abstract

Self-Incompatibility (SI) is the reproductive bariwidest spread in plant kingdom,
which has evolved differently at molecular leveptevent inbreeding and assist genetic
exchange. Sl is genetically controlled by tBdocus, where at least two linked
multiallelic genes are expressed in the pollen pistl sides determining the specific
pollen-pistil recognition. In Rosaceae and Solaaac&-RNases (pistil) and S-locus F-
Box (pollen) proteins are thesgedeterminants. In spite of sharir§factors, recent
studies have spotlighted a different origin férunus F-Box proteins, scenario that
matches with a different recognition behavior obedrin this genus. Nevertheless,
factors unlinked to th&locus named modifiers are also fully required egect self-
pollen, but they have received less attention tBatleterminants. Most of described
modifiers have only been identified in Solanacaad remain elusive in Rosaceae. This
work was particularly aimed to identify irunusputative orthologues for Solanaceae
and Maloideae modifiers in order to deepen into the evolutionharstory of the GSI
system in both families. Six genes20K NaTrxh NaStEP, SBPR1 NaPCCP
(Solanaceae) anddABCF(Maloideag have been assessed usingresilico method to
predict orthology based on reciprocal best hitshogaec synteny and clustering
analyses. Putativ®runus orthologues were found fddaTrxh MdABCF and SBP1
suggesting a divergent evolution from a common stiocebefore splitting of Rosaceae
and Solanaceae. Regardiri@0K, tandem duplication and subsequent functional
specialization in pollen-pistil interaction mighave occurred irasteridsafter eudicots
division. Meanwhile, putative gene losses, dupiwet and/or chromosomal
rearrangements draw a convoluted evolutionary higty NaStEPandNaPCCR

Introduction

Solanaceae and Rosaceae families apparently shanealkent factors involved
in the recognition and rejection of pollen gendhceelated to avoid inbreeding in the
so-called Self-Incompatibility (SI) mechanism. Tadactors are enclosed into tBe
locus that comprises two or more linked genes (datadcourt, 2001). In the
gametophytic self-incompatibility (GSI) mechanisone of these genes encodes a
ribonuclease specifically expressed in the styldRkK&ses) (Anderson et al., 1986;

McClure et al., 1989), while the other/s codes aBok containing-domain protein
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(termed SLF, SFB and SFBB in Solanacda®inoideaeand Maloideag respectively)

(Entani et al.,, 2003; Lai et al.,, 2002; Ushijima at, 2004). BothSgenes are

multiallelic, thus, if the variants for each tissymecific gene displayed during
pollination derive from the same haplotype, thelgoltube growth is arrested
(McCubbin & Kao, 2000).

Phylogenetic studies witlsRNases have pointed out a single evolutionary
origin about 120 MYA for eudicots (lgic & Kohn, 200 Steinbachs & Holsinger,
2002). Notwithstanding, extended recent studiesehi@d to propose thaspollen
factors inPrunusandMalus might have evolved from different paralogues datifrom
a common Rosaceae ancestor (Aguiar et al., 201&8giAdt al., 2016; Morimoto et al.,
2015). This proposal might explain differences rdgay effects of pollen-part
mutations affectinglocus F-box proteins iRrunusandMalus (Tao & lezzoni, 2010).
Slocus unlinked genes participating in the GSI eystbased orf5-RNases are also
required for the mechanism to function. Some o$¢hgenes, known as modifier genes
(McClure et al., 2011), have been identified. HT&@small asparagine-rich protein
(McClure et al., 1999); NaStEP, a Kunitz-type prudse inhibitor (Busot et al., 2008;
Jimenez-Duran et al., 2013); 120K, an arabinogafaptrotein (AGP) abundant in the
stylar transmitting tract (Cruz-Garcia et al., 2@0®l 2005), and NaTrxh, a thioredoxin
(TRX) protein fromhll group (Avila-Castafieda et al., 2014; Juarez-Dfaal.e 2006)
are stylar modifiers found iNicotianaspecies. Pollen side n@factors have also been
identified, mostly related to the SCF-like E3 ubiou ligase complex formed by
Skpl/Cull/F-box proteins where additionally Culienacts with Rbx1 (Zhang et al.,
2009). All SCF components have been cloned, firstlPetunia (Hua & Kao, 2006;
Huang et al., 2006; Li et al., 2014) and latertimeo species includiniglalus Pyrusand
Prunus(Matsumoto et al., 2012; Minamikawa et al., 20%4;et al., 2013; Yuan et al.,
2014). SBP1, a RING-finger E3 ligase (Sims & Ordan2001); NaPCCP from
Nicotiana alata(Lee et al., 2008; 2009) and MdABCF, a transmembra@ansporter
identified in Malus domesticdMeng et al., 2014) are other pollen modifier ¢ast
found to be likely involved in the GSI system.

SCF components frolrunusandMalus/Pyrushave shown to be orthologous
to Solanaceae components by phylogenetic relatiprsshdies. Therefore, more genes
descending from a common ancestor for remainingifieosl might be expected to be
found within Rosaceae. In addition, due to recedvaaces in high-throughput

sequencing technologies and bioinformatics, gensetgiences of many plant species
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have been released publicly includir@planum lycopersicunConsortium, 2012),
Nicotiana benthamiangBombarely et al.,, 2012)Valus domesticaVelasco et al.,
2010) andPrunus persicaVerde et al., 2013). This constitutes a powesilirce of
information for comparative genomics and gene doinp analysis (Gabaldon &
Koonin, 2013; Gabaldon, 2008; Sonah et al., 2011).

In order to shed some light on the evolutionarytdns of the Rosaceae and
Solanaceae GSI system, we performed a screeniiemnbify putative orthologues in

Prunusfor modifier factors already reported in Solan@&caad Maloideae.

Results

A three pillar strategy was designed to identifygbive orthologues ifPrunus
for 120K NaTrxh NaStER MdABCF, SBP1landNaPCCPmaodifiers through Rosaceae
and Solanaceae (using Brassicaceae as outgrouadson (Figure 4.1). Orthology
was evaluated at three different levels correspando each requirement, thus two
genes might be considered as orthologues if th#ifldd the three conditions. The
starting point before orthology study was to perfoa BLASTP analysis (‘Direct
BLASTP’) using the target modifiers as query agairolanaceae Splanum
lycopersicumand Nicotiana benthamiarja Rosaceae Rfunus persicaand Malus
domestica and Brassicacead\iabidopsis thaliana protein databases (Table 4.3, see
Material and methods). Best scoring matches fromctiBLASTP outcome were used
to manage the three different orthology analys&st Bne relies on Reciprocal Best
BLASTP Hit (RBH) search comparing all-to-all prataiatabases (Zheng et al., 2005).
The second is an orthologue mapping approach tdifgeyntenic blocks (Zheng et al.,
2005) and the third one is aimed to infer phylogieneelationships on the basis of

clustering (tree-based) methods using selectedssicess (Yang et al., 2012).
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Solanaceae spp.
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| Solanum Nicotiana
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Figure 4.1. Schematic representation of genome angfotein databases used to study orthology
relationships between modifiers from Rosaceae andnaceae families.

NaTrxh
Direct BLASTP and RBH analyses

Best hits obtained by direct BLASTP using NaTrxhA¥i2864) as query in
each protein database resulted RBHs in almosbatparisons. MDP0000752795 blast
against S.lycopersicum protein database was the unique exception, where
Solyc05g006830.2.1 was the best hit in spite ofrftathe same e-value than second hit
(Solyc02g087630.2.1, RBH in the other comparisoriEherefore, ppa011576m,
MDP0000752795 (MDP0000448333), Solyc02g087630/2115000207649g0013.1 and
AT5G39950.1 were the RBHs of NaTrxh protein améhgoersica M. domesticasS.
lycopersicumN. benthamianandA. thaliang respectively (Figure 4.2a; Tables 4.1a
and S4.1).
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Figure 4.2. Schematic representation of RBH resultfor NaTrxh (a), SBP1 (b), MAABCF (c), 120K
(d), NaStEP (e) and NaPCCP (f)First hits from direct BLASTP analysis (Table 4dre shown in
horizontal and vertical orientation. Squares shbev riesults of pairwise comparison of first hits,enén
Green squaresndicate that both proteins confirm to be RBHs,ilevhhed squaresdo not. Protein
accessions fromed squarecomparisons confirmed to have a different prossnession as RBH. These
proteins and corresponding RBH are indicated bddgvan alphanumeric cod8ee supplemental data of
chapter 4 for more detailed information.

“First and second hits have similar rates of homplsge Tables S4.1 and S4.4).

3 RBH of ppa021281m, MDP0000287357, AT2G34700.1 l4h800008703g0009.1 i8. lycopersicum
genome is Solyc02g078040.2.1.

%2 RBH of ppa021281m, MDP0000287357, AT2G34700.1 S0tyc02g078040.2.1 iiN. benthamiana
genome is NbS00008703g0009.1.

1 RBH of MDP0000326576 iR. persicagenome is ppa011448m.

P2RBH of ppa011496m, MDP0000326576, AT1G17860.1 an800009480g00031.1 B lycopersicum
is Solyc03g020010.1.1.

®3 RBH of ppa011496m, MDP0000326576, AT1G17860.1 30iyc03g020010.1.1 iN. benthamianas
NbS00009480g00031.1.

! RBH of ppa012133m, MDP0000525794, AT3G17980.1NMb80009334g0006.1 i8. lycopersicuns
Solyc03g118720.2.1.

°2 RBH of ppa012133m, MDP0000525794, AT3G17980.1 $0kyc03g118720.2.1 iN. benthamianas
NbS0009334g0006.1.

°® RBH of AT3G17980.1 itN. benthamiangenome is NbS00020637g0006.1.

Identification of syntenic blocks

Genome segments having the RBH identifieddopersicaS. lycopersicunand

A. thalianaat chrs.3, 2 and 5, respectively, showed distitegjrees of synteny. The
major number of anchors were obtained betw®enpersicaand S. lycopersicum
encompassing a total of 23 in regions 19,75-20,08s Mind 44,43-44,74 Mbs,
respectively. MeanwhileA. thaliana and P. persicashared 17 anchor points (from
15,93 to 16,1 Mb irArabidopsisgenome), buP. persicasyntenic region spans a larger
distance (19,70-20,29 Mbs) regardiisy lycopersicunmsyntenic block. In addition,
bordering ppa011576m region had certain syntenly witegion ofA. thalianaat chr.3
(10,66-10,79 Mbs). BetweeA. thalianaand S. lycopersicunonly 4 anchors were
positively used to connect both regions, mainly due neighbouring
Solyc029g087630.2.1 proteins are homologoué.tthalianaproteins of 4,87-4,91 Mbs
region at chr.5 (Figure 4.3).
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Table 4.1.BLASTP direct results for NaTrxh (a), SBP1 (b), MBCF (c), 120K (d), NaStEP (e) and NaPCCP (f) protecessions (see Figure 4.1) against
Prunus persicdgblue colors)Malus domesticdorange colors)Solanum lycopersicurfred colors)Nicotiana benthamiang@yellow colors) andArabidopsis
thaliana(green colors) protein databases. Three firstangdgndicated (frondarkerto lighter color§ matching with results shown in Tables S4.1 t®S4.

a)
Hit | P. persica M. domestica S. lycopersicum N. benthamiana A. thaliana

Match length % id length %id E-val |Match length % id E-val |Match length %id E-val |Match length % id E-val
1st 135 67 106 69 7E-43 104 88 2E-51 | NbS0002076490013.1116 100 2E-65 | AT5G39950.1 109 69 1E-43
2nd | ppa013299m 130 55 6E-53 MDP0000448333 108 68 5E-40 | Solyc05g006830.2.1108 72 2E-44 | NbS0002763390013.1116 93 2E-59 | AT1G19730.1 108 47 4E-28
3rd | ppa013161m 110 49 2E-31 MDP0000391509 110 59 1E-37 | Solyc059006860.2.1108 67 3E-42 | NbS00010261g0005.1123 60 1E-40 | AT1G45145.1 107 50 9E-28
b)
Hit |P. persica M. domestica S. lycopersicum N. benthamiana A. thaliana

Match length %id E-val |Match length %id E-val |Match length %id E-val Match length %id E-val Match length %id E-val
1st 321 70.02E-167 319 69.59 3E-159 316 91.14 0.0 NbS000557429g0004.1 331 90.68.0 AT1G45976.1 327 63.30 2E-141
2nd | ppa008184m 251 39.42E-51 | MDP0000717791 323 64.71 8E-138| Solyc05¢g005210.2.1234 38.03 6E-46 | NbS00016021g0006.1 331 88.20.0 AT1G60610.3 243 38.68 2E-45
3rd | ppa007884m 237 30.8@E-25 | MDP0000650075 316 64.56 3E-133| Solyc03g112860.2.1214 35.51 4E-29 | NbS000202489g0004.1 234 40.13E-48 | AT1G60610.2 243 38.68 2E-45
<)
Hit |P. persica M. domestica S. lycopersicum N. benthamiana A. thaliana

Match length %id E-val |Match length %id E-val |Match length %id E-val Match length %id E-val Match length %id E-val
1st 711 9395 0 711 99,16 0 713 80,65 0 NbS000149209g0008.1535 77,38 0 AT1G64550.1 713 81,77 O
2nd | ppa002097m 576 45,14 2E-154| MDP0000899854 711 97,47 O Solyc079008610.1.1562 45,73 4E-156 | NbS0000113490008.1311 77,17 3E-167 | AT5G60790.1 571 42,91 2E-158
3rd | ppa003175m 545 42,94 4E-153| MDP0000477774 545 43,3 2E-153| Solyc11g069090.1.1545 43,85 4E-156 | NbS00011489g0001.1565 45,49 5E-155| AT3G54540.1 567 45,15 3E-153
d)
Hit |P. persica M. domestica S. lycopersicum N. benthamiana A. thaliana

Match length %id E-val |Match length %id E-val |Match length %id E-val |Match length %id E-val |Match length % id E-val
1st 129 42.644E-19 131 44.27 5E-21 281 56.23 4E-68 | NbS0000958090020.1 197 71.03E-36 |[AT2G33790.1 197 35.53 2E-19
2nd MDP0000165381 129 44.96 1E-19 | Solyc02g078060.1.1112 65.18 2E-40 | NbS000258349g0007.1 134 55.28E-33 | AT2G34700.1 140 40.00 2E-19
3rd MDP0000423907 129 31.01 3E-08 | Solyc02g078100.2.1145 53.10 2E-35 | NbS00007980g0003.1 167 46.73E-32 | AT3G09925.1 149 26.17 4E-09
e)
Hit | P. persica M. domestica S. lycopersicum N. benthamiana A. thaliana

Match length %id E-val |Match length %id E-val |Match length % id E-val |Match length %id E-val |Match length % id E-val

190 42.118E-33 203 35.96 2E-22 203 47.29 8E-45 | NbS000183959g0002.1 246 68.29E-92 [ AT1G17860.1 237 33.33 2E-25

2nd | ppa011653m 159 40.22E-23 | MDP0000619608 203 35.96 4E-22 | Solyc06¢g072230.1.1225 39.11 1E-34 | NbC2487272390001.1220 60.45 2E-77 | AT1G73260.1 192 35.94 2E-22
3rd | ppa011448m 207 35.78E-23 | MDP0000635659 193 35.75 9E-22 | Solyc03g019690.1.1226 40.71 2E-34 | NbS00018395¢g0011.1 243 58.48E-69 | AT1G73325.1 229 32.31 3E-15
f)
Hit | P. persica M. domestica S. lycopécsim N. benthamiana A. thaliana

Match length %id E-val |Match length % id E-val |Match length % id E-val |Match length %id E-val |Match length % id E-val
1st 187 75.94E-99 187 75.94 2E-100 165 93.33 1E-111 | NbS000206379g0006.1 188 93.09E-119 [ AT3G17980.1 172 76.74 1E-92
2nd | ppa012128m 187 75.94E-99 | MDP0000776395 184 75.54 6E-98 | Solyc069g068940.2.1166 83.73 9E-98 | NbS000096989g0010.1 183 83.62E-102 | AT1G48590.1 164 77.44 2E-88
3rd | ppa012140m 187 75.94E-99 | MDP0000259616 164 70.73 1E-82 | Solyc03g118720.2.1166 80.12 4E-97 | NbS000205649g0001.1 166 84.92E-101 | AT1G48590.2 164 77.44 2E-88
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Chr.3

Figure 4.3. Syntenic comparative analysis of regi@containing NaTrxh RBHs (anchors) withA.
thaliana (green),S. lycopersicun{red) and P. persica(blue) genomesBlack rectanglesvithin circular
genome regions represent gene annotation in seadelines are anchors betwedp. persicaand S.
lycopersicum blue linesare anchors betweeh. thalianaand P. persica andgreen linesare anchors
betweenP. persicaandA. thaliana RBHs accessions are shown for each species indresponding
genome regions and are connectedlagk lines Red trianglegsepresent a change of scale.

Phylogenetic analysis based on clustering methods

TRX proteins are currently classified into 8 dif#fat groups (Meyer et al.,
2012). NaTrxh belongs to the group and the Il subgroup (there are 3 subgroops i
classh) (Juarez-Diaz et al., 2006). For the phylogenatialysis of NaTrxh, accessions
from TRX groupd, m, x ando as well as proteins from subgroups I, Il and flgooup
h (previously used by Juarez-Diaz et al. (2006) MaTrxh classification) were
accordingly employed along with the first threestobtained in direct BLASTP analysis
for each species. LG+G was the model that bestifft NaTrxh data alignment. All
TRX groups were successfully clustered includirgubgroups, except for AAL54858.1
that grouped with Trxh subgroup Ill, when in fadldngs to subgroup I. All RBHs
grouped with NaTrxh accession independently on $pecies they came from.
Additionally, MDP0000448333 and NbS00027633g001@&é&cond hits) were also
included in this group, occurrence expected forlajoit not forN. benthamianaThe
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rest of second and third best hits from BLASTP wsialalso clustered inll group (but
in a separate branch) ortihgroup (Figure 4.4).

TRX hlll 5

3

AAG52561 1/ 2
"

pae16!
M MDP0000448333

TRX hll
%
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AAr42g6
102000SIN
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Figure 4.4. NaTrxh phylogenetic tree analysidMaximum Likelihood phylogenetic tree for accessions
from ‘Direct BLASTP’ output, RBH results and prateaccessions from TRX hl (P29448\1 thaliang
Q07090.1N. tabacum CAA41415.1N. tabacum Q42403.1A. thaliang, TRX hll (AAG52561.1A.
thaliana, CAH59452.1Plantago majoy AAY42864.1 NaTrxh), TRX hlll (AAL54858.1N. tabacum
AAG51342.1A. thaliang AAN63619.1N. tabacurp, TRX f (Q9XFH8 A. thaliana AAN63619.1N.
tabacun), TRX o (AAK83918.1A. thaliang, TRX m (AAF15949.1A. thaliang AAF15950.1 A.
thaliana, Q9SEUG.2. thalianaand 048737.4A. thaliang and TRX x (AFF15952.A. thaliang groups
taken by Juarez-Diaz et al. (200Bjhese groups are shownshadinggrey. Bootstrap values are shown
for every node. Accessions highlighteddmnjorsrefer to ‘Direct BLASTP’ results (see Table 4.1a).

SBP1
Direct BLASTP and RBH analyses

AAF28357 accession fronPetunia hybridawas used as query in direct
BLASTP analysis. The similarity rate between bett And the rest of matches found
was very high in all protein databases studied @ixtie M. domesticawhich e-value
difference with second hit was not as high as oleserfor other species) and.
benthamiana(where first and second hits had similar e-valaesl percentage of
similarity, but significantly separated of the thhit) (Table 4.1b). The most remarkable
outcome was that first hits from direct BLASTP asak resulted to be RBHs all-to-all
(Figure 4.2b and Table S4.2).
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Identification of syntenic blocks

Regions containing AT1G45976.1, ppa008290m andcBdiy078760.2.1 RBHs
proteins were analysed to anchor syntenic blo€kspersicaand S. lycopersicum
showed to have a high synteny, 32 anchor sitesoletkfine syntenic regions between
chrl: 35,95-36,25 oP. persicaand chr.4: 60,83-61,22 &. lycopersicumOn the
contrary, AT1G45976.1 region (chr.1: 17,08-17,2dspnted less positive anchors with
P. persica(13) andS. lycopersicunl5) encompassing larger regions (3 and 2,7 Mbs,
respectively) than those found for b&hpersicaandS. lycopersicuniFigure 4.5).
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Figure 4.5. Syntenic comparative analysis of regi@ncontaining SBP1 RBHs (anchors) withA.
thaliana (green),S. lycopersicun{red) and P. persica(blue) genomesBlack rectanglesvithin circular
genome regions represent gene annotation in saaelinesare anchors betwedn. persicaand S.
lycopersicum blue linesare anchors betweeh. thalianaand P. persica andgreen linesare anchors
betweenP. persicaandA. thaliana RBHs accessions are shown for each species inaresponding
genome regions and are connectedblagk lines Red trianglesepresent a change of scale.
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Phylogenetic analysis based on clustering methods

PhSBP1 is an E3 ubiquitin ligase having a RING dam&ere two types have
been described, H2 (C3H2C3) and HC (C3HC4). PhS&iniains this last motif that
has been, in turn, divided in 2 subtypegirthaliang HCa (SBP1) and HCb, according
to Stone et al. (2005). Furthermore, they alsobéisteed a wide number of groups in
order to classify RING proteiné. thalianabest hit, AT1G45976.1, belongs to group 6.
Keeping in mind this information, phylogeny anatydior SBP1 was performed
including proteins with H2, HCa and HCb RING donsagither from group 6 as well
as from other different groups (excluding type H§£blp 6). The substitution model
that best fit with SBP1 data alignment was JTT+@GicWw phylogenetic tree is shown in
Figure 4.6. Three well differentiated clusters wetg#ained. RING-type E3 proteins
having HCa motif of group 6 (HCa/6) were clustetedether but into two separated
subgroups, whereby those accessions annotated B4 $Bteins and the RBHs
identified in this work did it in the same subgrotyotwithstanding, proteins of subtype
H2 and group-6 (H2/6) did not cluster with HCa/@yp; they were clustered with H2
proteins of group-1 (although in two subgroups prop separated). Meanwhile,
proteins of subtypes HCa and HCb from groups 24 Hhd respectively were also
clustered in two separated subgroups but sharaoenon ancestor-branch.
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Figure 4.6. SBP1 phylogenetic tree analysidaximum Likelihood phylogenetic tree for accessions
from ‘Direct BLASTP’ output, RBH results and prateiaccessions AT4G03000.1A.( thaliang,
XP_008360887.1 M. domesticy XP_004290694.1 K. vescd, XP_009798672.1 N. sylvestri},
AT1G75400.1 A. thaliang, XP_004307188.1 H, vesc3, XP_009344343.1 R. bretschneideji
XP_007017626.1 T, cacad, AAF28357.2 P. hybridg, ACD40009.1 K. alatg, AAS76633.1
(S.chacoen9de ABB77434.1 Petunia inflatd, AT4G14220.1 A. thaliang, XP_007034654.1T( cacag,
XP_009338470.1R. bretschneide)i XP_007224756.1R. persicd, XP_009766366.1N. sylvestri}
AT1G65430.1 A. thaliang, XP_002888408.1 Arabidopsis lyraty XP_007208709.1R. persica,
XP_008388828.1 M. domesticg XP_015058402.1 §. pennelll, CDX73080.1 B. napu,
XP_015064547.1 S. pennelll, XP_009360564.1 R. hybridg, XP_004304259.1 K, vescy,
XP_008230837.1R. mumgand AAM61038.1 A. thaliang. RING domain/groups (according to Stone et
al., 2005 classification) are included grey shading Bootstrap values are shown for every node.
Accessions highlighted bgolorsrefer to ‘Direct BLASTP’ results (see Table 4.1b).

MdJABCF
Direct BLASTP and RBH analyses

MdABCF transporter was identified iM. domestica (protein accession
MDP0000170302). Direct BLASTP analysis agaiRspersicaandA. thalianashowed
a marked difference in the e-value threshold fghblst scoring hits regardinddmnd
3% hits. Either way, best hits found in all proteiratabases (ppa002137m,
Solyc08g082850.2.1, NbS00014920g0008.1 and AT1G®B4%5demonstrated to be
RBHs all-to-all. Solely when apple protein databasas used as subject,
MDP0000899854 protein was the best match in abxésxcludingVl. domestica But
this did it exhibiting the same e-value than MDPQDP0302 (even MDP0000170302
presented higher percentages of similarity). Tesult may be due to the recent genome

duplication occurred in apple (Figure 4.2c and €aldl.1c and S4.3).
Identification of syntenic blocks

Contiguous locations fd?. persicaS. lycopersicunandA. thalianaRBHs were
studied for the identification of reciprocal syntemlocks. Twenty anchors between
AT1G64550.1 region (chr.1 at 23,85-24,06 Mb) andQf)2317m (chr.5 at 11,79-12,80)
were found.P. persicaregion also showed synteny with two different oegi of A.
thaliana at chr.4 (6,61-6,68 and 12,45-12,52). Less anc{ii} were found between
AT1G64550.1 and Solyc08g082850.2.1 (chr.8 at 6B3BAb). S. lycopersicunnegion
also had synteny with chr.4 (6,62-6,69 and 12,453 21b) and 5 (16,78-16,82) .
thaliana On the other hand, more anchors betwepersicaandS. lycopersicumnwvere

observed (23) encompassing shorter regions for tepproximately 350 Kb foP.
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persica and 333 Kb forS. lycopersicuin in comparison to the corresponding
orthologous segments observedAotthaliana(Figure 4.7).
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Figure 4.7. Syntenic comparative analysis of regiencontaining MdAABCF RBHSs (anchors) withA.
thaliana (green),S. lycopersicun{red) and P. persica(blue) genomesBlack rectanglesvithin circular
genome regions represent gene annotation in seadelinesare anchors betwedp. persicaand S.
lycopersicum blue linesare anchors betweeh. thalianaand P. persica andgreen linesare anchors
betweenP. persicaandA. thaliana RBHs accessions are shown for each species inatiesponding
genome regions and are connectedlagk lines Red trianglesepresent a change of scale.

Phylogenetic analysis based on clustering methods

ABC transporter-types in plants have been recepthewed and classified into
7 groups from A to G (Verrier et al., 2011). Partarly, pollen-expresselll. domestica
S-RNase transporter belongs to group F (Meng gf@l4). Proteins from Solanaceae,
Rosaceae and Brassicaceae families of each AB(M grmoaddition to the RBHs, were
used for phylogenetic analysis. LG+G+l model substin was the best for resulting
alignment. Figure 4.8 shows that all proteins welestered in corresponding ABC
group and RBHSs identified in this work for the fotamilies were grouped with

MdABCEF. Interestingly, three subgroups were obtdingthin group F. All RBHs and
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MdABCF accession were included in one of them, avthle other two subgroups were
composed by second and third hits obtained from 8TLR analysis (some hits with an
e-value threshold lower than"3aot shown in Table 4.1c were also analysed anddou
in both subgroups). According to these results, ABDbgroups were classified from
ABCF-1 to ABCF-3, where ABCF-1 includes MAABCF atheir RBHS.

729915000040W
of * L0E681 0000daW

86)
g

(7]
7
004 77774 PN &

PPa00317s,, 9:'

XP 008245603.1
AT1G64550.1 62

ABCF-1 8 ° ABCG

0
001492 ™ 10
NpSO \ : AFC38404 4
D
g‘b‘-’b‘ \ % *
QQQ$Q o
\)

%

\6

[
&
&
§‘

80

1052992600 dX
or2aees0 &%

Figure 4.8. MAABCF phylogenetic tree analysidviaximum Likelihood phylogenetic tree for accessions
from ‘Direct BLASTP’ output, RBH results and prateaccessions from ABCA (XP_0136301731
oleracea,XP_009759241.IN. sylvestrisand XP_004294675.E. vescy ABCB (XP_013631705.B.
oleracea and XP_009593037.1Nicotiana tomentosiformjs ABCC (AT1G04120.1 A. thaliang
XP_008235582.1P. mume XP_009335236.Pyrus x bretschneider@and XP_009119329.B. rap3),
ABCD (XP_009766250.N.sylvestrisXP_004237396.8. lycopersicunand XP_013656561R.napus,
ABCE (XP_009602236.1N. tomentosiformisand XP_013598714.1B. oleracea and ABCG
(AFC36404.1 P. hybridg XP_008245603.1P. mume XP_015070384.1Solanum pennelliiand
XP_006306902.Lapsella rubellx groups These groups and ABCF group, divided in three sulys
from | to Ill, are included ingrey shading.Bootstrap values are shown for every node. Acoassi
highlighted bycolorsrefer to ‘Direct BLASTP’ results (see Table 4.1c).

120K
Direct BLASTP and RBH analyses

120K (AAC15893 accession fromMlicotiana alatg was used as query for

BLASTP analysis. AgainsP. persicaprotein database a unique significant hit was
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obtained, ppa021281m (e-value ='3e Similarly, in M. domesticaonly two hits
(MDP0000287357 and MDP0000165381) scored e-valgs<®Ge?t and 1&° e-
values respectively). On the other handSinlycopersicunandN. benthamianahere
were more hits with low e-values. Solyc02g078030#otein had lowest e-value (4e
% followed by Solyc02g078060.1.50lyc02g078100.2.1 and Solyc02g078040.2.1
(having 2&"°, 26 and 2&*values respectively). Whereashh benthamiana total of

9 proteins had e-value threshold less than; Benong them, the first three matches
NbS00009580g0020.1, NbS00025834g0007.1 and NbSO8090003.1 presented
similar e-values (5&, 563 and 5€”). Meanwhile, AT2G33790.1 and AT2G3470&\1
thalianaproteins had the same (lowest) e-values{€rable 4.1d).

The first direct BLASTP hit of each species wasduas query to search RBHs
in the five protein databases, except forthalianawhere AT2G34700.1 was used.
RBHs betweenP. persicaand M. domesticawere confirmed and coincided with
highest-scoring hitdound in BLASTP. AT2G34700.1 protein was also RBHtloe
Rosaceae 120K RBHs identified. However, RBHs of0@i281m, MDP0000287357
and AT2G34700.1 irs. lycopersicunand N. benthamianavere Solyc02g078040.2.1
and NbS00006956g0008.1 respectively, and not tlse BEASTP matches found for
both species (Solyc02g078050.2.1 and NbS0002588%g00 This result shows that
non-Solanaceae 120K RBHs are the first BLASTP ititee for Solyc02g078040.2.1
and NbS0000695690008.1 as well as for Solyc02g0r216 and
NbS00025834g0007.1. Analogously, lycopersicunand N. benthamianashowed to
have distinct RBHs between them in regards to BLRS$@&sults (Solyc02g078100.2.1
and NbS00008703g0009.1) (Figure 4.2d and Table)S4.4

Identification of syntenic blocks

A. thalianaregion containing AT2G33790.1 and AT2G34700.1 gemas used
because both accessions are located in close ptgxamnchr.2 (positions 14,29 and
14,63 Mbs respectively). Meanwhile, the fo8t lycopersicumproteins found in
BLASTP analysis are positioned in tandem betweed3@&nd 37,46 Mb positions at
chr.2. On the other hand, a region that contaire2pp81m (2,33 Mbs) at chr.4 was
included in 120K syntenic study as well. Thirty-omechors between ppa21281m and
Solyc02g078050.2.1 regions were determined, whachtd define conserved syntenic
blocks betweerP. persicaandS. lycopersicunencompassing approximately 270 and

380 Kbs respectively. In turn, 40 and 22 anchorgedng more extended regions for
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ppa21281m (chr.4: 2,15-6,65 Mbs) and Solyc02g07205Qchr.2: 34,5-37,65 Mbs)
have also shown to maintain conserved blocks alesynwith A. thaliang even though
these are dispersed in 2 different chromosomesl{c®8-10; chr.2: 14,2-14,8) (Figure

4.9).
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Figure 4.9. Syntenic comparative analysis of regi@ncontaining 120K RBHs (anchor) with A.

thaliana (green),S. lycopersicun{red) and P. persica(blue) genomesBlack rectanglesvithin circular

genome regions represent gene annotation in saaelinesare anchors betwedn. persicaand S.

lycopersicum blue linesare anchors betweeh. thalianaand P. persica andgreen linesare anchors
betweenP. persicaandA. thaliana RBHs accessions are shown for each species indiresponding
genome regions and are connectedlagk lines Red trianglesepresent a change of scale.

Phylogenetic analysis based on clustering methods

120K is an AGP from thBl.alatastylar transmitting tract that binds to S-RNases
(Cruz-Garcia et al., 2005); however other AGPshsag pistil extensin-like protein 11l
(PELPIIN and Transmitting Tract-Specific glycopeots (TTS) have been described to
share conserved domains with 120K and interact $4BRNases as well (Cheung et al.,
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1993;Cruz-Garcia et al., 2005). These AGPs, Soa®mproteins from direct BLASTP
analysis and the non-Solanaceae RBHs previoushtifabel were used for 120K tree
clustering reconstruction. WAG + G substitution rabaas the best fit on 120K data
alignment. Maximum Likelihood tree showed two diffietiated groups, in one of them
3 subgroups corresponding to 120K, PELPIlIs and Nictianaproteins were found,
with 120K and PELPs subgroups branched togeti®er.lycopersicumproteins
Solyc02g078050.2.1, Solyc02g078060.1.1 and Soly@D2y00.2.1 were included in
120K, PELP and TTS subgroups respectively. Therdtlgegroup was formed in one
hand by the rest of proteins considered in thisdyamabelonging toP. persica M.

domesticaand A. thaliana genomes, which clustered in one branch. Wheredhen

other branch Solyc029g078040.2.1, a PELP proteinmfr@&olanum nigrum

(ADW66159.1) and remaining Nicotiana proteins (NbS00008703g0009.1,

NbS00003320g0020.1 and NbS00006956g0008.1) wersteohd together (Figure
4.10).
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Figure 4.10. 120K phylogenetic tree analysiddaximum Likelihood phylogenetic tree for accessions
from ‘Direct BLASTP’ output, RBH results and prateaccessions AAC15893.IN( alata 120K),
AAX82548.1 (Nicotiana tabacumi20K), AAX82549.1 Nicotiana plumbaginifolial20K), AAA87047.1
(N. alata PELPIII), ADW66159.1 $olanum nigrumPELP), CAA78397.1 N. tabacum PELP),
ACNG60130.1 Petunia x hybridg AAS92246.1 Capsicum annujn TTS-1 (translated protein from
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transcript accession Z16403) and TTS-2 (translptetein from transcript accession Z164®Qotstrap
values are shown for every node. Three groups ¢batespond to proteins that branch with 120K,
PELPIIl and TTS accessions are includedgiey shading Accessions highlighted bgolors refer to
‘Direct BLASTP’ results (see Table 4.1d).

NaStEP
Direct BLASTP and RBH analyses

NaStEP direct BLASTP analysis gave a noteworthg@ue. In non-Solanaceae
species 3 or 4 hits having e-values < teere found, whereas B. lycopersicunandN.
benthamianal6 and 10 proteins were obtained, respectivelia(dat shown). Ten out
of sixteen tomato proteins are contiguously locafgdm Solyc03g098670.1.1 to
Solyc03g098790.1.1 including Solyc03g098710.1.1jctwhwas the best hit in this
analysis). Solyc06g072210.1.1, Solyc06g072220.hd $0lyc06g072230.1.1 (second
hit) are also located together, and Solyc03g01969Gand Solyc03g020010.1.1 (third
and four hits respectively) are in close positiokdditionally, first hit in every specie
showed significant lower e-values regarding secbitd, with the exception oM.
domesticawhere the three first hits presented similar ewsl(2&? 4e*? and 9&?)
(Table 4.1e).

In RBH outcome is also important to notice tRatpersicaand M. domestica
best hits from direct BLASTP were not RBHs. Besttehafor ppa011496m,
ppa011653m and ppa011448m persicaproteins (best three hits in this order)Nh
domesticaprotein database was MDP0000326576, and best niatdhis protein in
peach protein database was ppa011448m. Hence, MIDBRE576 and ppa011448m
were RBHs. Meanwhile, AT1G17860.1 frofn thalianawas RBH of ppa011496m and
MDP0000326576. In turn, Solyc03g098710.1.1 and NIKEB395g0002.1 (first hit in
N. benthamianaafter BLASTP analysis) were not RBHs in non-Sota@e species,
which RBHs were Solyc03g020010.1.1 and NbS0000923@&8h 1
(Solyc03g020010.1.1 was also tdebenthamian@&BH) (Figure 4.2e and Table S4.5).

Identification of syntenic blocks

Three regions were considered fd8. lycopersicum those containing
Solyc039g098710.1.1 (chr.3 at position 54,5 Mb) y8069072230.1.1 (chr.6 at position
40,89 Mb) and Solyc03g020010.1.1 (chr.3 at positgh Mb) accessions. While.
persicaproteins obtained in direct BLASTP analysis areated in close positions at
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chr.4. Lastly, AT1G17860.1 bordering region at thi(6,15 Mb) was studied.
Solyc03g098710.1.1 and Solyc06g072230.1.1 regibowed to be syntenyc with two
different regions of the same chromosome in BatipersicaandA. thalianagenomes
(13,62-13,98 and 17,91-18,46 Mbs at chr.®opersicaand 6,03-6,64 and 17,96-18,03
Mbs at chr.3 ofA. thaliang. Solyc03g020010.1.1 region also had anchor sii¢is
18,33-18,43 Mbs region at chr.5 &f. persicasuch as Solyc03g098710.1.1 and
Solyc069g072230.1.1 regions, but additionally showedain degree of synteny with
positions 8,41-8,87 Mbs of this chromosome and wgtir.2 (25,22-25,27 Mb).
Furthermore, chr.1 oA. thalianain both regions 6,14-7,23 and 27,57-27,60 Mbs were
syntenyc with thisS. lycopersicumregion. Against these results, ppa011496m-
ppa011448m region was clearly syntenic with chrd®,§6-59,77 Mbs) ofS.
lycopersicumand with several regions from chr.1 and 4Aofthaliana Meanwhile,
AT1G17860.1 has certain degree of synteny with3cff2,52-2,91) and 5 d?. persica
between positions 17,46-18,45 (segments also dgnteith S. lycopersicunblocks
containing Solyc03g098710.1.1 and Solyc06g07228).1AT1G17860.1 showed
anchors with chrs.3 and 6 8f lycopersicunin locations separated by several Mbs of
Solyc03g098710.1.1 and Solyc06g072230.1.1 (Figurg)4
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Figure 4.11. Syntenic comparative analysis of regis containing NaStEP RBHs (anchors) withA.
thaliana (green),S. lycopersicun{red) and P. persica(blue) genomesBlack rectanglesvithin circular
genome regions represent gene annotation in saaelinesare anchors betwedn. persicaand S.
lycopersicum blue linesare anchors betweeh. thalianaand P. persica andgreen linesare anchors
betweenP. persicaand A. thaliana RBHs accessions are shown for each species indtiesponding
genome regions and are connectedblagk lines Red trianglesepresent a change of scale.

Phylogenetic analysis based on clustering methods

Busot et al. (2008) analysed different Kunitz-typerine, aspartic and cysteine)
proteinase inhibitors from I3 family (including N&3¥) and established a total of 6
clades where NaStBRasgrouped in clade V. Thus, in the phylogenetic asialyor
NaStEP some of proteinase inhibitor proteins usedbisot et al. (2008), including
NaSoEP (a protein similar to NaStEP but showingstintt expression pattern) were
incorporated in this analysis. The best substitutimdel that fit with the alignment was
WAG+G. All proteins extracted from Busot et al. (8) work grouped in the same
clades, only AAG38519.1 (clade IV) branched witladgs Il and IV, but was not

included in any of both despite being closer taleldVv. P. persicaand A. thaliana
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RBHs clustered in clade 1, plus NbS0000948090031Shlyc03g020010.1.1,
Solyc069072220.1.1, Solyc069g072230.1.1, ppa0l16&dmAT1G73260.1, supporting
RBH results. While Solyc03g098710.1.1 clusterechvNaStEP protein and separately
of NaSoEP, which grouped with NbS00018395g0002.25000183959g0011.1 and
NbC248727239g0001.N. benthamiangroteins. In this clade V, Solyc03g019690.1.1
protein (close to Solyc039g020010.1.1Snlycopersicungenome) was also included but
in a different branch of NaStEP and NaSoEP subsldéiethermoreyl. domesticabest
hits and ppa011448m protein grouped together ieparate clade of the six classified
by Busot et al. (2008) This clade, classified a$, Mlas phylogenetically closer to

NaStEP clade than clade | containing the re§t.qdersicaproteins used in this analysis

(Figure 4.12).
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Figure 4.12. NaStEP phylogenetic tree analysislaximum Likelihood phylogenetic tree for accessions
from ‘Direct BLASTP’ output, RBH results and prateaccessions ABX76297.1N( alata NaStEP),
ABX76298.1 (. alata NaSoEP), AAF15901.1 Njcotiana glutinosf CAA40197.1 Solanum
tuberosun)y, AAA18564.1 §. tuberosulm AAM10742.1 . tuberosuiy BAB72020.1 Raphanus
sativug, AAM60956.1 A. thaliang, ABA39633.1 Brassica oleracep AAC49969.1 N. tabacur
AAT45389.1 Medicago trucatula CAA39860.1 Theobroma cacgp AAL55800.1 (pomoea batatgs
AAA33390.1 (.batatag, CAB76907.3 Cicer arietinum, CAB76906.1 C. arietinum, CAA56343.1
(Glycine ma¥ AAG38519.1 Citrus paradis), CAH59183.1 Populus tremuly AAA68962.1 Salix
viminalig) taken from Busot et al. (2008}ix clades (from | to VI) according to Busot et £008)
classification and clade VIl (defined in this wodke shown irgrey shadingBootstrap values are shown
for every node. Accessions highlighteddnjorsrefer to ‘Direct BLASTP’ results (see Table 4.1e).
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NaPCCP
Direct BLASTP and RBH analyses

NaPCCP direct BLASTP analysis produced several hitder 1€ e-value
threshold against each protein database. The tfirste P. persicahits (which are
alternative transcripts of ppa012133m) had an ecewlalue of 4@° fourth
(ppa025944) and fifth (ppa012484m) hits presentef° land 9&' e-values,
respectively. IlM. domesticafrom first (MDP0000525794) to fifth (MDP000020669
hits e-values ranged from € to 56*°. Similarly to M. domestica from S.
lycopersicumfirst (Solyc129g040800.1.1) to fourth (Solyc02g02a2.1) hit, e-values
were under 6&°. The five first hits inN. benthamianaresented the lowest e-values of
all protein databases analysed (from NbS0002063®Q0 (36"% to
NbS000517369g0004.1 (88), while A. thaliana the highest (from first hit
AT3G17980.1 to fifth hit AT5G37740.1 e-values radgieom 1% to 26’ where
second and third hits are alternative transcriiaple 4.1f and data not shown).

All non-Solanaceae best-scoring matches obtainedrévious analysis were
confirmed to be RBHs to each other; meanwhile Sumleae first hits after BLASTP
analysis were also corroborated as RBHs betvedycopersicunandN. benthamiana
species. Nevertheledd. persica M. domesticaand A. thaliana RBHs in this two
species (Solyc03g118720.2.1 and NbS00009334g000&édde different to S.
lycopersicumand N. benthamianaRBH pairs (excludingN. benthamianeRBH of A.
thalianathat was NbS00020564g0001.1). It must be heldlbst hits in RBH analysis
for non-Solanaceae species agaifsst lycopersicumand N. benthamianaprotein
databases had e-values that ranged in close thdegagure 4.2f and Table S4.6).

Identification of syntenic blocks

Dissimilarities between Solanaceae and the resamilies observed in RBH
study were once again apparent in macrosyntenysisalA small number of anchors
were found for Solyc12g040800.1.1 (Solanaceae RBHipn with bothP. persicaand
A. thalianagenomes, and these are scattered in distanceshsegdn the other hand,
Solyc039g118720.2.1P¢ persica M. domesticaand A. thalianaRBH) region at chr.3
(61,46-61,91 Mb) showed to conserve an orthologgenomic segment with
ppa012133m region at chr.5 (17,40-17,86 MblPopersica supported by a total of 37
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anchor sites. Whereas distinct regions containifigd@17980.1 and AT1G48590.2
(second BLASTP hit) proteins at chrs. 3 (6,06-6Mb6) and 1 (6,20-6,31/17,94-
17,99/27,65-27,75 Mb) were also syntelétweenS. lycopersicunandA. thaliana(29
anchors). ThesA. thalianaregions were syntenic with ppa012138mpersicaregion
held up by 41 anchors (Figure 4.13).
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Chr.3

AT3G17980.1

17701 (I B
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Figure 4.13. Syntenic comparative analysis of regis containing NaPCCP RBHs (anchors) withA.
thaliana (green),S. lycopersicur(red) and P. persica(blue) genomesBlack rectanglesvithin circular
genome regions represent gene annotation in seadelinesare anchors betwedp. persicaand S.
lycopersicum blue linesare anchors betweeh. thalianaand P. persica andgreen linesare anchors
betweenP. persicaand A. thaliana RBHs accessions are shown for each species indfiesponding
genome regions and are connectedblagk lines Red trianglesepresent a change of scale.

Phylogenetic analysis based on clustering methods

Lastly, phylogenetic NaPCCP reconstruction wasiearout with proposed
RBHs, some proteins from BLASTP analysis with lowadues and protein accessions
from BLASTP search into NCBI databasethis alignment, LG+G was the substitution
model that best fitt Maximum Likelihood tree-clustg showed that
NbS00020637g0006.1 N( benthamiana RBH between Solanaceae species),

162



Chaxpd: Comparative study of the GSI system in Rosaead Solanaceae
by analyzing orthology relationships for modifiacfors

NbS00009698g0010.1 (2nd hit in BLASTP analysis) &@uwlyc12g040800.1.1S(
lycopersicumRBH between Solanaceae species) grouped with NBRP@®Gtein. A
subgroup encompassing Solyc069068940.2.1 and N296862@g0001.1 (2nd and 3rd
best hits in BLASTP analysis) was the nearest sulgrto NaPCCPA. thaliana
accessions AT3G17980.1 and AT1G48590.1 (AT1G4859(r@eins along with the
Brassicaaccessions were next subgroup in proximity, foddwby another subgroup
formed by Solanaceae accessions that contains &g$48720.2.1 protein (RBH &f.
persica M. domesticaand A. thaliana species). A different subgroup formed by
ppa012133m, MDP0000525794 (MDPO0000776395) and siores from Fragaria
vescaandPrunus mumaevas the subgroup integrated by Rosaceae accessomest to
NaPCCP subgroup. All these subgroups defined orikeofwo larger groups found in
this analysis. The other group containing a smailenber of proteins, compared to the
previous one, encompassed Solyc029g091520.2.1, ATHEB1 and the rest of
Rosaceae proteins obtained in BLASTP analysis (EiguL4).
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Figure 4.14. NaPCCP phylogenetic tree analysisMaximum Likelihood phylogenetic tree for
accessions from ‘Direct BLASTP’ output, RBH resudtisd protein accessions ACD40010N. @latg),
XP_009761742.1 N. sylvestriy BAO02515.1 K. alatg, ACD40015.1 Klicotiana bonariensjs
XP_006346641.1 §. tubersosup XP_015059832.1 §. pennell), XP_008240150.1 R. mumg
XP_009356038.1R. bretschneide)i XP_004299529.1H, vescy, XP_009145950.18. rapg and
XP_013637790.1R. oleracea Bootstrap values are shown for every node. Accassioghlighted by
colorsrefer to ‘Direct BLASTP’ results (see Table 4.1f).
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Discussion

Gametophytic Self-Incompatibility in Rosaceae anthB8aceae families is based
on an allele-specific recognition mechanism betwiensamesS-determinant types. In
addition, some nofsfactors involved in this mechanism have been destnated to
have equivalent functions among species of bothilisnsuch as for instance the
components of SCE complexes (Huang & Kao 2006; Matsumoto & Tao 2012)
Therefore, it would not be surprising that otherdifiers descending from common
ancestors may have been preserved throughout thetiew in both families.

Several methods have been developed to identifplagous genes on the basis
of sequence similarityReciprocal Best Hit (RBH) approach is a tool tyflica
employed for this purpose (Zheng et al., 2005), dvav this methodology may be
misleading because duplication events and the qoest emergence of paralogues or
co-orthologues might produce erroneous assessnanti®il to capture complex
relationships (Wolf & Kooning 2012). On the othend, phylogenetic tree-clustering
is comparable to RBH since both are based on pmerwimilarity. Notwithstanding,
phylogenetics leads to estimate the history of rdigece and may also offer valuable
information regarding protein structure and consdndomains. This information,
hardly ascertainable by RBH strategy, is very usiefuorthologue discrimination. The
disadvantage of both approaches is how to face lenguplication events, such as
segmental or tandem duplications and transposdi@nts (Kong et al., 2007), as well
as the loss of genes across evolution (Gabaldor@&nitg 2013). This handicap can be
solved, or patrtially solved, by the identificatia genomic syntenic blocks which
might shed some light on the divergent evolutionaathways occurred among species
(Zheng et al., 2005).

In this work, a complementary study based on the&is}inct approaches
described above was carried out allowing us totifleputative orthologues for some of
the GSI modifiers previously reported in the litera and to propose alternative

scenarios when they could not be detected.

Putative orthologues for NaTrxh, MAABCF and SBP1 wee found in Prunus
First hits obtained in direct BLASTP analysis foaT™ixh, MAABCF and SBP1
demonstrated to be RBHs to each other in almogieaformed comparisons. Thus, on

the basis of the RBH analyses, ppa011576m, ppaldd2HE3d ppa008290m accessions
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were proposed as putative orthologues for NaTrxdABICF and SBP1 modifiers in
Prunus respectively.

Additionally, comparative structural genomics highted the existence of
orthologous segments among regions contaifngersica S. lycopersicumand A.
thalianaRBHSs for NaTrxh, MDJABCF and SBPL1. It is noteworthwatP. persicaandsS.
lycopersicum(sharingS-RNase-based GSI system) have a higher degreentérsy
(based on the number of anchor points) in compangith A. thaliana (SSI outgroup
system) despite Rosaceae and Brassicaceae argy@hgtally closer than Rosaceae
and Solanaceae (lgic and Kohn 2001). It could &ksanentioned that ppa011576m
(NaTrxh Prunusorthologue) and ppa017665m (PaMDOr; Chapter H) separated by
1,3 Mb at theP. persicachr.3. While the corresponding syntenic regionsSin
lycopersicumfor both genes are located in similar distanceshat2, pointing out the
conservation of extended orthologous segmentstim families.

Lastly, these modifiers belong to distinct and éapgotein families which have
been widely studied and classified. This informatizvas used accordingly for
phylogenetic tree clustering. TRX proteins are sifeexd in 8 groups (where h group is,
in turn, divided in 3 subgroups from I to IIl) (Mewet al., 2012). In ABC transporters 7
groups have been established (Verrier et al., 2@hil) RING-HC proteins have also
been categorized in a large number of group®.irthaliana (Stone et al., 2005).
Phylogenetic history reconstruction confirmed aseloelationship between candidates
and modifiers in each case. Interestingly, in MdABghylogeny study, ABCF group
was branched in three well defined subgroups, whetelogous candidate genes and
this modifier were included in the same subgrouB@&-1). Similarly, TRX hll
subgroup (towhich NaTrxh belongs) was also divided into threbgoups, putative
orthologues and NaTrxh were included in the sanbgrewp. Meanwhile, in SBP1 two
HCa/6 subgroups were found, and SBP1 accessione preperly classified with
candidates within the same HCa/6 subgroup.

A similar function might be expected for these oltigues in both families. In
this sense, SBP1 role in GSI has not been fullgieaied, bulN. alataSBP1 (NaSBP1)
has been shown to interact with bd&determinants and AGP proteins. In a recent
work, the putative SBP1 orthologue Frunus avium(PavSBP1) has been cloned
(Matsumoto & Tao, 2016) (which is in turn ortholagoto ppa008290m accession
described in this work). The protein-protein int#i@n analyses carried out in PavSBP1

did not detect any of the interacting-NaSBP1 factdihis evidence does not support
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PavSBP1 as a modifier factor RrunusGSI system in spite of its evolutionary history
suggests a common origin with Solanaceae SBP1 sionss Regarding NaTrxh and
MdJABCF both have shown to interact with S-RNasedNiootiana alataand Malus
domesticarespectively, but no evidence is currently alddaabout their functions in

the counterpart family.

Orthology relationships could not be inferred for 20K, NaStEP and NaPCCP

No Prunus persicapredicted peptide was found to fulfill the requments
established in this work for being considered ddbous to 120K, NaStEP and
NaPCCP modifiers. Notwithstanding, some considenatican be extracted that might
help to glimpse the orthology relationships.

Most likely, the orthology study performed in 120kKeflects the most
understandable evolutionary framework of theseethredifiers. RBH and phylogenetic
analyses highlight a presumably distinct origin fbose Rosaceae and Solanaceae
proteins similar to 120K. Rosaceae and Solanac&t¢sRIo not match and phylogeny
results not only exclude Rosaceae RBHs from th&12bgroup, but also from the S-
RNase-binding AGPs subgroups (PELPIIl and TTS). Elav,S. lycopersicunmegion
that contains 120K orthologue protein (Solyc02g®BR.1) also contains proteins
homologous to PELPIIl and TTS (on the basis of pgghy outcome) and the RBH for
the P. persicappa021281m (Solyc02g078040.2.1). Moreover, ®hislycopersicum
region and the one ifP. persicacontaining ppa021281m are syntenic. Therefore,
comparative genomics might suggest a common offiginthis region that suffered
tandem duplications in Solanaceae after AsteriseRosidae splitting. This scenario
is supported by recent findings iNicotiana spp.where stylar AGPs have been
proposed to have a common origin, with initial amtrinsertion followed by two gene
duplication events. It is well known that 120K &kén up into the cytoplasm of pollen
tubes and required for proper S-recognitiorNinalata (Cruz-Garcia et al., 2003 and
2005), but PELPIII is also necessary fartabacuminterspecific incompatibility (Smith
et al., 2013) and TTS promotes pollen tube growtthis specie as well (Cheung et al.,
1995). Thus, different stylar AGPs may operatehi& incompatibility reaction during
pollen-pistil interaction. In this general context, cannot be fully discarded that
ppa021821m diverged from the stylar AGP ancestor.

NaStEP orthology screening draws a complex evaiatip pattern. In this case,
no RBHs for the first direct BLASTP hits were foundcluding betweenS.
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lycopersicumand N. benthamianaOn the other hand, syntenic block identification
between P. persicaand S. lycopersicumwas difficult to interpret since several
segmental duplications have been detected. Iniaddithe first threeP. persicahits
obtained in BLASTP analysis seem to have emerged fandem duplications. Lastly,
a transposition event in Rosaceae or gene loselan&eae might have occurred since
syntenicS. lycopersicunregion to theP. persicasegment has not genes with high
sequence similarity to NaStEP. Furthermore, phylegje tree clustering does not
either support that beBt persicahit (in BLASTP analysis) is close related to NaStE
because this has been clustered in clade | andnimtclade V where NaStEP is
included (Busot et al., 2008). Notwithstanding,delacoined as VII (containing the
Malus andPrunusRBH proteins including ppa011448m) was the closkste to clade
V under phylogenetic reconstruction. Overall, adowg to these results it is difficult to
infer orthology relationships regarding NaStEP.

NaPCCP first hits found in direct BLASTP analysm fSolanaceae species
(Solyc12g040800.1.1 and NbS00020637g0006.1) shawelne RBH to each other.
However, both accessions were not RBHs of the rmaraceae first hits obtained in
direct BLASTP analysis. These non-Solanaceae adoossbad different RBHs iis.
lycopersicumand N. benthamiana(Solyc03g118720.2.1 and NbS000933490006.1).
Accordingly, the region encompassing t8e lycopersicunRBH for non-Solanaceae
species (Solyc03g118720.2.1) was highly conseméd persica(ppa012133m) anéA.
thaliana (AT3G17980.1) regions. But the region containtBglycopersicunfirst hit
from direct BLASTP analysis (Solyc12g040800.1.1J dot show synteny with any of
both P. persicaandA. thalianagenomes. Moreover, phylogenetic analysis showed tw
large groups, and the Rosaceae subgroup was thedtrelated to NaPCCP subgroup.
Summarizing, orthology results do not suppoRranus orthologue candidate for the
NaPCCP modifier.

A complex evolutionary pattern is predicted for theGSI modifiers as a whole

In short, the orthologue screening performed foOK,2NaTrxh, NaStEP,
MdABCF, SBP1 and NaPCCP modifier factors resulted different degrees of
fulfillment. P. persicappa011576m, ppa002137m and ppa008290m accessiens a
putative orthologues for NaTrxh, MAABCF and SBPartkermore, ppa021281m and
ppa011448m cannot be discarded as 120K and NaStB&lagues, while a no clear
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orthologue has been found for NaPCCP. Orthologyyaisaoutcome is shortly shown
in Table 4.2.

Table 4.2.Summary results from the orthology relationshipalygsis

Pistil modifiers Pollen modifiers
120K NaTrxh NaStEP MdABCF SBP1 NaPCCP

Reciprocal Best | 0 Fulfilled Failed Fulfilled Fulfilled Failed

Hit (RBH)

Orthology ) . . ) ) .
mapping Fulfilled Fulfilled Failed Fulfilled Fulfilled Failed
Phylogenetic . ) Partially ) ) .
analysis Failed Fulfilled fulfilled Fulfilled Fulfilled Failed

ppa021281lm  ppa011576m ppa011448m ppa002137m ppa@isa ppa012133m

Two main scenarios could explain these observatiambvergent process from
an ancestral mechanism leading to different meshasiwhere gene duplications and
losses might have occurred, or a convergent prosdsse proteins from different
lineages (or even families) have been recruitecbtdrol the SI mechanism in a similar
manner though intermediate scenarios can not beardied. Nevertheless, compiled
evidences from this work are not robust enoughutapert a particular model. In any
case, this work was primarily aimed to lay the fdation for the identification in
Prunus of those genes accomplishing the function of téaitaceae GSI modifiers.
Orthology is a helpful tool for this purpose butdbes not necessarily imply that
functions are preserved (Gabaldon & Kooning, 2003)us, further molecular and

sequence analyses will be needed to achieve thls go

Material and Methods

Data

Assembled and annotated genomes from tom&olafum lycopersicum
(Consortium 2012)Nicotiana benthamiangBombarely et al., 2012), peacRrgnus
persicg (Verde et al.,, 2013), appléMalus x domestida(Velasco et al., 2010) and
Arabidopsis thaliana (Arabidopsis Genome Initiative, 2000), as well #wir
corresponding protein databases, were used. Thus,databases available from the
GDR database (www.rosaceae.orq) (Prunus_persida scaffolds.fa,

Prunus_persica_v1.0_scaffolds.gff3, Prunus_pergic@ peptide.fa and
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Malus_x_domestica.vl.0.consensus_peptide.fa), foare from the SolGenomics
Network (www.solgenomics.net) (S_lycopersicum_chosomes.2.30.fa,
ITAG2.3_gene_models.gff3, ITAG2.3_proteins.fasta d an
Niben.genome.v0.4.4.proteins.fasta) and three fromTAIR database
(TAIR10_chr_all.fas, TAIR10 _GFF3_genes.gff and TARpep 20101214.txt) were

used for the different screenings of orthology.

Direct BLASTP analysis and Reciprocal Best Hit (RBH methodology

Putative modifier factors of the S-RNase-based §8tem not identified in
Prunus species were included in the analysis (Table NBicleotide and amino acid
sequences were retrieved from NCBI database. Rrateguences were blasted
(Altschul et al., 1990) as queries against the fivetein databases mentioned above
using available stand-alone BLAST version 2.2.28+ oftweare
(http://www.ncbi.nim.nih.gov) with an expected valout-off <1€. Resulting hits from
previous ‘direct BLASTP analysis’ were used in tasiqueries for RBH identification
by BLASTP and handmade scripts through simultaneouasparisons of all-against-all

references (using the same set parameters thanSBPAanalysis”) (Figure 4.1).

Table 4.3.Summary data of modifier genes (already reportsdiidor orthology screening

Modifier ~ Specie Localization Interacting/binding  Accession Protein ID Reference

factor protein
Pistil 120K Nicotiana alata ECM of STTS-RNase/SBP1/ u88587 AAC15893 Lind et al., 1996
modifiers NaPCCP

NaTrxh Nicotiana alata ECM of STTS-RNase DQ021448 AAY42864 Juarez-Diaz et al. 2006

NaStEP  Nicotiana alata ~ Stigma HT-B EU253563 ABX76297 Buetoal., 2008
Pollen MdABCF Malus domestica pollen tube S-Rnase MDP0000170302  MDP0000170302  Meng et &4 20
modifiers membrane

SBP1 Petunia hybrida  Pollen S-RNase/SLF/ AF223395 AAF28357 Sims and Ordanic 2001

Cul1/120K
NaPCCP Nicotiana alata Mature NaTTS/Nal20K EU591515 ACD40010 Lee et al., 2008
pollen

Orthology mapping

Genome sequence data, gene annotation (.gff) &le$ predicted protein
databases oPrunus persica Solanum lycopersicurand Arabidopsis thalianawere
used to localize mutual syntenic blocks among tlyeeomes. The translated amino
acid sequence of twenty-five genes upstream anchstogam of the RBHs found in
previous section (51 in total) either f8r lycopersicunP. persicaandA. thalianawere

used as queries to identify the RBHs pairs (peréainvith the same set parameters than
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in “Direct BLASTP analysiesnd RBH methodology” section) comparing all-agaaikt

A RBH was considered as anchor site; the preseheeweral anchors led to define
blocks of synteny. The number of neighboring gemas employed (and not genomic
distances) because the intergenic sizes for eyaegiess are highly variable to each
other. All these analyses were carried out by cuosttade python scripts using
executable gffutils (www.pythonhosted.org/gffutiE)d blastall (Altschul et al., 1990)
packages. Anchors supporting syntenic blocks wesealized byCircos software
(Krzywinski et al., 2009).

Phylogenetic tree-based analysis

Phylogenetic analyses were conductediiyGA6 (Tamura et al., 2013). Amino
acid sequences were aligned by ClustalW (Thompsoral.e 1994) and model
substitution that best fit with corresponding aliggnt was determined. Phylogenetic
relationship tree was constructed by the Maximurkelihood method (Felsenstein,
1981) and phylogenetic test was done based on 1/008strap replicates.
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An S-locus independent pollen factor confers self-compigility in Katy apricot

In this work the North-American apricot cv. ‘Katyreleased by Zaiger's
Genetics (Modesto, CA, USA) in 1978 (Russell, 1998s confirmed as self-fruitful
and itsS.genotype was determined &S, following the nomenclature established by
Burgos et al. (1998). To investigate the genetitsalf-compatibility (SC), ‘Katy’
(5S) was self-pollinated and reciprocally crossed witle self-incompatible cv.
‘Goldrich’ (§%) (Egea & Burgos, 1996; Alburquerque et al., 2002aty’ pollen tubes
bearing either th&,- or the S-haplotype were able to grow in ‘Katy’ and ‘Goldric
pistils and to complete fertilization, producing ttihreeS-genotype classes expected for
an k, population §Si: §S: $S). However, no progeny was obtained in the recigiroc
cross using ‘Katy’ as female parent. These resutisld support a PPM unlinked to the
Slocus as the cause for SC.

SC caused by loss of poll&function has been usually found to be associated
with mutations (mainly indels) of th8FB genes in differenPrunus species such as
sweet cherry (Ushijima et al., 2004; Sonnelveldalet 2005; Marchese et al., 2007),
apricot (Vilanova et al., 2006), Japanese apritish{jima et al., 2004), peach (Tao et
al., 2007) and sour cherry (Hauck et al., 2006)weher, sequence analysis revealed no
mutations or indels affecting any of the two ‘Ka§FB alleles discarding this as the
cause of S| breakdown.

In Solanaceae, self-compatible PPMs may arise ff®allele duplications
located in a centric fragment, in a non-S chromasomlinked to thé&-locus leading to
the formation ofS-heteroallelic pollen (Golz et al., 2001). Accomglito the segregations
obtained in the performed cross8sllele duplications did not seem probable in ‘Katy
(all descendants should have had ®& genotype), even so, we discarded that
possibility showing thaBFB gene dosage is equivalent between ‘Katy’ and #ie s
incompatible cv. ‘Goldrich’ S-allele duplications may also result from polyplilut
‘Katy’ was confirmed as diploid by flow cytometryalysis and by marker segregation
and mapping in all crosses. These results ruleaupetitive interaction resulting from
Sheteroallelic pollen as the cause of SC in ‘Katy’.

Altogether, it can be hypothesized that the los&in€tion of aS-locus unlinked
factor gametophytically expressed in pollen caubesakdown of S| in ‘Katy'
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Moreover, according to the relative abundanc&BB, and SFB transcripts in ‘Katy’,
when compared with the reference cv. ‘Goldrichg thypothetical defective factor in
‘Katy’ does not seem to affect their expression.

The M’-locus genomic region should correspond to a segjay distortion
locus (SDL), a chromosomal region that causes rdextosegregation ratios (Zhu &
Zhang, 2007). To identify this kind of regions, ‘K and ‘KxKgs' populations, which
all trees carry the PPM, were tested for genomexwlidtributed SSRs to detect SDL by
examining changes in genotypic frequencies. Attemdd segregation of pollen alleles,
two SDL were found in LG3 and LG6 but a deeper wialshowed that LG6 markers
were partially linked to th&locus and only moderately distorted. ConsequehtB3
was predicted as the most likely location for kiielocus.

In a second step, to refild’-locus mapping, chr.3 specific SSRs were analyzed
to estimate their segregation distortion ratiosetfing (k) and outcrossing populations
obtained by using ‘Katy’ as pollen parent. Additdlyg, indirect M’-locus genotyping
was performed by analyzing linked SSRs in theoffspring of six selected ‘KxK’ §
trees. Recombination breakpoints in five of thesed defined a 9.4 cM interval for the
‘Katy’ M’-locus that corresponds to ~1.29 Mb in the peactloge (18.49-19.78 Mb)
and overlaps ~273 Kb with that established forNhiocus in ‘Canino’ (Zuriaga et al.,
2012). Interestingly, both cultivars have differg@ographic origins [(i.e. ‘Katy’ is a
North-American apricot selection (Russell, 19984 d@anino’ is a local Spanish
apricot (Vilanova et al.,, 2006)] and, according ttee analysis of gemome-wide
distributed SSRs, they seem to be genetically ateeél This prompts us to speculate

that both PPMs (being or not the same) may hageraindependently.

Pollen-part mutated m-haplotype is associated with self-compatibility ad widely
distributed in apricot germplasm

Though phenotype could not be directly assessednre cases, according to the
almost perfect association between SC &ptin-alleles it can be inferred that all
cultivars carrying whatever of these two alleled also be self-compatible. Two new
mutations putatively conferring SC have been foufg.is shared by two of the few
North-American self-compatible cultivars and seq#emnalysis point out a putative
indel within theSFBs; 3"-end as a plausible cause for SC, similarly émynother cases
reported inPrunus (Tao and lezzoni 2010). Lastly, genetic analysiggests the

presence of a SNP mutation with8FB, HVb region in ‘Portici’ that could also be
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associated with SC. It could be speculated thaglesnon-synonymous change within

a SFB hypervariable region might alter its spetificsince these domains (strongly

hydrophobic and under positive selection) wereaalyesuggested to have a role in the
specific recognition of S-RNases (Ikeda et al., 200

In addition t0Ss;, two newS-alleles &9 and S3p) were identified and named
basically according to the nomenclature previoalgpted by Vilanova et al. (2005)
[S-Sr andS], Halazs et al. (20055-Si¢] and Wu et al. (2009} ~S¢. According to
the S.genotyping resultss reported in this work is proposed to be the sana¢ $3
reported by Halasz et al. (2010) in the Armenian‘8halah’. This finding is relevant
since connects this low frequent allele, mainlynfdun Armenian, Eastern-Turkish and
Moroccan cultivars (Halasz et al., 2010; Kodad let 2013) with Southern-Spanish
cultivars (Burgos et al., 1998; Vilanova et al.,080 this work) supporting the
Southwest-Mediterranean diffusion route for apridobm the Irano-Caucasian gene
pool, proposed by Bourguiba et al. (2013).

Pollen-part mutatean-haplotypehad been previously associated with SC in
‘Canino’ and ‘Katy’ cultivars (Zuriaga et al., 201@hd 2013). In this work ther
haplotype has been detected in 17 additional @kiyexcluding ‘Canino’ clonal sibs)
mainly Spanish (12 in total) but also from USA, &a8a, France and lItaly. Fifteen of
them were confirmed as self-compatible. The anslg$iprogenies from two of them
(‘Portici’ and ‘Corbatd’) fully confirmed the assiation with SC in apricot germplasm.
Beside them-haplotype, 37 additiond-haplotypes were identified by SSR analysis
being grouped in 19 ‘main’ classes. Regarding tiséridution of them-haplotype it
seems to be restricted to North-American and Wedteropean cultivars. However,
according to the clustering analyses the clostbiplotype (putative founder) M.,
which is widely distributed in all geographic aretisdied (the second one wesg; only
detected in Eastern-European cultivars). Meanwhile, mutated:-allele is widely
distributed in all geographic areas (Vilanova et 2005; Halasz et al., 2007 and 2010,
Kodad et al., 2013) but the ancesallele was only detected in Hungarian cultivars.
Altogether, these results suggest that the mutatbdplotype arose much later in time,

after apricot was established as a regular crépunope.
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The Prunus armeniaca_Mlocus Disulfide bond A-like Oxidoreductase RaMDOr)
gene is an essential pollen factor for self-incomghility

‘Goldrich’ BAC clones covering th#-locus were sequenced and assembled to
get an apricot reference sequence useful for thipgse. Three major contigs were
obtained and GAPs were joined by indeterminaticgfnthg the #M-supercontig. This
strategy provided 40 new SSRs and first apricot S the analyzed region. In
addition, new recombinants were used to refine ahailable maps. Altogether, an
apricot ~134 KkM-locus region was decided to be screened for thetiitcation of the
PPM. Fifteen genes were annotated in the apfiédbcus region (~134 Kb) using
RNAseq data and all of them were found to be higidgserved in othdPrunus spp.
according to collinearity and homology rates. Thegénes showed to be expressed in
all tissues, therefore no specific pollen-expresgedes are contained in this region.
However, four of theseP@aM-6, -7, -9 and -14) showed higher differential ever
expression in mature anthers with regards to otissues and therefore may be
considered as candidate genes. In parallel to gepession analysis, variants of any
nature, from SNPs to structural variants, wereedafbr the apricoM-locus region in
the three reference self-incompatible/self-compatdultivars. Only one variant (indel)
fulfilled all genetic requirements for being theusa of SC within ther-haplotype. This
insertion is located withinrPaM-7, very close to microsatellite markers AGS.20,
PGS3.23 and PGS3.62 previously shown to be fullkeld to the PPM (Zuriaga et al.,
2012 and 2013)PaM-7 was fully sequenced fdvi/m-alleles and the 358-bp insertion
was found to putatively lead to a premature stagwoon the predicted protein lacking
4 out of the 6 exons. FurthermoRaM-7 was one of the four genes differentially over-
expressed in anthers in agreement with the tisgseeHdsc expression expected for the
M-locus mutated modifier gene. This insertion waarabterized as an active non-
autonomous mutator (transposable) element [naRalingStone (FaS)] containing
structural features that have been proved to be @iesent in thd?aM-7 insertion
(Halasz et al. 2014).

PaM-7 codes for an oxidoreductase that contains ar&tdaxin fold domain
(IPR012336). Proteins having this domain form geéaand diverse protein superfamily
characterized by a CXXC motif (two cysteines sefgateby 2 amino acids), which
confers the thiol-disulfide redox activity essehf@ folding, stability and function in
target proteins (Hogg, 2003; Schmidt et al., 2008dteins containing this domain have

been associated with a wide range of events dwegal plant reproduction, from

176



GENERAL DISCUSSION

gametophyte formation to seed setting (either fairtredox activity or as signaling
factors) specially under the control of thioredoXirRXs) and glutaredoxin (GRXs)
proteins (Traverso et al., 2013). HoweuaM-7 does not code neither for a TRX type
h nor for other TRX type but for a protein contamia Disulfide bond A-like (DsbA-
like) domain (IPR0O01853; PF01323). DsbA-like proteiwere firstly identified in
Escherichia colias disulfide bond introducers in the periplasmgeessary process for
protein folding (Depuydt et al., 2011). TherefoBsbA-like proteins are not usually
reducing enzymes such as TRX proteins but oxidiZi#mwvever, proteins of the TRX
superfamily are intrinsically bidirectional, thusarc catalyze either oxidation or
reduction depending on the redox states in whidy twre maintained (Ito & Inaba,
2008). AccordinglyPaM-7 was renamed &runus_armeniac#-locus Disulfide bond
A-like Oxidoreductase (PaMDOr), which dycisteinicotii CPWC is located at the
protein N-terminal end (Cys19-PW-Cys22). Overalthologue study supports a
divergent evolution forM-locus DsbA proteins in the Rosaceae family. Howgeve
putative paralogous (CPWGnd CPWGg) arose from gene duplication in tandem,
being the function of the CPWQ&ype proteins specifically related to GSI. In thense,
CPWG/CPWG divergence process might shed some lightMaflus/Prunus GSI

evolution as well.

Comparative study of the GSI system in Rosaceae arfiolanaceae by analyzing
orthology relationships for modifier factors

Gametophytic Self-Incompatibility in Rosaceae andlaBaceae families
involves an allele-specific recognition mechaniseiween the sam&factor types,
which are essential to the (in)compatibility resp@nSimilarly, nors-factors required
for this mechanism have demonstrated to be funallypequivalents among species of
both families (for instance, components of S€Fcomplex) and descend from a
common ancestor (Huang & Kao 2006; Matsumoto & 28&2). Therefore, it would
not be surprising that other modifiers descendmugnfcommon ancestors may have
persisted throughout the evolution, including thecation process, in both families.

First hits obtained in direct BLASTP analysis foaT™dxh, MAABCF and SBP1
demonstrated to be RBHs to each other in almogteafbrmed comparisons. Thus, on
the basis of the RBH analyses, ppa011576m, ppadd2HE3d ppa008290m accessions
were proposed as putative orthologues for NaTrxdABICF and SBP1 modifiers in

Prunus respectively. Comparative structural genomicshingipted the existence of
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orthologous segments amoRgunus SolanumandArabidopsisfor the three potential
orthologues. It is noteworthy th&. persicaand S. lycopersicuni{sharingS-RNase-
based GSI system) have a higher degree of synteased on the number of anchor
points) in comparison witl. thaliana (SSI outgroup system) despite Rosaceae and
Brassicaceae are phylogenetically closer than Resaand Solanaceae (Igic and Kohn
2001). Lastly, these modifiers belong to distinatl darge protein families which have
been widely studied and classified. This informatizvas used accordingly for
phylogenetic tree clustering, where results algpsted thes®. persicaaccessions as
orthologues for NaTrxh, MdABCF and SBP1.

On the contrary, nd®. persica predicted peptide was found to fulfill the
requirements established in this work for being stdered orthologous to 120K,
NaStEP and NaPCCP modifiers, likely due to a compdeolutionary pattern.
Notwithstanding, relationships between ppa02128hoh @pa011448m with 120K and
NaStEP, respectively, cannot be discarded.

As a whole, a divergent process from an ancest@athanism leading to
different mechanisms where gene duplications asde® might have occurred, or a
convergent process where proteins from differergdges (or even families) have been
recruited to control the SI mechanism in a simifaanner, might be plausible.
Nevertheless, compiled evidences from this work reserobust enough to support a
particular model. In any case, this work was prilpaimed to lay the foundation for
the identification inPrunusof those genes accomplishing the function of thkarisaceae
GSI modifiers. Further molecular and sequence aealwill be needed to achieve this

goal.

178









CONCLUSIONS

CONCLUSIONS

« The self-compatible apricot cv. ‘Katy’ was moleauland genetically
characterized. Ais-locus unlinked pollen-part mutation (PPM) was fdua be
responsible of this phenotype. Fine-mapping locaitésl mutation at the distal
end of chr.3 within a region overlapping with tlcatresponding to th#-locus
genetic map previously constructed for the self+gatible apricot cv. ‘Canino’.

« Sgenotyping of a set with 67 apricot cultivar/aciess allowed us to identify
three new Salleles and two putatively new mutations confegriself-
compatibility (SC). Both mutations (associated watlSNP and an Indel) affect
the male S-determinantSFB as reported for most of the non-functiorl
haplotypes irfPrunus

« M-genotyping showed that the same mutatadhaplotype was shared by
‘Canino’ and ‘Katy’ but also by 17 additional cwidirs. Genetic analysis of two
of these self-compatible cultivars, ‘Portici’ ar@ddrbatd’, confirmed our results.
The m-haplotype was only found in North-American and Ye¥as-European
cultivars. Haplotype distance analysis points ¢t Wwidely distributedM;.o as
the putative ancestor suggesting threlhaplotype arose much later in time than
S-allele.

« A strategy based on genomic and transcriptomic N&8& allowed uso narrow
down the apricotM-locus region leading to a physical map of ~134 Kb.
Comparative screening of non-synonymous polymormsim this region led to
identify a 358-bpFaSt insertion type, segregating in coupling with tire
haplotype in self-compatible apricots, as the uaigulymorphism fulfilling
genetic requirements for the PPM conferring SC.

« According to gene annotation, thehaplotypeFaStinsertion is located in the
third exon of thePaM-7 gene that putatively encodes a Disulfide bondka-I|
Oxidoreductase (named &&aMDOr). FaStinsertion is predicted to lead to a
premature stop-codon producing a truncated prdédéeking the 3"end?aMDOr
is differentially over-expressed in mature antherth regards to leaves and
styles. Altogether, evidences suggéxMDOr as the pollen-part mutated
modifier conferring SC in apricot.

« Phylogenetic analysis suggeBaMDOr as a putative paralogue (&faM-8)
emerged after the split of the Rosaceae and Sa@aerashared birunus and
Fragaria but later lost ifMalus) which function became essential for the proper
functioning of the GSI system Prunus

« The analysis of orthology relationships between G&ddifier factors in
Solanaceae and Rosaceae allowed the identificafiguitative orthologues for
NaTrxh SBP1and MdABCF in Prunus On the contrary, a more complex
evolutionary pattern was found f@20K NaStEPandNaPCCR Overall, results
allow thinking that at least part of the GSI reguig factors might be shared by
both families.
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Table Sl.1lldentification of segregation distortion SSR logtributed throughout the

‘Katy’ LG6 using the & population ‘KxK’. ¥* and P values estimated for each SSR,

considering the expected segregation ratio 1:2iralicated.

LG Locus Peach MB Seg. Typé A H B Total ¥? (P-valuey

6 PGS6_01 00,12 <abxab> 28 45 12 85 6,32 (0,0%)

6 PGS6_04 04,95 <abxab> 29 45 11 85 7,92 (0,02)

6 UDAp420 08,14 <abxab> 34 41 12 87 11,41 (0,08)

6 PGS6_07 09,33 <abxab> 32 47 7 86 15,28 (0,6004)
6 UDAp489 16,82 <abxab> 34 41 11 86 12,49 (0,002)

6 Ma027a 20,90 <abxab> 33 43 9 85 13,57 (0,0(ﬁ)

6 BBPCTO025 21,13 <abxab> 35 42 10 87 14,47 (0,0607)
6 UDP98-412 24,75 <abxab> 28 43 12 83 6,28 (0,0‘ﬂ)

6 Locus-S 26,45 <abxab> 31 40 16 87 5,74 (0,06)

6 ssrPaCITA12 27,84 <abxab> 31 38 16 85 6,24 (0,0‘ﬂ)

& Marker position (Mb) within the peach genome sulaff6 which size estimated by IPGI was 28.90 Mb

P Segregation type as per JoinMap 3.0

¢ Chi-square test was performed for the expecteol ta2:1 (<abxab>)
¢ Observed ratios differ significantly from expectd < 0.05 for 2 degrees of freedom

Table S1.2SSR primers developed from the peach genomic sequsrresponding to

the scaffold _3. Primer position on the scaffoldbjMind SSR allele sizes amplified in

apricot cvs. ‘Goldrich’, ‘Canino’ and ‘Katy’ are d@icated.

Name Start on Goldrich Canino  Katy |Name Starton Goldrich Canino Katy
scaffold_3 alleles alleles alleles scaffold_3 alleles alleles alleles
PGS3.01 16,21 176 168/176 N.A. |PGS3.52 17,96 194/208 194 194/204
PGS3.02 16,30 163/174 166/17463/174| PGS3.53 18,07 199/203 199 197/199
PGS3.03 16,41  162/178 156/16262/178| PGS3.54 18,12 280/282 282 262/282
PGS3.04 16,52 N.A. N.A. N.A. |PGS3.55 18,19 449 449 N.A.
PGS3.05 16,64 171 171 N.A.| PGS3.56 18,22 251/258 8 25 251/267
PGS3.06 16,70 152/160 152 ML| PGS3.57 18,23 N.A. .N.A N.A.
PGS3.07 16,84 141 141 141 PGS3.58 18,24 95/99 95 A. N.
PGS3.08 16,91 157 157 157] PGS3.59 18,50 211/215 215 215/217
PGS3.09 17,01 204 204 204 PGS3.60 18,51 293/317 317 N.A
PGS3.10 17,16 130 129/130 129 |PGS3.61 18,58 173 173 173
PGS3.11 17,22 N.A. 156 N.A.| PGS3.62 18,61 336/35018/350 N.A.
PGS3.12 17,38 148  148/16248/156| PGS3.63 18,65 218/220 220 212/220
PGS3.13 17,54 230 202/23@15/230| PGS3.64 18,70 ML ML ML
PGS3.14 17,63 N.A. N.A. N.A.| PGS3.65 18,31 ML ML ML
PGS3.15 17,71  266/267 267/27266/267| PGS3.66 18,34 322/328 328 322/328
PGS3.16 17,80 N.A. N.A. N.A.| PGS3.67 18,35 210/216 210 201/210
PGS3.17 17,98 N.A. N.A. N.A.| PGS3.68 18,37 311/338 338 338
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PGS3.18 18,06 147
PGS3.19 18,12 147
PGS3.20 18,25 148
PGS3.21 18,40  229/244
PGS3.22 18,49  306/310
PGS3.23 18,61 179/188

PGS3.24 18,77 ML

PGS3.25 18,87 180/192
PGS3.26 18,94 155/166
PGS3.27 19,03 N.A.
PGS3.28 19,14 141
PGS3.29 19,25 159
PGS3.30 19,34 247

PGS3.31 19,45 ML

PGS3.32 19,60 256
PGS3.33 19,66 133/139
PGS3.34 17,75 185/191
PGS3.35 17,85 N.A.
PGS3.36 17,95 148/162
PGS3.37 18,00 189/202
PGS3.38 18,05 246/264
PGS3.39 18,07 165
PGS3.40 18,14 128
PGS3.41 18,18 N.A.
PGS3.42 18,22 206/224
PGS3.43 18,24 N.A.
PGS3.44 18,29 295/307
PGS3.45 18,33 237
PGS3.46 18,47 163/173
PGS3.47 18,52 242/246
PGS3.48 18,60  256/264
PGS3.49 18,63 N.A.
PGS3.50 18,83 N.A.

PGS3.51 17,83 ML

186/192 186

133/13929/133
185/193N.A.

325/327N.A.

307/30964/309

PGS3.69 18,38 202/227 202 N.A.
PGS3.70 18,40 200/201 0 20 198/200
PGS3.71 18,40 255/2599/285% 245/259

PGS3.72 18,41 ML ML L M

12 PGS3.73 18,43 368 368 368

90 PGS3.74 18,46 /2@B62 265 265

PGS3.75 18,48 N.A. N.A. 351/352

PGS3.76 18,49 192 192 192/198

PGS3.77 18,50 273/276 273 273/276
PGS3.78 18,54 161/164 164 164/166

43 PGS3.79 18,57 460 460 N.A.

PGS3.80 18,59 474 474 . N.A
PGS3.81 18,61 227 227 227
PGS3.82 18,61 148 148 148
v0 PGS3.83 18,61 ML ML AN
PGS3.84 18,61 N.A. N.A. N.A.

PGS3.85 18,62 ML ML 197/199
PGS3.86 18,63 170/179 170 170/179

PGS3.87 18,63 335/340 340 N.A.

02 PGS3.88 18,65 278 N.A. 284

PGS3.89 18,66 404/40805 405
PGS3.90 18,69 ML ML 185
PGS3.91 18,70 285/null A. N. N.A.
PGS3.92 18,70 ML ML ML

09 PGS3.93 18,73 /2@p6 206 206

PGS3.94 18,74 N.A. N.A N.A.
PGS3.95 18,75 344 344 344
PGS3.96 18,76 434/4411/442 N.A.
81 PGS3.97 18,80 . N.A N.A. 180/237
PGS3.98 18,81 N.A. AN N.A.

64 PGS3.99 18,81 . N.A NA. N.A.
PGS3.100 18,84 239 239 239
PGS3.101 18,84 N.A. N.A. 222
PGS3.102 18,85 251 251 251

#N.A. Not amplified
® ML. Multi-loci pattern

201



Supporting information chapter 1

Table S1.3SSR allele composition for apricot cvs. ‘GoldrichCanino’ and ‘Katy'.
Start position on the corresponding scaffold (Numbtb) and SSR allele sizes (bp) are

indicated.

Name Start onGoldrich Canino  Katy Name Start onGoldrich Canino  Katy
scaffold alleles  alleles alleles scaffold alleles alleles alleles

Gol051 1 .04,69177/181 181/183 181/183| PGS4.05 4 12103/171  171/171  171/171

EPPUC0027 1_09,5174/176 170/176 170/174| PGS4.07 4 _1811M/179  176/176  179/179

pchcms4 1 09,5146/248 242/248 242/246| UDAp404 4 - 165/165 188/18165/177

UDAp414 1_26,52179/183 167/187 179/179| PGS5.02 5_004@3/183 183/183 178/181
EPPCU1589 1_31,8160/176 176/182 182/182| PGS5.03 5_05)BB/138 136/138 138/138
CPPCT045 1 32.0225/134 125/128 128/134| SsrPaCITAB110,78241/241 239/241 241/241
SsrPaCITA7 1_32,0221/227 209/227 227/227| CPSCT006 5 111%8%/138 136/138 136/140
Gol004 1_45,40221/231 208/221 231/231| BPPCT037 5 121R3P/137 153/163 132/132

SsrPaCITA162_03,76 130/130 130/152 130/130| pchgms4 5_12)58/168 168/195 168/168
PGS2.03 2.04,3a77/177 177/177 177/177| UDAp452 5_13,7180/197 190/197 189/201
SsrPaCITA192_13,01156/167 132/167 156/167| PGS5.08 5_15AM/219 219/219 219/219
CPSCT038  2_14,4207/207 216/226 207/207| PGS6.01 6_002824/289 289/289  284/289
BPPCTO001 2 16,1315/116 115/116 115/115| PGS6.02 6_01266/269 263/263 255/263
CPSCT044  2_17,2209/211 199/211 209/209| PGS6.03 6_0123/225 227/227 227/233
UDP98-411 2_20,17177/184 181/192 181/184| PGS6.04 6_04191/158 149/155 149/158
CPSCT021  2_23,7448/156 148/152 152/156| UDAp420 6_08,187/196 187/196 185/187
CPSCT031  2_25,1%203/205 205/205 203/205| PGS6.07 6_0918B/185 185/201 186/196
CPSCT023  2_25,3210/235 216/216 210/216| PGS6.08 6_092H/238 238/238 228/238
CPSCT034 2 26,3216/231 212/231 216/216| BPPCT008 6_1088107 86/105 86/113

MAOQOG6a 3.02,40131/131 125/125 131/133| UDAp489 6_16,884/181 181/181 148/181
SsrPaCITA233_02,70157/161 155/165 157/165| Ma027a 6_20Bb48/180 152/170 154/180
BPPCTO007 3 02,7485/185 165/171 165/165| BPPCT025 6_211B0/160 148/160 150/160
UDAp446 3_04.50166/179 166/168 166/179| UDP98-412 6_2414/110 82/110 82/104

UDAp468 3_04,85170/182 158/170 170/182| LocSs- 6_26,4551/S2 S2/SC S1/S2

BPPCT039 3 05,8082/187 165/187 182/187| SsrPaCITA6227,84162/168 165/168 162/168
EPPCU2256 3 06,1462/254 162/172 162/254| CPSCT004 7_6,68 143/143 483/1143/143

EPDCU3083 3_06,46149/149 149/151 149/149| CPPCT022 7_1025¥/289 269/289 252/257
UDAO002 3.10,85175/186 147/147 175/175| UDP98-405 7_10020/120 120/124 120/120
SsrPaCITA103_14,16191/193 191/191 193/193| CPSCT026 7_1048/218 206/209 211/218
UDAp499 3_14,71120/239 120/266 120/239| PGS7.05 7_130§/221 205/215 217/217
SsrPaCITA4 3_14,81152/158 166/166 152/152| CPPCTO033 7_161A2/142 142/142 138/142
EPPCU9343 3 16,7094/202 194/194 194/202| CPSCT042 7_1718%/192 181/187 181/192
EPPCU7190 3_19,7212/214 212/214 214/226| CPSCT018 8 001BD/160 165/166 160/160
AMPA119 3_20,00114/118 114/118 118/128| UDAp423 8_00,181/184 151/151 151/184
UCDCH19 3 20,03143/143 135/143 133/135| PGS8.02 8_03325/343  330/330 326/343
CPDCTO027 3 21,67169/null  166/null  166/167 | PGS8.05 8_07,391/251 243/251 245/253
EPPCU0532 3_22,0082/182 182/186 182/184| UDAp401 8_10,8R00/222 222/222 218/222

PGS4.01 4_03,46348/348 356/356 348/356| UDAp470 8_12,610/120 120/120 114/120
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PGS4.02 4_03,4969/175 169/169 169/175 CPPCT006 8_132®/200 200/200 200/204
CPDCT045 4_06,21125/134 125/128 128/134| Mé6a 8_15,@32/222 196/222 204/222
BPPCT040 4_06,46151/158 151/160 158/160| UDP98-409 8_17148/152 152/168 148/148
UDP96-003 4_08,76112/126 112/112 112/126| Ma035a 8_21BA)/180 180/182 180/180
PGS4.04 4_119278/278 265/265 288/288

Table S1.4 Genetic distances among apricot cvs. ‘Katy’, ‘@aniand ‘Goldrich’
estimated according to Nei (1972) (below diagoaalj % of shared SSR alleles (above

diagonal).

Katy Canino Goldrich
Katy -—- 38,8 61,2
Canino 0,83 --- 447
Goldrich 0,39 0,73

Table S1.5Gene content of thel’-locus peach syntenic region. Position and lenfith o
the ORFs as well as the first BLASTP match on tAdRTdatabase annotated by IPGI
are shown. Overlap length (amino acids), percemind E-value are indicated for each
PrunugArabidopsisgene pairArabidopsishomologues with detectable expression in
mature pollen, hydrated pollen and pollen tubes-)(&nd those with altered
transcription during pollen germination (PG) or Ipol tube growth (PTG) are also
indicated according to the results reported by Wanhg@l. (2008) using Affymetrix
ATH1 Genome Arrays.

Peach Gene Transcript Start Stop TAIR Description Overlap %id E- Pollen Altered

ID Length length value  expr. transc.

ppa022538m 18491554 18493033 1480 AT5G15720.1 GLIP7; carbaxgtase/ lipase 340 44,71 1E-76 - -

ppa006182m 18495042 18498361 3320 AT5G15730.3erine/threonine protein kinase, 428 66,36 3E-155 - -
putative

ppa002721m 18498827 18500772 1946 AT2G03890.1 phosphatidyitoid® and 4- 660 63,79 0 - -
kinase family protein

ppa002370m 18503945 18508593 4649 AT3G30300.Linknown protein 690 68,41 0 - -

ppa008856m 18510031 18513228 3198 AT1G69010.1 BIM2 (BESl-intetgdMyc- 273 44,32 5E-43 - -

like protein 2); DNA binding /
transcription factor

ppa004594m 18515587 18518005 2419 AT5G15740.1 unknown protein 508 69,09 0 - -

ppa012139m 18522087 18523783 1697 AT5G15730.RNA-binding S4 domain- 167 80,84 1E-80 - -
containing protein

ppa000002m 18524173 18545067 2089%T3G02260.2 BIG (BIG); binding / ubiquitin- 5008 68,11 0 + /
protein ligase/ zinc ion binding

ppa026731m 18545106 18546555 1450 AT3G25270.1 nucleic acidibm 149 28,86 1E-10 - -

ppa023507m 18559505 18560630 1126 AT4G37180.1 myb family wdpton factor 52 67,31 2E-14 + downPTG

ppa005351m 18563326 18565121 1796 AT5G15780.1 pollen Ole ketgen and 168 58,93 9E-41 - -
extensin family protein

ppa011450m 18574543 18575507 965  NJ/A N/A N/A N/A  N/A N/A  N/A

ppa001620m 18581982 18588641 6660 AT5G38880.Linknown protein 794 74,31 0 - -

ppa011007m 18590528 18594247 3720 AT5G15790.Zinc finger (C3HCA4-type RING 231 60,61 3E-74 - -
finger) family protein

ppa017665m 18594777 18596276 1500 AT5G38900.1 DSBA oxidorecdsectamily 207 55,07 2E-67 + /
protein
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ppa011285m 18597087 18599509 2423 AT5G38900.1 DSBA oxidorecsectamily 214 63,08 6E-77 + /
protein
ppa011289m 18597087 18599313 2227 AT5G38900.1 DSBA oxidorecsectamily 214 63,08 6E-77 + /
protein
ppa011302m 18597087 18599360 2274 AT5G38900.DSBA oxidoreductase family 214 63,08 6E-77 + /
protein
ppa012296m 18597087 18599509 2423 AT5G38900.1 DSBA oxidoreckectamily 213 55,4 6E-63 + /
protein
ppa005069m 18600204 18604076 3873 AT3G02300.tegulator of chromosome 463 7797 0 + /
condensation (RCC1) family
protein
ppa010249m 18604427 18608655 4229 AT1G69120.1 APl (APETALAINA 152 72,37 1E-52 - -
binding / protein binding /
protein heterodimerization/
transcription activator/
transcription factor
ppa010548m 18619188 18623759 4572 AT3G02310.1 SEP2 (SEPALLARTAONA 251 74,9 1E-95 - -
binding / protein binding /
transcription factor
ppa010577m 18619188 18623759 4572 AT3G02310.BEP2 (SEPALLATA 2); DNA 250 75,2 5E-97 - -
binding / protein binding /
transcription factor
ppa026503m 18629652 18630269 618  AT5G15802.1unknown protein 110 56,36 9E-30 - -
ppa016385m 18630946 18633249 2304 AT3G30210.MYB121 (MYB DOMAIN 217 51,15 2E-52 - -
PROTEIN 121); DNA binding /
transcription factor
ppa013380m 18636187 18636866 680  N/A N/A N/A N/A  N/A N/A  N/A
ppa003386m 18638891 18643879 4989 AT3G02320.RNA binding / tRNA (guanine- 558 78,85 0 - -
N2-)-methyltransferase
ppa007756m 18645262 18647647 2386 AT3G02230.RGP1 (REVERSIBLY 337 91,1 O + /
GLYCOSYLATED
POLYPEPTIDE 1); cellulose
synthase (UDP-forming)
ppa005994m 18649075 18651638 2564 AT3G30180.BR60OX2 464 67,24 0 + Up PTG
(BRASSINOSTEROID-6-
OXIDASE 2); monooxygenase/
oxygen binding
ppa007503m 18660657 18662638 1982 AT1G13680.phospholipase C/ phosphoric 348 62,64 1E-129 - -
diester hydrolase
ppa014104m 18664030 18664766 737  AT3G29970.hermination protein-related 86 69,77 5E-34 + /
ppa024465m 18666252 18668102 1851 AT5G15630.1RX6 397 80,1 O - -
ppa005522m 18668649 18671935 3287 AT5G60920.1 COB (COBRA) 435 745 - -
ppb023073m 18676574 18678411 1838 AT3G02210.1 COBL1 (COBRA-LIKE 180 42,22 1E-33 - -
PROTEIN 1 PRECURSOR)
ppb020721m 18704742 18706234 1493 AT1G56440.1 serine/threquioiin 56 62,5 7E-16 - -
phosphatase-related
ppa022025m 18716879 18718491 1613 AT2G21660.2 CCR2 (COLD, CIRCADIAN 55 65,45 5E-15 - -
RHYTHM, AND RNA
BINDING 2); RNA binding /
double-stranded DNA binding /
single-stranded DNA binding
ppa007463m 18748304 18751578 3275 AT5G15640.mitochondrial substrate carrier 319 79,31 4E-147 + Up PTG
family protein
ppa010178m 18748304 18749962 1659 AT5G15640.1 mitochondribéwate carrier 210 80,95 2E-98 + Up PTG
family protein
ppa015454m 18752057 18753454 1398 AT4G01240.1 unknown protein 329 58,66 3E-111 - -
ppa011807m 18754276 18755073 798  AT3G02220.1unknown protein 167 69,46 7E-63 - -
ppa013367m 18755340 18756208 869  AT1G24140.Matrixin family protein 92 32 7E-6 + Up PTG
ppa019352m 18760652 18763276 2625 AT3G51550.1 FER (FERONIA)}séf 908 45,15 0 - -
protein kinase
ppa001157m 18766568 18769249 2682 AT5G38990.1 protein kinas@ly protein 837 46,95 1E-175 - -
ppa001190m 18774840 18777497 2658 AT3G51550.1 FER (FERONIA)senf 825 49,58 0 - -
protein kinase
ppa018922m 18793680 18794048 369  N/A N/A N/A N/A  N/A N/A  N/A
ppa020589m 18806038 18808848 2811 AT3G51550.1 FER (FERONIA)séf 812 516 O - -
protein kinase
ppa013018m 18809760 18810532 773  AT2G33775.RALFL19 ralf-like19 231 32 0.007 - -
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ppa003761m 18812093
ppa001413m 18815789
ppa016279m 18829367

ppa006461m 18834674
ppa017965m 18839676
ppa007173m 18841314

ppa007590m 18849392

ppa000735m 18858946
ppa007206m 18863483

ppa007243m 18867715

ppa021495m 18874448
ppa020932m 18881667

ppa005255m 18885375
ppa026050m 18893531
ppa024873m 18897669
ppa021452m 18899747
ppa022904m 18911571
ppa026936m 18914045
ppa005502m 18936429
ppa020665m 18940430
ppa016949m 18957619
ppa025189m 18961426
ppa018052m 18963290
ppa016023m 18968998
ppa005488m 18972684
ppa020216m 18979935
ppa019904m 18992254
ppa016299m 18995785
ppa019320m 18998050
ppa005348m 19000743

ppa007375m 19007660

ppa000986m 19011230

ppa009937m 19018505
ppa012522m 19020442

ppa016098m 19021821
ppa014248m 19022519
ppa017321m 19028160

ppa005110m 19034922

ppa004810m 19038382

ppa007817m 19047717

18814176

18818489

18831840

18838207
18840153
18844509

18852062

18862792
18864819

18869807

18875851
18882581

18887152
18896984
18899334
18901162
18913109
18915457
18937883
18941821
18959010
18962349
18963619
18970547
18974060
18982632
18993632
18997447
18999448
19005122

19009944

19014865

19020134
19021206

19022271

19023590

19032318

19036600

19044888

19051663

2084

2701

2474

3534
478
3196

2671

3847
1337

2093

1404
915

1778
3454
1666
1416
1539
1413
1455
1392
1392
924

330

1550
1377
2698
1379
1663
1399
4380

2285

3636

1630
765

451

1072

4159

1679

6507

3947

AT3G51550.1 FER (FERONIA) % 414
protein kinase

AT3G51550.1 FER (FERONIA) % 394
protein kinase

AT3G51550.1 FER (FERONIA)sah 815
protein kinase

AT5G15610.Droteasome family protein 413

AT1G69230.2 SP1L2 (SPIRAL1HZK 97
AT3G29770.MES11 (METHYL ESTERASE 310
11); hydrolase

AT3G29760.1 NLI interactamor (NIF) 146
family protein

AT1G74160.1 unknown protein 1090

AT5G15570.inknown protein 391

DOMAIN/s: Bromodomain

transcription factor

BEST Arabidopsis thaliana

protein match is: DNA binding
AT3G02150.PTF1 (PLASTID 75

TRANSCRIPTION FACTOR

1); transcription factor

AT3G29635.1 transferasdyfgmotein 443
AT1G21280.DOMAIN/s: Retrotransposon 294
gag protein
AT5G39090.1 transferasdyfqmotein 470
AT5G39080.1 transferasdyfqmotein 436
AT3G29635.1 transferasdyfqmotein 429
AT5G39090.1 transferasdyfgmotein 448
AT5G39080.1 transferasdyfgmotein 431
AT5G39090.1 transferasdyfgmotein 472
AT5G39090.1 transferasdyfgmotein 471
AT5G39080.1ransferase family protein 465
AT5G39080.1 transferasdyfqmotein 465
AT5G39090.1 transferase ygmiltein 214

AT5G39080.1 transferase ygmiltein 64

AT5G39090.1 transferasdyfqmotein 294
AT5G39080.1 transferasdyfgmotein 468
AT5G39080.1 transferasdyfgmotein 228
AT3G29635.1 transferasdyfgmotein 429
AT5G39090.1 transferasdyfgmotein 477
AT5G39080.1 transferasdyfqmotein 222

AT5G60980.2 nuclear trab$petor 2 (NTF2) 386
family protein / RNA recognition
motif (RRM)-containing protein

AT3G29575.AFP3 (ABI FIVE BINDING 84
PROTEIN 3)

AT3G02130.RPK2 (RECEPTOR-LIKE 953
PROTEIN KINASE 2); ATP
binding / kinase/ protein
serine/threonine kinase
AT3G02175.Linknown protein 191
AT5G39210.CRR7 162

(CHLORORESPIRATORY
REDUCTION 7)
AT3G02120.hydroxyproline-rich glycoprotein61
family protein
N/A N/A N/A
AT3G02110.5cpl25 (serine carboxypeptidase4d73
like 25); serine-type
carboxypeptidase

AT3G29400.1 ATEXOT7O0EL (esosybunit 279
EXO70 family protein E1);
protein binding

AT3G29390.RIK (RS2-Interacting KH 490

protein); RNA binding
AT1G13820.1 hydrolase, &pleafold family 301
protein

44,69
53,3

47,48

1E-84

4E-108

0

68,52 3E-177 -

48,45
77,42

58,22

35,6
38,87

88

40,41
27

37,45
38,99
28,9

41,07
27,61
39,41
39,92

40,43 9E-88

40,22
40,19
45,31
32,99
39,53
43,86
38,46
39,41
37,84
48,7

82,14

67,89

1E-14
1E-125

1E-49

1E-116
1E-64

3E-36

4E-74
4E-06

2E-78
4E-78
2E-39
9E-85
1E-33
5E-88
3E-85

9E-86
5E-39
8E-10
1E-31
5E-89
4E-46
1E-72
1E-80
8E-33
8E-83

5E-38

0

33,51 1E-12

46,91

67,21

N/A

74,63

50,9

54,08

66,78

3E-37

6E-16

N/A

0

3E-71

1E-119

3E-117

N/A

+

Up PTG

N/A
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ppa005967m 19052928
ppa000951m 19058877
ppa000160m 19075922

ppa020830m 19084297

ppa021805m 19089131

ppa024744m 19091119

ppa020867m 19098001

ppa019116m 19105243

ppa020470m 19107803

ppa006338m 19110526

ppa025965m 19114187
ppa010438m 19119067
ppa024239m 19120527

ppa000125m 19123369

ppa009593m 19136301

ppa004059m 19138952
ppa011540m 19142598
ppa012105m 19142598
ppa020426m 19145946

ppb012981m 19154167

ppa004981m 19158038
ppa004991m 19158038
ppa005006m 19158038

ppa005897m 19162719

ppa016813m 19167289

ppa000827m 19171126

19057394

19065497

19083048

19085579

19090244

19092216

19099672

19106720

19109506

19112487

19114441
19120153
19121460

19135325

19138411

19142613

19144436

19144436

19149339

19156382

19160714

19160714

19160714

19164403

19168905

19177833

4467

6621

7127

1283

1114

1098

1672

1478

1704

1962

255
1087
934

1195AT5G15540.%

2111

3662

1839

1839

3394

2216

2677

2677

2677

1685

1617

6708

AT5G15530.1ransducin family protein / WD- 434

40 repeat family protein
AT1G69830.1 AMY3 (ALPHA-AMXSE-
LIKE 3); alpha-amylase
AT5G07980.1 dentin sialquimsrotein-
related
AT3G10330.1 transcriptidiation factor
1IB-2 / general transcription
factor TFIIB-2 (TFIIB2)
AT3G10330.1 transcriptidration factor
1IB-2 / general transcription
factor TFIIB-2 (TFIIB2)
AT3G02100.1 UDP-glucoronosyp-
glucosyl transferase family
protein
AT3G02100.1 UDP-glucororiosyp-
glucosyl transferase family
protein
AT3G02100.UDP-glucoronosyl/UDP-
glucosyl transferase family
protein
AT3G02100.1 UDP-glucoronosyp-
glucosyl transferase family
protein
AT3G02100.1 UDP-glucororiosyp-
glucosyl transferase family
protein
AT5G39240.unknown protein
AT5G39250.F-box family protein
AT5G39300.1 ATEXPA25 (ARABIDT®S
THALIANA EXPANSIN A25)
EMB2773 (EMBRYO
DEFECTIVE 2773); binding /
protein binding / zinc ion
binding
AT5G15530.BCCP2 (BIOTIN CARBOXYL

CARRIER PROTEIN 2); biotin

binding
AT3G02090. mitochondrial processing

peptidase beta subunit, putative

AT5G61170.1 40S ribosonuaéjpr S19
(RPS19C)
AT5G61170.1 40S ribosonudéjpr S19
(RPS19C)

AT3G01075.1inknown protein

DOMAIN/s: Targeting for Xkip2

AT3G26922.1 unknown protein
DOMAIN/s: Cyclin-like F-box,
Leucine-rich repeat 2
BEST Arabidopsis thaliana
protein match is: F-box family
protein

AT5G15490.1 UDP-glucosehydiegenase
putative

AT5G15490.1 UDP-glucosehydiegenase
putative

AT5G15490.1 UDP-glucosehdtegenase
putative

AT1G26580.1 unknown protein
BEST Arabidopsis thaliana
protein match is: myb family
transcription factor / ELM2
domain-containing protein

AT1G26610.1 zinc finger (CBig2) family
protein

AT3G29320.1 glucan phosfasmyputative

7281 0 -

403 59,8 3E-149 -
412 39,81 4E-71 -
314 50 5E-82 +
313 4505 2E-68 +
264 42,05 1E-47 -
465 46,24 5E-122 -
465 471 3E-123 -
464 4547 2E-119 -
464 43,97 8E-110 -
90 41,11 5E-11 -

252 67,06 2E-93 +

224 65,18 2E-89 -
1563 675 0 -
289 47,06 2E-55 -
480 78,75 0 +
139 90,65 1E-72 -
120 90  5E-62 -
496 52,82 6E-101 +
286 27,27 4E-13 -
, 482 87,55 0 +
, 482 87,55 0 +
, 482 87,55 0 +
475 3221 1E-43 +
322 28,26 5E-16 +
516 74,42 0 -
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ppa010903m 19180586
ppa023614m 19182400
ppa013993m 19185732
ppa014984m 19187929

ppa004045m 19193460

ppa013551m 19199756

ppa014205m 19203844
ppal007471m 19205856
ppa000855m 19208678

ppa017256m 19214613
ppa010470m 19216695
ppa007111m 19220088
ppa005586m 19228019

ppa010047m 19231344
ppa002126m 19241079

ppa006437m 19246165
ppa018982m 19249067
ppa000705m 19253035

ppa020057m 19270904
ppb011385m 19274222

ppa015373m 19281903
ppa022595m 19284362
ppa015584m 19293768
ppa008118m 19296139

ppa027121m 19299176

ppa015845m 19304869

19181564

19185223

19187433

19189674

19197883

19202490

19204267
19207724
19213930

19216111
19219176
19221740
19230695

19232618
19244334

19248673

19251699

19259243

19272288
19275245

19282828
19285014
19295622
19298487

19300573

19306169

979

2824

1702

1746

4424

2735

424
1869
5253

1499
2482
1653
2677

1275
3256

2509

2633

6209

1385
1024

926
653
1855
2349

1398

1301

AT3G29310.Calmodulin-binding protein 378
related

AT4G38180.1 FRS5 (FAR1-rekggdence 624
5); zinc ion binding

AT5G61220.tomplex 1 family protein / LVR 83
family protein

AT5G39350. pentatricopeptide (PPR) repeat-583
containing protein

AT5G15470. GAUT14 532
(Galacturonosyltransferase 14);
polygalacturonate 4-alpha-
galacturonosyltransferase/
transferase, transferring glycosyl
groups / transferase, transferring
hexosyl groups

AT3G010%0.MUB1 (MEMBRANE- 117
ANCHORED UBIQUITIN-
FOLD PROTEIN 1

PRECURSOR)
N/A N/A N/A
N/A N/A N/A
AT5G15450.CLPB3 (CASEIN LYTIC 953

PROTEINASE B3); ATP
binding / ATPase/ nucleoside-
triphosphatase/ nucleotide
binding / protein binding

AT3G29280.Linknown protein 150

AT5G39360.EDL2 (EID1-like 2) 248

AT5G39380. talmodulin-binding protein- 275
related

AT3G01060.1inknown protein 455

AT3G29270.2ibiquitin-protein ligase 266

AT5G15410.DND1 (DEFENSE NO DEATH 728
1); calcium channel/ calmodulin
binding / cation channel/ cyclic
nucleotide binding / intracellular
cAMP activated cation channel/
intracellular cyclic nucleotide
activated cation channel/ inward
rectifier potassium channel

AT5G39400. PTEN1; phosphatase 401

AT3G59170.F-box/RNI like superfamily 108
protein

AT5G15400.1-box domain-containing 1042
protein

AT1G61500.1

AT3G47570.1eucine-rich repeat protein 174
kinase family

AT2G44970.2 lipase-related

AT1G61480.1

AT5G44940.F-box/RNI like superfamily 492
protein

AT5G15390.1RNA/RNA methyltransferase 273
(SpoU) family protein

AT4G15280.1 UGT71B5 (UDP-GLBED 491
TRANSFERASE 71B5); UDP-
glycosyltransferase/ quercetin 3-
O-glucosyltransferase/
transferase, transferring glycosyl
groups

AT4G15280.1 UGT71B5 (UDP-GLBED 443
TRANSFERASE 71B5); UDP-
glycosyltransferase/ quercetin 3-
O-glucosyltransferase/
transferase, transferring glycosyl
groups

S-locus prédesse, putative 230

8 16
S-locus protieiase, putative 113

29 0.023 - -

45,03 9E-163

55,42 1E-22
58,15 0 - -

87,59 0 + Down

PTG

64,1 1E-42

N/A  N/A N/A N/A
N/A  N/A N/A N/A
8541 0 + /

75,33 9E-59 - -
83,87 T7E-126 - -
46,55 1E-42 + /

79,78 0 - -
64,29 2E-85 - -
74,86 0 - -

67,58 2E-159 +
PTG
62 9E-07 + /

77,26 0 - -

54,35 1E-61 - -
42 8E-07 - -

63,69 1E-55 + /
56,64 5E-27 - -
26 1E-05 - -

2E-114

72,53

31,16 6E-49 - -

32,96 8E-45 - -

207
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ppa005427m 19307491

ppa005544m 19309086
ppa001868m 19311528

ppa020905m 19318081
ppa013269m 19328280
ppa025951m 19355024
ppa022986m 19372463
ppa018209m 19378653
ppa026630m 19387745
ppa010430m 19396610
ppa017633m 19398358

ppa008650m 19401227

ppa012248m 19405752
ppa022822m 19407697
ppa020122m 19410871
ppa017224m 19412641
ppa006467m 19414851
ppa003809m 19419766

ppa002153m 19425256

ppa003330m 19430187
ppa005577m 19444944
ppa019328m 19452185
ppa024828m 19455075
ppa013579m 19460383
ppa004347m 19463421
ppa025010m 19468943

ppa002110m 19474159
ppa019884m 19483949
ppa011182m 19491797
ppa020933m 19494965
ppa010375m 19497382
ppa008873m 19499720
ppb013941m 19503679
ppa005604m 19505477
ppa004696m 19508444

ppb009532m 19510291
ppa001662m 19513691

19308892

19311255
19313894

19318432
19329440
19356771
19374770
19379885
19390960
19397388
19400169

19404376

19407075

19409782

19411919

19413914

19417373

19423127

19428803

19433082
19447021
19454055
19455374
19462427
19468043
19470217

19480251
19489940
19494720
19496866
19498954
19502738
19505433
19508028
19510885

19512202
19518100

1402

2170
2367

352

1161
1748
2308
1233
3216
779

1812

3150

1324

2086

1049

1274

2523

3362

3548

2896
2078
1871
300

2045
4623
1275

6093
5992
2924
1902
1573
3019
1755
2552
2442

1912
4410

AT4G01070.1 GT72B1; UDP-
glucosyltransferase/ UDP-
glycosyltransferase/ transferase,
transferring glycosyl groups

AT5G39410.binding / catalytic 444

ATAG21300.1 pentatricopefB®PR) repeat- 664
containing protein

AT3G07490.1 AGD11 (ARF-GAP @ioril); 54
calcium ion binding

477

N/A N/A N/A
N/A N/A N/A
N/A N/A N/A
AT1G13940.1 unknown protein 275
AT1G26620.1 unknown protein 934
AT3G29240.2inknown protein 237

AT3G29230. pentatricopeptide (PPR) repeat-570
containing protein
AT3G29200.CM1 (CHORISMATE
MUTASE 1); L-ascorbate
peroxidase/ chorismate mutase

340

AT5G15380. plastocyanin-like domain- 151
containing protein

AT5G15870.1 glycosyl hydefamily 81 670
protein

AT2G27035.1 plastocyanmdidmain- 112
containing protein

AT1G69390.1 ATMINE1L (Aralpisie 215

homologue of bacterial MinE 1);
protein binding

AT3G29185.1inknown protein 382
AT1G13960.1 WRKY4; DNA bigdin 478
transcription factor
AT5G394230.tdc2cAt (Arabidopsis thaliana 602
cdc2c); ATP binding / kinase/
protein kinase/ protein
serine/threonine kinase
AT3G29180.1inknown protein 489
AT3G29180.1 unknown protein 358
AT1G61420.1 S-locus lectitem kinase 180

family protein
AT1G48940.1 plastocyanindikmain- 57
containing protein
AT3G29170.Linknown protein
AT3G01090.2KIN10 (Arabidopsis SNF1
kinase homolog 10); protein
binding / protein kinase
AT5G19790.1 RAP2.11 (relatédP2 11); 77
DNA binding / transcription

121
498

factor

AT3G01100.HYP1 (HYPOTHETICAL 701
PROTEIN 1)

AT3G01100.1 HYP1 (HYPOTHENUC 747
PROTEIN 1)

AT5G39510. BGR4 (SHOOT 219

GRAVITROPSIM 4); receptor
AT5G15340. pentatricopeptide (PPR) repeat-628

containing protein
AT5G39530.Linknown protein 257
AT3G29090. pectinesterase family protein 312
AT3G29075.lycine-rich protein 98
AT3G29075.1lycine-rich protein 141
AT1G74630.1 pentatricopeB&R) repeat- 507

containing protein
AT1G14010.1 emp24/gp25Lfa@dy protein 204
AT3G29060.Linknown protein 824

DOMAIN/s: EXS, C-terminal,

SPX, N-terminal

31,24 2E-45 + Down PG

1E-170 - -
2E-114 - -

71,4
34,49
62,96 2E-14 + Up
PG/PTG
N/A
N/A
N/A

N/A
N/A
N/A

N/A
N/A N/A
N/A N/A
30,18 2E-10 - -
26,45 4E-43 - -
71,31 5E-89 - -
64,56 0 - -

N/A

3E-107

62,06

57,62 3E-41

609 O +

45,54 3E-28

54,88 9E-55

68,85 O9E-152 -
52,72 4E-107 +

53,99 0 - -

62,99 2E-176 + /
49,16 1E-84 + /
51,11 2E-37 - -
68,42 T7E-19 - -

68,6 O5E-30 +
86,35 0 + /

76,62 1E-19 - -

62,91 0 + /
60,91 O + /

73,52 3E-87 + /

58,92 0 - -

40,08 5E-47 - -
80,77 5E-151 - -
51,02 1E-17 + /
51,06 4E-23 + /
37,28 4E-98 - -

63,73 3E-61 - -
58,01 O +
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ppa008419m 19518793
ppa004232m 19522035

ppa006769m 19536562

ppa007883m 19548346

ppa003946m 19554779

ppa013251m 19560340
ppa014933m 19562764

ppa018277m 19564757
ppa021574m 19567105

ppa014463m 19575091

ppa003758m 19576121
ppa004961m 19583491

ppa010654m 19591405
ppa015390m 19595392
ppa011701m 19598419

ppa014215m 19600973
ppa004451m 19604860

ppa010896m 19611500
ppa002164m 19614676
ppb020889m 19617307
ppa008635m 19623160
ppa001734m 19627228

ppa020648m 19633174
ppa002364m 19634693

ppa004522m 19637658
ppa006034m 19639635

ppa016771m 19647980

ppa0d00362m 19650301

ppa016732m 19661696

19520882
19525797

19538472

19549836

19556419

19561689
19563770

19566145
19570089

19575831

19579601
19587280

19592794

19597506

19599223

19601914
19608044

19612889

19616973

19617753

19626937

19632018

19633872
19637215

19639175

19641354

19650114

19659117

19662608

2090
3763

1911

1491

1641

1350
1007

1389
2985

741

3481
3790

1390

2115

805

942
3185

1390

2298

447

3778

4791

699
2523

1518

1720

2135

8817

913

AT5G15330.5PX4 (SPX DOMAIN GENE 4) 305
AT3G01120.MTO1 (METHIONINE 394
OVERACCUMULATION 1);
cystathionine gamma-synthase
AT5G15310. ATMYB16 (MYB DOMAIN 396
PROTEIN 16); DNA binding /
transcription factor
AT5G61430.1 ANAC100 (ARABIDC®SI 363
NAC DOMAIN CONTAINING
PROTEIN 100); transcription
factor
AT5G15300. pentatricopeptide (PPR) repeat-543
containing protein
N/A N/A N/A
AT5G15300.1 pentatricopeB®PR) repeat- 257
containing protein
AT5G49610.F-box family 744
AT5G15280. pentatricopeptide (PPR) repeat-978
containing protein
N/A N/A N/A
AT5G15270.KH domain-containing protein 480
AT3G01150.PTB1 (POLYPYRIMIDINE 349
TRACT-BINDING PROTEIN
1); RNA binding / nucleic acid
binding / nucleotide binding
AT2G03090.1 ATEXPA15 (ARABIBI® 227
THALIANA EXPANSIN A15)
AT5G39680. EMB2744 (EMBRYO 688
DEFECTIVE 2744)
AT5G39670. Talcium-binding EF hand family 203
protein
N/A N/A N/A
AT5G39660.ZDF2 (CYCLING DOF 527
FACTOR 2); DNA binding /
protein binding / transcription
factor
AT3G01170.Btructural constituent of 224
ribosome
AT5G50390. pentatricopeptide (PPR) repeat-714

containing protein
AT1G26800.%inc finger (C3HC4-type RING 47
finger) family protein

AT3G28970.AAR3 (antiauxin-resistant 3) 304

AT3G01180.1AtSS2 (starch synthase 2); 742
transferase, transferring glycosyl
groups

AT1G09157.unknown protein 187

AT5G15250.FTSH6 (FTSH PROTEASE 6); 651
ATP-dependent peptidase/
ATPase/ metallopeptidase/
peptidase/ zinc ion binding

AT2G36730.pentatricopeptide (PPR) repeat-489
containing protein

AT3G28960.amino acid transporter family 405
protein

AT5G37820.1 NIP4;2 (NOD26HLI 241
INTRINSIC PROTEIN 4;2);
water channel

AT5G48600. ATSMC3 (ARABIDOPSIS 1238

THALIANA STRUCTURAL

MAINTENANCE OF

CHROMOSOME 3); ATP

binding / transporter
AT2G02960.5 zinc finger (C3H@&-RING 80

finger) family protein

65,57 3E-96 -
87,82 0 +

53,54 5E-91 -

57,3 2E-103 -
60,22

N/A
42,02

N/A
2E-47 -

N/A
23 1E-04 +
46,63 0 -

N/A  N/A N/A

67,08 2E-160 -
85,96 0 -

80,62 9E-77 -
54,22 0 -
48,77 4E-38 -

N/A
43,64

N/A N/A
2E-81 +

59,82 4E-64 -
619 O -
55,32 0,0000 -
001
54,28 9E-80 +
68,19 0 -

71,12 2E-70 -
788 0 +

62,58 0 -
62,96 2E-144 -

1E-58

48,96

74,88 0 -

55 3E-22 +

Up PTG

N/A

Down
PTG
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ppa013692m 19664452

ppa014185m 19665910
ppa008908m 19674589

ppa013998m 19683618
ppa008366m 19691186
ppa014261m 19703691
ppb011184m 19705415
ppa005314m 19707885

ppa016710m 19715699
ppa001533m 19717958

ppa017567m 19721911
ppa010320m 19731857

ppa000039m 19735991
ppa001982m 19750021
ppa011733m 19756541
ppa027069m 19759943
ppa005626m 19761253

ppa000359m 19767597

19665301

19666850
19675917

19684281

19693083

19703931

19707177

19711622

19717197
19720378

19727462
19735527

19744143

19753347

19758934

19760335

19763026

19774531

850

941
1329

664

1898

241

1763

3738

1499
2421

5552
3671

8153

3327

2394

393

1774

6935

AT5G15230.1GASA4 (GAST1 PROTEIN 92

HOMOLOG 4)
N/A N/A N/A
AT3G28920.AtHB34 (ARABIDOPSIS 256
THALIANA HOMEOBOX

PROTEIN 34); DNA binding /
transcription factor

AT3G28917.MIF2 (MINI ZINC FINGER 2); 99
DNA binding

AT3G28910.MYB30 (MYB DOMAIN 361
PROTEIN 30); DNA binding /
transcription factor

N/A N/A N/A

AT1G26880.50S ribosomal protein L34 95
(RPL34A)

AT5G39830.DEGS; peptidase/ serine-type 447
peptidase

AT1G26870.1 FEZ (FEZ); taptson factor 216

AT5G39840. ATP-dependent RNA helicase, 808
mitochondrial, putative

AT3G28880.protein binding 410

AT1G18800.1 NRP2 (NAP1-RELATED 226
PROTEIN 2); DNA binding /
chromatin binding / histone
binding

AT3G55160.Linknown protein 2217
DOMAIN/s: HEAT

AT1G69670.1 CUL3B (CULLIN 3Bg@itpin 733

binding / ubiquitin-protein ligase

AT5G39850.10S ribosomal protein S9 179
(RPS9C)
AT5G15190.2inknown protein 98

AT1G50010.1 TUAZ; structooalstituent of 435
cytoskeleton

AT3G28860.ABCB19; ATPase, coupled to 1247
transmembrane movement of
substances / auxin efflux
transmembrane transporter

68,48 3E-21

N/A
52,73

N/A
6E-48

69,7 T7E-22

51,8 A4E-87

N/A
95,79

N/A
1E-48

74,72 0

71,76 5E-82
64,73 0

9E-66
1E-74

46,1
61,5

58,86 0
81,99 0
92,74 5E-96
41,84 0,0000-
0001
98,39 0

903 O

N/A

N/A

3BLASTP TAIR matches with an E-value >3got included by IPGI (E-value <0.05)
® Gene pairs that are ‘best-reciprocal BLASTP hitiweenPrunusandArabidopsis
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Table S1.6 Primers used in this study to amplify by PCR dédf@ fragments
corresponding t&-RNasgSFBandactin genes.

Primer Sequence 6.1 Reference

SRc-F 5-CTCGCTTTCCTT GTT CTT GC-3 Romeroet al (2004)

SRc-R 5-GGC CAT TGT TGC ACA AAT TG-3 Romeroet al (2004)

PruC2 5-CTT TGG CCA AGT AAT TAT TCA AAC C-3 Tacet al (1999)

PruC2R 5-GGT TTG AAT AAT TAC TTG GCC ATA G-3 Tacet al (1999)

PruC4R 5-GGA TGT GGT ACG ATT GAA GCG-3 Taet al (1999)

FBf-Hapl 5-TGG AAG CAC CAATTT ATT TCC T-3° This work

FBr-Hapl 5-TGA TTG AAG GAT CGA TCATCT TGG-3' Thig/ork

FBf-Hap2 5"-GCC CAATTACTT GGT CAC TG-3’ Vilanovaet al (2006)
FBr-Hap2 5-CAC CCACTT GAC TTG TCA GC-3’ Vilanovaet al (2006)
RT-SFB1-for 5"-GGC AGC TCG AGT TTT GTT AGC ATA C-3" This work

RT-SFB1-revl 5 -GGA ACC CGA ATT GGA GAG AAA CGA G-3" This work

RT-SFB2-for 5-TTG GCA GCT CAAGTT TTG TTA GTG C-3° This work

RT-SFB2-rev2 5-GCA GAA CCC ATA AGT CAG CTT TTC G-3" This work

Act3 5-CTT CTT ACT GAG GCA CCC CTG AAT-3 Gabino Rios personal comm.
Actd 5"-AGC ATA GAG GGA GAG AAC TGC TTG-3°  Gabhino Rios personal comm.

Table S1.7SSR markers tested for the PPM screening on tioéeviaty’ genome.

Acronyme Species Number of SSR  6.Reference

BPPCT P. persica 7 (47 Dirlewangeret al (2002)

Gol P. armeniaca 2(1) Vera-Ruizt al (2010)

CPDCT P. dulcis 2(2) Mnejjaet al (2005)

CPPCT P. persica 5(4) Aranzanat al (2002)

CPSCT P. salicina 14 (6) Mnejjaet al (2004)

EPPCU/EPDCU P. persicdP. dulcis 10 (5) Howackt al (2005), http://www.rosaceae.org/
M/MA P. persica 7 (3) Yamamotet al (2002)

pchcms/pchgms  P. persica 2(1) Sosinsket al (2000)

SsrPaCITA P. armeniaca 8 (3) Lopeset al (2002)

UDAp P. armeniaca 20 (10) Messina&t al (2004), http://www.rosaceae.org/
UDP P. persica 6 (3) Ciprianiet al (1999) and Testoliet al (2000)
UDA P. dulcis 4 (0) Testolinet al. (2004)

AMPA P. armeniaca 1) Hagen et al. (2004)

UCD-CH P. avium 1) Struss et al. (2003)

PGS P. persica 29 (11) Zuriaga et al. (2012)

TOTAL 118 (55)

& Number of polymorphic SSRs in ‘Katy’ is indicatbdtween brackets.
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Table S2.1.Primers used in this study

Name Sequence Reference

SRc-F 5-CTCGCTTTCCTTGTT CTT GC -3 Romerole{2004)
SRc-R 5-GGC CAT TGT TGC ACA AAT TG -3 Vilanova at. (2005)
Pru-T2 5-GTT CTT GCT TTT GCT TTC TTC-3" Tao et @999)
Pru-C2 5-CTT TGG CCA AGT AAT TAT TCA AAC C-3° Taet al. (1999)
Pru-C2R 5-GGT TTG AAT AAT TAC TTG GCC ATA G-3° Taat al. (1999)
Pru-C4R 5-GGA TGT GGT ACG ATT GAA GCG-3 Tao et @999)
Pru-C6R 5-CAT TGC CAC TTT CCA CGT C-3° Vilanovaadt (2003)
F-BOX5 A 5-TTK SCH ATT RYC AAC CKC AAA AG -3 Vaupan et al. (2005)
F-BOXintronR 5-CWG GTA GTC TTD SYA GGA TG- 3° Vghan et al. (2005)
RFBc-F 5"-GAG GAG TGC TAC AAA CTA AGC-3 Vilanova al. (2006)
SFBins-R 5-TCA AGAACT TGG TTG GAT TCG-3’ Vilanowt al. (2006)
Sf-Hap2 5"-CGC TAG AAA TCA AAG CCA CAG-3’ Vilanovat al. (2006)
Sr-Hap2 5-GGC GTA AGC AAG TGG AAA AG-3 Vilanova al. (2006)
FBf-Hap?2 5-GCC CAA TTA CTT GGT CAC TG-3° Vilanowt al. (2006)
FBr-Hap2 5-CAC CCA CTT GAC TTG TCA GC-3° Vilano al. (2006)
FBF1 5-GCC CAATTACTT GGT CAC TG-3’ unpublished
SFBc-F 5-TCG ACA TCC TAG TAAGAC TAC CTG C-3° Romeet al. (2004)
FBF5 5"-TAG GAC CCC TCA AAT GAG C-3° unpublished

FBF6 5-TGG GTT CTG CAA GAA AAA CG-3 unpublished
FBr-Hap2-2 5-AAA AGC AAC AGC CAC CAA AG-3 unputdhed
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Table S2.2.Fragment sizes determined ®RNaseandSFBalleles

S-allele SR1-F/SR1-R PruT2/SR1-R PruC2/PruC4R PruC2/PruCé6R®  F-Box Refs®

S 419 407 ~2100 ~2000 210 [1]
S 345 n.a. ~950 ~800 205 [1]
Sy 260 244 ~400 ~350 n.a. [1]
S 396 384 ~1300 ~1200 n.a. [1]
S n.a’ 429 ~1300 ~1200 197 [1]
S; 419 407 ~900 ~700 199 [1]
Ss 371 359 ~3000 ~2800 204 [2]
Sy 218 206 ~600 ~400 n.a. [2]
Si1 320 308 n.a. ~1500 208 [2]
S0 n.a. n.a. ~1900 ~1800 n.a. [3]
Sou n.a. 266 ~450 ~300 n.a. [4]
Syo 427 417 ~750 ~550 189 [5]
Sso 373 n.a. n.a. ~500 206 [5]
Sa1 285 n.a. n.a. n.a. 207 [5]
Sc 371 359 ~3000 ~2800 204 [1]

Sy/S2 260/n.a. 248/n.a. ~2000/550 ~1800/350 n.a./n.a. [5]

Slgjszb 346/338 334/326 ~750(5)/400 ~550 198/206 [2]

(&) (S:5)/200(&,)

& Allele fragment sizes correspondingSp andS, could not be established since both were foung onl
once and in the same cultivar (‘Fergani’) (see &&bB).

® Only allele fragment sizes corresponding to theped intron could be unambiguously assigne®to
and$S; according to Halasz et al. (2005).

¢ n.a. Not amplified.

dFragment sizes for the seco®dRNasentron were approximately estimated (~) from agargels.

¢ References reportingallele molecular sizes for the first time: [1] ®ilova et al. (2005); [2] Halasz et
al. (2005); [3] Zhang et al. (2008); [4] Gu et@013); [5] This work.
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Table S2.3.Characteristics of SSR primers developed from Ipg&&S) and apricot

genome sequences (AGS) located atMHecus.

Name F/R Primer sequence Repeat Start on ORF Sizerange No.of H*
motif scaffold_3 (Prupe) (bp) alleles
(Mb)®

PGS3.22 F TCTGATTGCAGGTAAGGACAG (CT),s 18,49 3G247600 304-328 8 0,61
R TATCTTGATATCGGCCTGGA Put. Prot.

PGS3.23 F  TGACTTTCTGCATCTTGACCT (AG)y, 18,61 3G249300 164-190 8 0,68
R CTTTGCTTCCGTTAATCCAA MADS-box

PGS3.62 F AGCTTCCTCTATTCTTGGTGGT (CTLy 18,61 321-356 10 0,71
R GCTTTTCCCCGAGCTAATTC

PGS3.74 F  ACCACCCCCTATCCCTATTG (Cp 184 233-269 10 0,65
R ACTTGCAAACCCCCTTGATT

PGS3.96 F TGGCCACAATTAATGGGAGA (CT)y, 18,76 431-474 15 0,82
R TCGGAGAACTTCTTGTGCAT

AGS3.26 F  CGAACGAGAGGGAAAAATGA  (TA),, 18,61 3G249300 178-202 8 0,62
R AACTGATTCCGAACCACAGG MADS-box

AGS3.30 F CCGCACGGCTATACTGTCTAA (AT)s 18,71 193-207 7 0,38

R  ACAGGCTGGATGCTTTGTCT

! Zuriaga et al. (2013)
% This work

®positions according to the peach v1.0 genome segu#RGI)
* Heterozygosity was estimated according to Nei 8} = 1-3p%, wherep; is the frequency of th&'
allele. Clonal sibs from ‘Canino’ were excludedrr@stimations.
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Table S2.4 Allele sizes for SSR markers comprised in Mdaplotypes

PGS3_ 71 PGS3 22 PGS3 62 PGS3 23 AGS 20 AGS 30 B6S3_

mo0-0 261 306 348 188 190 203 442
mo-1 261 306 348 188 190 203 444
M1-0 259 306 350 188 188 203 441
M1-1 257 306 348 188 188 203 441
M1-2 259 306 348 188 188 203 441
M1-3 259 306 348 178 188 203 441
M1-4 257 306 348 184 188 203 441
M2-0 255 310 336 178 188 203 434
M2-1 255 310 336 178 188 201 434
M2-2 255 310 336 178 188 203 436

M3 247 312 329 190 192 195 458
M4-0 259 306 336 178 188 195 456
M4-1 259 306 336 178 188 195 458
M4-2 259 306 336 178 188 195 460
M5-0 233 310 354 184 190 203 466
M5-1 233 310 356 184 192 n.a. 466
M5-2 233 310 354 184 190 n.a. 464

M6 269 304 321 164 202 203 443
M7-0 251 316 332 186 198 193 464
M7-1 233 316 332 186 198 193 464
M7-2 233 316 332 186 196 193 464
M7-3 251 316 332 186 194 195 466
M8-0 259 328 354 186 198 195 431
M8-1 259 328 354 186 196 195 431
M8-2 259 328 356 186 196 195 431

M9 261 312 356 184 196 n.a. 466
M10 247 312 354 178 188 203 474
M11 233 314 332 190 188 199 474
M12 259 312 356 184 194 203 468
M13 255 310 348 188 188 203 441
M14-0 255 306 348 188 188 195 466
M14-1 255 306 348 188 188 195 450
M15-0 259 306 356 186 192 203 466
M15-1 257 306 354 186 192 203 466
M16 243 310 337 180 188 195 442
M17 256 308 348 168 178 203 434
M18 257 310 354 190 188 207 468
M19 255 306 334 188 190 n.a. n.a.
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Figure S3.1. BAC clonede novoassembly, joining of overlapping BAC contigs and @GP
closure.Boxedcodes represent BAC clones belongind/ttocus from a BAC library of the Sl
apricot cv. ‘Goldrich’ (Zuriaga et al., 2012) usked de novo Mocus sequence assembBrey
andblack colors correspond tbl; andM,-haplotypes, respectively. Contigs obtained per BAC
clone (BAC contigs) were numbered correlativelynira to 30 6pen white boxesee Table
S3.2). GAPs (previous to GAP closure; see Tabl8)I®tween contiguous contigs are shown
below av-supercontig withorange numbersContigs conforming M-supercontig after GAP
closure (M-locus_contig_1,2 and &en white boxésare shown below GAPs. The scale in Kb

of aM-supercontig is indicated witted dotted lines
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M-haplotypes Parents GxC recombinants KxK recombinants

Apricot chr.3 M1/M2 M3 m
4 480 4849

q W - - — —
M1/M2 M3/m M1/m M2/m [ |

M1/m M1/M2 M2/m

L

Figure S3.2. GraphicalM-locus map representation of parents and recombinarhybrids
used for ‘Canino’ (‘GxC’) and ‘Katy’ (‘KxK’) fine-m apping. Brown vertical barrepresents
M-locus region in apricot chr. 3. Molecular markdedimiting ‘Canino’ and ‘Katy’M-loci are
written in black andgrey in the apricot chr.3, respectiveBlack, greyand white vertical bars
representMi/M,, M3 and m-haplotypes, respectivel\Black and white stripped linemside
vertical bars symbolize heterozygot®;m or Mom Mlocus genotype in the corresponding
region, whilegrey and white stripped linesymbolize heterozygot®sm genotype.M-locus
genotype for the parents ‘Goldrich’ (G), ‘Canin®)(and ‘Katy’' (K), as well as ‘GxC’ and
‘KxK’ recombinant hybrids are indicated below eaartical bar Recombinant breakpoints for
‘GxC’ and ‘KxK’' recombinants hybrids delimiting ‘@8no’ and ‘Katy’ M-locus maps are
shown by horizontal blackand grey dotted linesrespectively. New recombinant hybrids

incorporated in this work are underlined.
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Table S3.1. Summary of Next Generation SequencingNGS) data. NGS platform, DNA
source, Sample and Tissue (for RNAseq data) asasdlie Number of sequences and Average

size of raw data and cleaned data after trimmiegraticated.

NGS platform DNA source Sample Tissue Raw data Cleaned data

No. sequences Average size (bp) No. sequences rage size (bp)
454 BAC clone  215E14 - 29334 399,79 21909 377,86
454 BAC clone  209M03 - 39135 408,92 28137 387,91
454 BAC clone  108J24 - 27174 393,91 20890 370,36
454 BAC clone  224A3 - 46679 402,86 34777 385,5
454 BAC clone 234011 - 16768 384,81 13094 363,84
454 BAC clone  148M17 - 24553 299,37 23738 296,9
454 BAC clone  253J12 - 9262 287,63 8969 284,8
454 BAC clone  251L05 - 16348 292,08 15718 288,9
454 BAC clone  160J21 - 19125 306,26 18481 301,7
454 BAC clone  95D02 - 9374 299,29 9065 299,2
454 BAC clone  159P08 - 9937 295,54 9676 291,6
454 BAC clone  161F24 - 10233 293,92 9931 291,6
illumina gDNA Goldrich* - 137954275 101 136391075 92,7
. . . 371672380
illumina gDNA Canino - 373801518 101 (129438652) 99,3 (99,6)
illumina gDNA Katy' - 69669448 101 69042494 98,8
illumina RNA Goldrich®  mature anthers* 122397834 710 122338874 106,46
illumina RNA Goldrich®  mature styles** 122313850 7o 122268676 106,52
illumina RNA Goldrich'  leaves** 135741242 107 135688624 106,59
illumina RNA Canino' mature anthers* 159854696 107 159774857 106,47
illumina RNA Canino' mature styles** 123966784 107 124313835 106,33
illumina RNA Canino' leaves** 110887662 107 110843339 106,56
illumina RNA Katy' mature anthers* 130685722 107 130624896 106,51
illumina RNA Katy' leaves** 103966200 107 1039229 106,57

#Due to the high coverage, 1/3 of cleaned sequemessrandomly selected
* 3 biological replicates / 2 technical replicapes biological replicate
** 2 biological replicates / 2 technical replicatgsr biological replicate
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Table S3.2.De novoassembly results per BAC clondprevious to join overlapping contigs
and GAP closure).

BAC clone Contig name Code* size (bp) BAC clone @pname Code* size (bp)
215E14 Contig_215E14-1 1 19926 148M17/253J12/251L06onsensus_3 16 6640
Contig_215E14-2 2 5830 Consensus_4 17 31108
Contig_215E14-3 3 37296 251L05 Contig_251L05-1 18 1961
209M03 Contig_209M03 4 45069 Contig_251L05-2 19 2480
108J24 Contig_108J24-1 5 8134 Contig_251L05-3 20 13053
Contig_108J24-2 6 39955 Contig_251L05-4 21 1077
Contig_108J24-3 7 13930 Contig_251L05-5 22 314
Contig_108J24-4 8 10284 Contig_251L05-6 23 2304
224A3 Contig_224A3-1 9 13179 Contig_251L05-7 24 2707
Contig_224A3-2 10 32027 Contig_251L05-8 25 1833
234011/148M17 Consensus_1 11 666238 Contig_251L05-9 26 19476
148M17 Contig_148M17-1 12 1783 160J21/95D02/159P08 Consensus_5 27 57003
Contig_148M17-2 13 2034 Contig_159P08-1 28 7160
Contig_148M17-3 14 15728 161F24 Contig_161F24-1 292056
148M17/253J12  Consensus_2 15 19950 Contig_162F24- 30 58817

*Code for contigs obtained per BAC clone (BAC cgaji
represented in Figure S3.1

Table S3.3. GAP closureAll GAPs between contiguous contigs and their parsitn M-locus
supercontig sequence are indicated. GAPs matchitig $6R markers from PGS3 series are
also indicated. For remaining GAPs, markers pripar sequences used for amplification are

shown.

GAP Position SSR oligo sequence-forward / reverse
coincidence

GAP-1 20031  PGS3 21 -

GAP-2 25831 - GGAATTGTGGAAATGGGAGA | AGGTTGCGTGAGTITCTTT
GAP-3 76026 - TTCGGCTTCCAATCATAAGG / AATGCGGGACTATGRGACG
GAP-4 115850 PGS3 22 -

GAP-5 130249 PGS3 77 -

GAP-6 148469 PGS3 47 -

GAP-7 231180 PGS3 62 -

GAP-8 232832 - CCCAACACTCATCGAACCTT / TTGAGGAGGTCAATCCCATC
GAP-9 234847 pGs3 g4 -

GAP-10 251854 PGS3 49 -

GAP-11 273812 PGS3 88 -

GAP-12 280476 - ACTGCCATGTTACGCAATGA /| AATTGGTGTGGATATGTGA

GAP-13 311576 - CGACCGGCTATACACTGTCTTT / GCTTGTAGAACCTAGGAACTATCG
GAP-14 313614 - CCTACGTACCCTACTAAGGGATCAA / CTAATCGTATIBGEGCGCAAA
GAP-15 314867 - AGGTGGAAGTTTTGGGGAAT / GGTTCCACTCCTGARATCG
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Table S3.4. SSR primers developed from the apricdfl-locus supercontig sequencdrimer

position, sequence, repeat motif and SSR allelessamplified in apricot cvs. ‘Goldrich’,

‘Canino’ and ‘Katy’ are indicated.

Name F/R Primer sequence Repeat motif Starton 'Gdfich’ 'Canino’ 'Katy'
alleles alleles  alleles

AGS.3 F AAAATGTTGGGCTCCCTTTC (TTC)7 37610 164 164 164
R TGAACGACTTGGGGGAATAG

AGS.4 F TTGGCATCTCTGGTGCAAT (AT)7 32804 438/470 470 4411470
R ACAATGAGGTTGCCTTCGTC

AGS.6 F GAGTGGCCGATACCTGTTCT (AATT)4 70573 238/241 241 238/241
R AATGATGGGTTTTGGGTGTG

AGS.7 F TTCGGCTTCCAATCATAAGG (TC)14 76026 N.A. N.A. N.A.
R AGAAATGGAGGTGTCGTTGG

AGS.8 F TTCGTAGCATTCTGGGGTTT (GA)10 102236  215/230 250 238/250
R GGGGGCTTGAATGATAGGAT

AGS.9 F AGGCATGTGTGTTTGACACC (AAT)S 103440  225/226 225 225
R AATGTGGACATGAAGCACCA

AGS.10 F CTCCCATGGAAAACCTCAAA (CT)30 115967 198/203 198 198/203
R GGGGCATTTCTGATGGTAAA

AGS.11 F TTTGCCTTCATACACCTAGCC (AT)10 116715  261/269 261 261
R CACAAGCATGAGACCATCCA

AGS.12 F ACGATGAATTTGAAGACGATGA (CT)9+(TTG)6 136201 193/210  193/210 193/210
R ACCTTCACTGCCAAATTCCCTATC

AGS.14 F AGAAGGCCCTGCACCTAAAT (CCT)6 152359 219/236  219/236 219/236
R CATAAACTCAGGGGCTTGGA

AGS.17 F AAAAACACCTCTCCCGACAA (TA)6 177634 190/199 199 190/199
R AGCGGCGATACTCGTTTTAC

AGS.18 F CAATGGACGAGTAGGGGTGT (AT)12 175974  387/389 389 387/389
R TTGGGTTTGGAGAGGTTTTG

AGS.19 F TATCATGCGTCGCTCTCAAG (AT)10 208676  235/251 251 235/251
R CACAATTGGATGTCGAAACG

AGS.20 F CGAACGAGAGGGAAAAATGA (AT)10 224961 189 189/191 191/193
R AACTGATTCCGAACCACAGG

AGS.21 F TGTGTCCCTCGATCCTTACC (TA)10 236517 514/518 518 503/505
R CTATCCGATTTCCAATCCGACA

AGS.22 F AGTTCAAGCGGCTTTCAGAT (TA)4+5 244325 171 171 171
R AATGCCAGTCCTTCGATGAG

AGS.23 F TACAATCAATGGCGGATTCA (TA)8 250156 N.A. N.A. N.A.
R TTTCTTCGTCTGAGCCTTTGA

AGS.24 F TCCAAAAGAAGCAACGTCAA (GA)23 250524 N.A. N.A. N.A.
R CCATGCTTGGGTTAAAGTGG

AGS.26 F AATATTGGTCCCCCTCCAAG (GTT)4+5 252416 ~ 240/258  240/258 240/258
R GCAAGAGAAACGAAAAGCTCA

AGS.27 F GTTGCACGGAAATTCCAGAT (AG)14 275668 175/182 175 175/182
R GTGTGCGTCTGTGTGGGTAG

AGS.28 F GGGTCCTCAACAGACCAAAG (GA)9 276953 179/182  179/182 N.A.
R AGGTGCACGTGGATAGACCT

AGS.29 F ACGTCGTTTTGGCAATGTTT (ATA)4 295820 N.A. N.A. N.A.
R ACATGTGCCCTTTGTTTGTG

AGS.30 F CCGCACGGCTATACTGTCTAA (AT)13 309620 203 203 195/203
R ACAGGCTGGATGCTTTGTCT

AGS.31 F AATTGCCCCCGTCTATCAC (CT)5+5 313614 194/196 196 194/196
R GAGAATGGGTGGGGTAGGAC

AGS.32 F CCCAGCTGAAATGGGAATAC (AT)11 315102 282/297  282/297 282/297
R GCATGCATCATGTTTTCCTG

AGS.33 F CACCCCCTCCCTCTCTTTTA (CT10 319478 ML ML ML
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AGS.34

160J21-7

AGS.35

160J21-6

160J21-5

160J21-4

AGS.36

160J21-3

160J21-2

AGS.37

AGS.38

AGS.39

AGS.40

AGS.41

T

POIEE TP VR (R VR (T Y

CATGTTGGTCGATTTGTAGCC
TCACCAGCTGACGTGGTAGT
CAATTCCTCATCTGGGCAGT
ACTTGAGATTGATGCTCCCATT
ACCAACAGCTCCAAATTAAACC
CAGGCCTCAAAGGCAAAAC
CACCCCCTCCCTCTCTTTTA
CCTTCACCAACTTCAAACCCTA
TTGTTCCTATTTTCGATACCCG
CTACTGCTGAACGACCAAAACA
AACGGATTTTCATGGTAGATGC
CCTCTCTCACTCAACCTGCTCT
AAGCGTTTAGCCAAGGAACTAA
ACCCAGAGGTACCCTTCGAG
ACTTCCATCACCCTTCGTCA
TGTGAAGGTCATGGGTTTACAA
ACGGTTTTCCAAGTACAACGTC
GGTTGGACTGCTTTTCATTCTT
ATTTCTTTGGAGTTGAGGTGGA
TCAAATCTCTTGGGCCAATC
ATTCACTACCCCCACAACCA
CATCATGTACGGAAGCACCA
CCGTTGGACATTCCTTTTTC
CTCGCGAAACCCTAACATTT
ACCGGGAGAAAACGACAGT
CATCATGTACGGAAGCACCA
CCGTTGGACATTCCTTTTTC
ATGGAAGATGATTGCCCAAC
TTGTCATGTTGATGCCCTGT

(CT)16 320217
(AT)11 332558

(CTAGGCGGCT)21 335737
(GA)6 336648
(AT)11+(CA)6 337460
(TC)18 338507

(CTAGGCGGCT)14343974

(GT)9 347903

(TAA)16 349292

(GGT)6 350097
(AT)12 353246
(TC)9+9 338506
(AT)12 353246
(AT)15 366351

N.A.

164

N.A.

189

223/238

N.A.

ML

N.A.

350/352

256/264

ML

N.A.

N.A.

ML

N.A. N.A.
164 164
N.A. N.A.

189/191 191/193

223/238 223/238

N.A. N.A.

ML ML

397/403 397/403

350/354 352/354

264 264/270

219/221 219/221

N.A. N.A.

222 220/222

342 342/344
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Table S3.5. Example of variant calling results fromaM-supercontig using the alignment of

genomiclllumina data from apricot cvs. ‘Goldrich’ (a), ‘Canino’ (b) and ‘Katy’ (c). First

and last five variants are shown from the totaliardr calling. Variant position, type

(‘SNV’=Single-Nucleotide Variant; ‘MNV'=Multi-Nucletide Variant; ‘Insertion’; ‘Deletion’;

‘Replacement’), reference allele in thi¥l-gaupercontig sequence (‘Reference’ column), variant

allele identified (‘Allele’ column), zigosity, theaumber of sequences supporting variant allele

(‘Count’ column), total of sequences aligned in iaar position (‘Coverage’ column),

proportion of forward/reverse sequences supponarignt allele (‘Forward/reverse’ column)

and Phred score average value for variant pos{twerage quality’ column) are shown for

each variant.

a

SNP Reference Type Length Reference Allele Zygosity Count CoverageFrequency Forward/ Average
number  Position reverse  quality

1 354 SNV 1 A C Heterozygous 5 11 45,45 0,00 32,00
2 356 SNV 1 A C Heterozygous 6 12 50,00 0,00 32,00
3 542 SNV 1 A T Heterozygous 12 23 52,17 0,33 37,67
4 631 SNV 1 T A Heterozygous 10 20 50,00 0,40 38,10
5 969 SNV 1 T C Heterozygous 13 24 54,17 0,46 36,23
5100 435483 SNV 1 G A Heterozygous 24 67 35,82 0,00 36,17
5101 435489 SNV 1 G T Heterozygous 22 63 34,92 0,00 34,95
5102 435495 SNV 1 A G Heterozygous 20 63 31,75 0,00 37,95
5103 435522 MNV 2 CT AC Heterozygous 14 52 26,92 00,0 38,18
5104 435771 SNV 1 A T Heterozygous 3 11 27,27 0,00 6,33

b

SNP Reference Type Length Reference Allele Zygosity Count CoverageFrequency Forward/ Average
number  Position reverse  quality

1 1320 Deletion 1 T - Homozygous 48 48 100,00 0,40 36,42

2 1339 Deletion 1 G - Homozygous 48 48 100,00 0,42 35,27

3 1349 Deletion 1 C - Homozygous 44 45 97,78 0,43 , 3383

4 9749 Insertion 1 - T Homozygous 30 30 100,00 0,48 36,53

5 13757 Insertion 1 - T Homozygous 34 34 100,00 20,3 36,41
5293 435564 SNV 1 C T Heterozygous 23 65 35,38 0,04 39,65
5294 435565 Deletion 1 A - Heterozygous 36 65 55,38 0,28 36,75
5295 435571 SNV 1 C A Heterozygous 20 62 32,26 0,00 39,50
5296 435576 MNV 2 CC 1T Heterozygous 17 57 29,82 00,0 39,32
5297 435592 SNV 1 T C Heterozygous 14 53 26,42 0,00 39,14
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Cc
SNP Reference Type Length Reference Allele Zygosity Count Coverage Frequency Forward/ Average
number  Position reverse  quality
1 354 SNV 1 A C Heterozygous 5 9 55,56 0,20 34,60
2 356 SNV 1 A C Heterozygous 5 9 55,56 0,20 36,60
3 542 SNV 1 A T Heterozygous 9 20 45,00 0,40 38,11
4 631 SNV 1 T A Heterozygous 9 20 45,00 0,22 39,00
5 891 SNV 1 A C Heterozygous 13 30 43,33 0,46 38,00
6593 435522 MNV 2 CT AC Heterozygous 14 35 40,00 70,0 35,89
6594 435559 SNV 1 C T Heterozygous 13 29 44,83 0,00 38,92
6595 435565 Deletion 1 A - Heterozygous 10 26 38,46 0,30 37,10
6596 435576 SNV 1 C T Heterozygous 8 24 33,33 0,00 9,508
6597 435592 SNV 1 T C Heterozygous 5 20 25,00 0,00 8,88
Table S3.6. Selected SNPs for ‘Canino’ and ‘Katy'ifie-mapping. Primer position, sequence
and allele composition observed by Sanger sequgmeiapricot cvs. ‘Goldrich’, ‘Canino’ and
‘Katy’ are indicated.
Name F/R Primer sequence Position 'Goldrich’ alleles '‘Canino’ alleles 'Katy'
alleles
SNPCaMmapl F TAATGTGAGTCTTGGACGTG 33687 33687 (T/G), 33688 (CIT) 33687 (G), 33688}C/ -
R CTGTCCTTTTTGGATTCCTGA
SNPCaMmap2 F AGAAACGCCACACCACACTA 112413 No heterozygote No heteygote -
R ATTGGGACTGGTGTCTGAGC
SNPCaMmap3 F TTGGGGATAAGTGGAGTTGG 184272 GIT T -
R TCAGCTGGGTTCTTCACCTT
SNPCaMmap4 F CGAAAGGCCTCTCTATGCTG 260267 Indel Indel -
R TCGTGCACCAAGTGCATTAT
SNPCaMmap5 F TGGCTCTGTGTACCATCCAA 326175 326175 (A/G), 326182TH 326175 (G/G), 326182 (GIT) -
R TTTGTGGGCAGTTAACACCA
SNPKaMmapl F CAAGCAAGGGGCAATTAACA 142155 - - AIG
R CGCTAACACCAGAGGAAACTG
SNPKaMmap2 F GGTGTTCATCAGAAGCAGCA 146316 - - CIT
R CATGTTCATTCAACGGCATA
SNPKaMmap3 F ACGTCTCATTTCATCCCTGGT 153066 - - TIC
R GGCTGCAGAAAGAACATGAAG
SNPKaMmap4 F GCAAGAGGTCAACACCAAAAG 164682 - - AIC
R CTCAAAAGGCTGTTGCTCTGT
SNPKaMmap5 F TGCCGACTATCAACAGTAAACC 171071 - - G/A
R GACATGCATCTTCCTTGAGA
SNPKaMmap6 F AGCCACCATGCACCCTATAC 273675 - - AIG
R TCACATGGTAACCAAGCTCCT
SNPKaMmap7 F CACGAGGGCCTCTATTTTGT 276184 - - TIC
R CTCCTTTTGGTGCATGTGTG
SNPKaMmap8 F AATGTGTTTGGACAAGTCACG 277881 - - CIT
R CACACTTCACTCCAACCGAAT
SNPKaMmap9 F GGCTAATGTGCAAGAGGTTTG 285823 - - CIT
R GGGAGAGAAGTATGCAGAGCA
SNPKaMmap10 F CCCGTTTTGGAGAATAGAAGAC 295239 - - AIG
R CCTATGGAGATAGGTTCCTTGA
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Table S3.7. Example of the comparison among ‘Canifijo’Katy’ and ‘Goldrich’ variants,

and the predicted amino acid changes, in the ~134bKM-locus region within the aJ-
supercontig. Extracted variants of those found between postib#2.155 and 276.184 (~134
Kb M-locus region) within the M-supercontig for cvs. (a) ‘Goldrich’, (b) ‘Caninand (c)
‘Katy’. Variant position, type (‘SNV’=Single-Nuclemle Variant; ‘MNV’=Multi-Nucleotide
Variant; ‘Insertion’; ‘Deletion’; ‘Replacement’), lgorithm used (‘Analysis’ column;
‘Basic'=Basic variant detection algorithm and ‘IHD&V’=Structural Variant detection
algorithm), reference allele invasupercontig sequence (‘Reference’ column), varaieie
identified (‘Allele’ column) and zygosity are indited. In variants containing ‘SV’ in
‘Analysis’ column, zygosity can not be determingtkrefore, these variants were considered as
heterozygous. Furthermore, ‘Canino’ and ‘Katy’ eats distinct to ‘Goldrich’ (‘d’ and ‘e’,
respectively) are shown. These both tables comit@irsame columns mentioned previously for
(a), (b) and (c), and additionally two columns oating whether each variant is located in a
gene (‘Coding region change’ column) and also if #eads to a non-synonymous change
(‘Non-synonymous’ column). A variant included in gene but no amino acid change is
described means that this variant is located imt&aonic or UTR region. In all tables, the three
first and last variants as well as thaStinsertion grey shadoywand some of their bordering

variants are shown.

a

Reference Type Analysis  Length Reference Allele  Zygosity
Position

142155 SNV Basic 1 A G Heterozygous
142169 SNV Basic 1 G A Heterozygous
142173 SNV Basic 1 A G Heterozygous
215454 Insertion Basic 3 - TTT Heterozygous
215454 SNV Basic 1 T A Heterozygous
215470 SNV Basic 1 G C Heterozygous
215615 ReplacemenBasic 2 G TT Heterozygous
215616 Insertion Basic 1 - T Heterozygous
215628 SNV Basic 1 C T Heterozygous
276044 Insertion Basic 2 - TA Heterozygous
276238 SNV Basic 1 A C Heterozygous
276415 SNV Basic 1 A T Heterozygous
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b

Reference Type Analysis  Length Reference Allele  Zygosity

Position

147311 SNV Basic 1 G A Heterozygous

147357 Deletion Basic 1 A - Heterozygous

147406 SNV Basic 1 T C Heterozygous

214011 SNV Basic 1 C T Homozygous

214079 SNV Basic 1 T G Homozygous

214578721458 Insertion SV 0

214600 SNV Basic 1 C T Homozygous

214955 SNV Basic 1 T G Homozygous

214988 SNV Basic 1 G A Homozygous

275668 Deletion Basic 6 AGAGAG - Homozygous

275707 ReplacemenBasic 2 GG T Homozygous

276044 Insertion Basic 2 - TA Homozygous

Cc

Reference Type Analysis  Length Reference Allele  Zygosity

Position

142155 SNV Basic 1 A G Heterozygous

142169 SNV Basic 1 G A Heterozygous

142173 SNV Basic 1 A G Heterozygous

214011 SNV Basic 1 C T Heterozygous

214079 SNV Basic 1 T G Heterozygous

214578721458 Insertion SV 0

214600 SNV Basic 1 C T Heterozygous

214895 Insertion Basic 1 - C Heterozygous

214955 SNV Basic 1 T G Heterozygous

276027 SNV Basic 1 T C Heterozygous

276044 Insertion Basic 2 - TA Heterozygous

276184 SNV Basic 1 T C Heterozygous

d

Region Type Analysis  Reference Allele Length Zygosity = Coding region Non-
change Synonymous

159426 SNV Basic A C 1 HeterozygouBaM-2 Yes

1692707169271 Insertion InDel - TGTGG... 128 HeterozygouBaM-2 -

169383 SNV Basic A G 1 HeterozygouBaM-2 Yes

2086757208676 Insertion Basic - ATATAT 6 Heterozygous -

2109747210975 Insertion InDel - TTT 3 Homozygous PaM-6 -

214578721458 Insertion SV 0 = PaM-7 Yes

2159547215955 Insertion Basic - (AT)11 22 Homozygous -

215982 SNV Basic C A 1 Homozygous -

218991 SNV Basic C T 1 Heterozygous -
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273812..273825Deletion

Basic

.(GA)7

- 14 Heterozygous

273812..273829Deletion InDel (GA)9 - 18 Heterozygous -
273851..273868Deletion InDel (GA)9 - 18 Heterozygous -

e

Region Type Analysis  Reference Allele Length Zygosity  Coding region Non-

change synonymous

142598 SNV Basic G C 1 Heterozygous -
142909 SNV Basic T C 1 Heterozygous -
143345 SNV Basic G C 1 Heterozygous -
2086757208676 Insertion Basic - ATATAT 6 Heterozygous -
208676..208677Deletion Basic AT - 2 Heterozygous -
214578721458 Insertion SV 0 PaM-7 Yes
2148947214895 Insertion Basic - C 1 HeterozygouBaM-7 -
218222 SNV Basic C A 1 HeterozygouBaM-8 Yes
218268 SNV Basic T A 1 Heterozygous -
275250..275251MNV Basic AA TT 2 Heterozygous -
276027 SNV Basic T C 1 Heterozygous -
276184 SNV Basic T C 1 Heterozygous -
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Table S3.8. RBH results for selected proteins fronthe PaMDOr BLASTP output. Hits

with e-values lower than T@rom BLASTP analysis of the proteins shown in Tabl@ against

P. persica M. domesticaandF.vesca(a), andS. lycopersicumNicotianaandA. thaliana(b)

taxids from NCBI protein database are shown in roolsi ‘Hit’ for each specie (e-value and

identity are indicated)Bold NCBI accession ID is shown in column ‘Query’; tiie for each

accession in corresponding genome protein data{sese materials and methods) is shown

below NCBI accession ID insideackets

a
Specie Prunus persica Malus domestica Fragaria vesca
Query Hit E-value Ident | Hit E-value Ident | Hit E-value Ident
Prunus persica xp 007216055.1 XP_007216055.11,E-156 100%| XP_008379454.1 4,E-98 620 XP_0043042(,E-98 61%
(ppa017665m) XP_007215948.B,E-99  62% | XP_008341809.1 3,E-95 59% XP_004306053,E-87 63%
(PaMDOr)
XP_007215948.1 XP_007215948.19,E-161 100%| XP_008341809.1 8,E-141 87% XP_0043D42®,E-131 80%
(ppa011285m) XP_007216055.B,E-99  62% | XP_008379454.1  7,E-139 8606 XP_004308054E-85 60%
g/'a'US i XP_008379454.1 XP_007215948.13,E-139 86% | XP_008379454.1  1,E-159 100¥°_004304201.14,E-128 80%
omestica
(MDP0000233548) XP_007216055.2,E-98  62% | XP_008341809.1 4,E-146 910 XP_00430G054E-83 58%
XP_008341809.1 XP_007215948.14,E-141 87% | XP_008341809.1 4,E-161 100¥°_004304201.12,E-124 75%
(MDP0000148485) XP_007216055.2,E-95 59% | XP_008379454.1 4,E-146 910 XP_00430G054E-83 58%
Fragaria vesca xp 004304201.1 XP_007215948.18,E-131 80% | XP_008379454.1  7,E-128 80M XP_0043042(®,E-166 100%
(0ene04226-v1.0-hybrid) XP_0072160558,E-98 61% | XP_008341809.1 4,E-124 75M6 XP_00430G052E-82 58%
XP_004306054.1 XP_007216055.13,E-87 63% | XP_008341809.1 2,E-83 58)% XP_00430605&,B-165 100%
(gene04224-v1.0-hybrid) XP_0072159484,E-85 60% | XP_008379454.1 8,E-83 58% XP_004304202,E-82 58%
ISO'anum_ XP_004232135.1 XP_007215948.1 8,E-109 68% | XP_008341809.1 5,E-110 676 XP_0043042(,E-101 63%
ycopersicum
(Solyc029089230.2.1) XP_0072160558,E-85 54% | XP_008379454.1 1,E-108 69% XP_0043080%R\E-72  51%
Nicotiana XP_009774377.1 XP_007215948.13,E-108 70% | XP_008341809.1  6,E-109 70P6 XP_0043042QLE-101 65%
XP_007216055.12,E-85 54% | XP_008379454.1  1,E-107 69 XP_00430804E-73 51%
XP_009608607.1 XP_007215948.18,E-110 70% | XP_008341809.1 1,E-108 68l XP_0043042QLE-101 64%
XP_007216055.14,E-86 54% | XP_008379454.1 6,E-108 696 XP_004308054E-74 51%
XP_009608606.1 XP_007215948.1 1,E-109 70% | XP_008341809.1 3,E-108 68 XP_0043042(8,E-101 63%
XP_007216055.16,E-86 54% | XP_008379454.1 1,E-107 696 XP_004308054E-73 51%
ﬁ]falbidopSiS NP_198706.1 XP_007215948.12,E-103 65% | XP_008341809.1 5,E-100 63p6 XP_004304207,E-101 63%
allana
(AT5G38900.1) XP_007216055.19,E-84 55% | XP_008379454.1 2,E-97 63% XP_004306054,E-68 49%
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b
Specie Solanum lycopersicum Nicotiana Arabidopsis thaliana
Query Hit E-value Ident | Hit E-value Ident | Hit E-value Ident
Prunus persica xp 007216055.1 XP_004232135.1  6,E-85 54% XP_009608607.1 1,E-85 54BP_198706.1 2,E-83 55%
(ppa017665m) XP_009608606.1 2,E-85 549
(PaMDOT) XP_009774377.1 6,E-85 549
XP_007215948.1 XP_004232135.1  1,E-108 68% XP_009608607.1 2,E-100% 7 NP_198706.1 5,E-103 65%
(ppa011285m) XP_009608606.1 4,E-109 70%
XP_009774377.1 8,E-108 70%
g"oar:quesstica XP_008379454.1 XP_004232135.1  7,E-109 69% XP_009608607.1 1,E-109% § NP_198706.1 3,E-97 63%
(MDP0000233548) XP_009608606.1 2,E-107 69%
XP_009774377.1 2,E-107 69%
XP_008341809.1 XP_004232135.1  3,E-110 67% XP_009774377.1 9,E-100% 7 NP_198706.1 6,E-100 63%
(MDP0000148485) XP_009608607.1 2,E-108 68%
XP_009608606.1 4,E-108 68%
Fragaria vesca xp 004304201.1 XP_004232135.1  5,E-101 63% XP_009608607.1 5,E-104% § NP_198706.1  1,E-100 63%
(9ene04226-v1.0-hybrid XP_009774377.1 7,E-101 65%
XP_009608606.1 8,E-101 63%
XP_004306054.1 XP_004232135.1  7,E-72 51% XP_009608607.1 1,E-73  5i1MP_198706.1 3,E-68  49%
(gene04224-v1.0-hybrid XP_009608606.1 3,E-73 519
XP_009774377.1 3,E-72 51%
E/zlc?;eur::cum XP_004232135.1 XP_004232135.1  4,E-177 1009KP_009608606.1 3,E-157 89% NP_198706.1 1,E-104 63%
(Solyc02g089230.2.1) XP_009608607.1 5,E-150 91%
XP_009774377.1 6,E-150 92%
Nicotiana XP_009774377.1 XP_004232135.1  2,E-150 92% XP_009774377.1 7,E-16Q0%l NP_198706.1  9,E-103 65%
XP_009608606.1 1,E-153 95%
XP_009608607.1 1,E-153 95%
XP_009608607.1 XP_004232135.1  2,E-150 91% XP_009608607.1 5,E-16Q0%l NP_198706.1  7,E-104 65%
XP_009608606.1 7,E-162 100p6
XP_009774377.1 1,E-153 95%
XP_009608606.1 XP_004232135.1  1,E-157 89% XP_009608606.1 2,E-1700%l NP_198706.1 4,E-104 63%
XP_009608607.1 8,E-162 100p6
XP_009774377.1 1,E-153 95%
@]r;gﬂgpsis NP_198706.1 XP_004232135.1 8,E-105 63% XP_009608606.1 6,E-108% § NP_198706.1 2,E-161 100%
(AT5G38900.1) XP_009608607.1 9,E-104 65%
XP_009774377.1 1,E-102 65%
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Table S4.1. RBH results for NaTrxh.Proteins obtained from ‘direct BLASTP’ analysisgskable 4.1) are the queries (column ‘protein’) for

RBH. The result of all-vs-all BLASTP analysis witteir corresponding e-values and percentages afitgdthree first hits) are shown. Color

assignments for hits are the same than indicateabie 4.1.

Specie P. persica M. domestica S. lycopersicum N. benthamiana A. thaliana
Protein Hit Match Match %id e-val | Match Match %id e-val | Match %id e-val
P. persica ppa011576m 1st NbS00020764g0013.1 1E-{ AT5G39950.1 65 8E-45
205aa 2nd ppa011861m MDP0000448333 NbS00027633g0013.1 5E-] AT1G45145.1 49 5E-28
3rd ppa013299m MDP0000391509 55 1E-3 Solyc059006860.2.1 3 NbS0001026190005.1 3E-] AT1G19730.1 44 9E-27
M. domestica MDP0000752795 1st 100 3E-6 Solyc05g006830.2.1 3 NbS0002076490013.1 7E-{ AT5G39950.1 71 7E-43
133aa 2nd ppa013299m MDP0000448333 84 4E-5 3 NbS0002763390013.1 4E-] AT1G45145.1 52 8E-29
3rd ppa011861m j MDP0000391509 51 5E-3| Solyc059g006860.2.1 3 NbS0001026190005.1 3E-BAT1G69880.1 46 1E-27
S. lycopersicum  Solyc02g087630.2.1 1st 63 2E-3 60 6E-3 NbS00020764g0013.1 3E-{ AT5G39950.1 64 9E-37
169aa 2nd ppa013299m MDP0000448333 50 2E-3| Solyc059g006860.2.1 NbS00027633g0013.1 1E-4 AT1G19730.1 47 2E-20
3rd ppa011861m MDP0000391509 50 5E-2| Solyc059g006830.2.1 NbS000188159g0006.1 4E-BAT5G42980.1 49 2E-19
N. benthamiana  NbS00020764g0013.1  1st 70 3E- 69 2E- NbS000207649g0013.1 2E-{ AT5G39950.1 69 1E-43
142aa 2nd ppa013299m MDP0000448333 68 4E-4| Solyc05g006830.2.1 NbS00027633g0013.1 2E-{ AT1G19730.1 47 4E-28
3rd ppa013161m MDP0000391509 59 8E-3| Solyc059g006860.2.1 NbS00010261g0005.1 6E-{ AT1G45145.1 50 8E-28
A. thaliana AT5G39950.1 1st 63 1E- NbS00020764g0013.1 2E-{ AT5G39950.1 100 8E-74
133aa 2nd ppa013299m 4E-3 MDP0000448333 64 1E-4| Solyc059g006830.2.1 3 NbS0002763390013.1 3E-BAT1G59730.1 41 6E-27
3rd ppa011861m 1E-72 MDP0000391509 52 3E-3| Solyc059g006860.2.1 3 NbS00010261g0005.1 6E-BAT1G69880.1 44 2E-26




Table S4.2. RBH results for SBP1Proteins obtained from ‘direct BLASTP’ analysisgsBable 4.1) are the queries (column ‘protein’) for

RBH. The result of all-vs-all BLASTP analysis witteir corresponding e-values and percentages afitgdthree first hits) are shown. Color

assignments for hits are the same than indicateabie 4.1.

Specie
Protein Hit
P. persica ppa008290m 1st
338aa 2nd
3rd
M. domestica MDP0000522795 1st
447aa 2nd
3rd
S. lycopersicum  Solyc04g078760.2.1 1st
338aa 2nd
3rd
N. benthamiana NbS00055742g0004.1  1st
337aa 2nd
3rd
A. thaliana AT1G45976.1 1st
325aa 2nd
3rd

P. persica
Match

ppa008184m
ppa007884m

ppa008184m
ppa007884m

ppa008184m
ppa007884m

ppa008184m
ppa007884m

ppa008184m

ppa007884m

M. domestica

% id e-val Match % id e-val

100.00 0.0 88.27 0.0
39.04 1E-47 MDP000071779182.40 0.0
30.43 2E-2§ MDP0000650075 77.88  1E-170
87.10 0.0 100.00 0.0
40.93 1E-44 MDP0000717791 85.09 0.0
31.53 9E-29 MDP0000650075 81.58  3E-180
68.22 2E-1 65.60 7E-154
36.84 7E-5] MDP0000717791 61.16  6E-132
30.43 1E-25 MDP0000650075 60.06  3E-127
68.42 2E-1 68.51 1E-158
37.89 3E-5] MDP0000717791 63.95  1E-137
31.49 7E-27 MDP0000650075 63.80 5E-134
63.78 2E-1 63.24  1E-140
38.84 9E-44 MDP0000717791 59.69 9E-120

29.57

2E-2¢ MDP0000650075 56.04

5E-107

S. lycopersicum N. benthamiana A. thaliana
Match %id  e-val Match %id  %id Match %id  e-val
67.35 4E-165 | NbS000557429g0004.168.71 1E-169 | AT1G45976.1 63.69 8E-149
Solyc059005210.2.1 40.00 5E-47 NbS00016021g0006.1 66.37  7E-1§ AT1G60610.3 36.21  3E-40
Solyc03g112860.2.1 37.43  1E-26( NbS00020248g0004.1 38.89  4E-46 AT1G60610.2 36.21  3E-40
66.18 2E-15 NbS00055742g0004.1 68.80 2E-1¢ AT1G45976.1 63.16 2E-141
Solyc059005210.2.1 40.36  6E-45 NbS00016021g0006.1 65.89  5E-1§ AT1G60610.3 38.30 1E-39
Solyc03g112860.2.1 35.08 6E-25 NbS00020248g0004.1 40.09 2E-43 AT1G60610.2 38.30 1E-39
100.00 0.0 |NbS000557429g0004.1 87.57 0.0 [AT1G45976.1| 61.45 3E-137
Solyc059005210.2.1 34.73  4E-49 NbS00016021g0006.1 84.91 0.0 |AT1G60610.3 37.86 7E-45
Solyc03g112860.2.1 36.62 1E-29 NbS00020248g0004.1 40.17 1E-44 AT1G60610.2 37.86 7E-45
87.57 0.0 |[NbS00055742g0004.1 100.00 0.0 |AT1G45976.1 62.08 8E-138
Solyc059005210.2.1 34.41  2E-46 NbS00016021g0006.1 94.96 0.0 |AT1G60610.3 38.06 2E-45
Solyc03g112860.2.1 35.05 2E-28 NbS00020248g0004.1 40.08 9E-4§ AT1G60610.2 38.06 2E-45
61.96 5E-13 NbS00055742g0004.1 60.40 3E-13 AT1G45976.1 100.00 0.0
Solyc059005210.2.1 38.30  4E-45 NbS00016021g0006.1 59.69  7E-14 AT1G60610.3 36.86 2E-43
Solyc089g007120.2.1 33.72  1E-3 NbS00020248g0004.1 38.89 6E-44 AT1G60610.2 36.86 2E-43




Table S4.3. RBH results for MAABCF.Proteins obtained from ‘direct BLASTP’ analysisgSeable 4.1) are the queries (column ‘protein’) for

RBH. The result of all-vs-all BLASTP analysis witteir corresponding e-values and percentages afitgdthree first hits) are shown. Color

assignments for hits are the same than indicateabie 4.1.

Specie P. persica M. domestica S. lycopersicum N. benthamiana A. thaliana
Protein Hit | Match %id e-val Match %id e-val Match %id e-val Match %id e-val Match %id e-val
P. persica ppa002137m 1st|ppab02187m 100 0 | MDP0000899854 9367 0  |[SONCOBUUBEEEONRN 52,05 O NbS00014920g0008.178,69 0O AT1G64550.1 82,7 0
71laa 2nd| ppa002097m 45,14 2E-154MDPO000L70802 94,8 O Solyc11g069090.1.144,59 3E-157 | NbS00014920g0008.177,81 5E-169 | AT5G60790.1 43,43 1E-159
3rd | ppa003175m 43,49 2E-15] MDP0000477774 43,85 5E-15{ Solyc07g008610.1.1455 5E-157 | NbS0001492090008.129,73 2E-10 |AT3G54540.1 42,56 8E-156
M. domestica  MDP0000170302 1st 948 0 100 0 80,93 0 NbS00014920g0008.177,38 0 AT1G64550.1 82,19 0
71laa 2nd| ppa002097m 45,31 9E-15{ MDP0000899854 97,47 O | Solyc07g008610.1.145,84 2E-156 | NbS0001492090008.177,81 4E-169 | AT5G60790.1 43,08 2E-159
3rd | ppa003175m 42,94 2E-15] MDPO000477774 4349 4E-15{ Solyc11g069090.1.143,85 5SE-155 | NbS0001492090008.130,63 2E-10 |AT3G54540.1 45,33 7E-154
S. lycopersicum  Solyc08g082850.2.1  1s{ppa002187m 82,05 O | MDP0000899854 79,94 0  |[SONCOGUOEEEEORE. 100 O NbS00014920g0008.192,96 0 AT1G64550.1 79,33 0
716aa 2nd| ppa003175m 42,15 1E-14{MDP0000170302 80,93 0 Solyc06g074940.24B,53 6E-153 | NbS0001492090008.187,5 0 AT5G60790.1 44,08 6E-154
3rd |ppa002097m 42,71 4E-14{ MDPO000477774 42,7 8E-15] Solyc11g069090.1.143,43 1E-152 | NbS0001492090008.131,73 5E-10 | AT3G54540.1 42,77 3E-152
N. benthamiana NbS00014920g0008.1 1s||ppa002137m 78,69 O | MDP0000899854 76,26 O  |SONGOBUDBEESONN 92,96 O NbS00014920g0008.1100 0 AT1G64550.1 76,11 0
815aa 2nd| ppa003175m 41,4 2E-84 77,38 0 Solyc06g074940.24B,55 1E-87 | NbS00027404g001142,74 8E-87 |AT5G60790.1 4355 7E-86
3rd |ppa002097m 38  4E-81 | MDP0000477774 42,2 3E-86 [ Solyc07g008610:11139,23 2E-87 | NbS00050078g000642,74 1E-86 |AT3G54540.1 39,64 3E-85
A. thaliana AT1G64550.1 1st 827 0 MDP0000899854 81,49 0 79,33 0 NbS0001492090008.176,11 0O AT1G64550.1 100 0
715aa 2nd| ppa003175m 43,2  3E-15 8219 0  |Solycl1g069090.1.144,3 7E-155 | NbS00014920g0008.177,32 4E-169 | AT5G60790.1 44,04 2E-154
3rd | ppa002097m 43,03 1E-14{ MDPO000477774 43,93 4E-15{Solyc079008610.1.141,31 2E-154 | NbS00014920g0008.132,43 7E-11 | AT3G54540.1 42,02 1E-151




Table S4.4. RBH results for 120K Proteins obtained from ‘direct BLASTP’ analysisgsEable 4.1) are the queries (column ‘protein’) for

RBH. The result of all-vs-all BLASTP analysis witteir corresponding e-values and percentages afitgdthree first hits) are shown. Color

assignments for hits are the same than indicatéabie 4.1.

Specie P. persica M. domestica S. lycopersicum N. benthamiana A. thaliana

Protein Hit | Match %id e-val Match %id e-val Match %id e-val Match %id e-val Match %id e-val

P. persica ppa021281m 1st 100.003E-115 86.06 3E-85 Solyc02g078040.52.99 8E-44 | NbS00006956g0008.1 55.84 6E-{ AT2G34700.1 51.35 3E-46
166aa 2nd| ppa024679m 29.59 1E-1 MDP0000165381 66.84 4E-71 Solyc02g078100.2.141.40 2E-30 | NbS00008703g0009.1 58.52 1E-i2 AT1G2Z2%2.99 4E-39

3rd | ppb017797m32.80 7E-09 | MDP0000617024 34.46 3E-1|SONCOBUONBOBONIN. 42.86 7E-20 | NbS00025834g0007.1 54.62 2E-33 AT1G2829(62.99 8E-39

M.domestica ~ MDP0000165381 st 86.06 4E-8 100.000.0 Solyc02g078040.2.158.11  4E-40 | NbS00006956g0008.1 52.83 6E-{AT2G33790.1 42.54 1E-40
223aa 2nd| ppa024679m 28.65 5E-0 MDP0000165381 76.26 4E-84 Solyc02g078100.2.139.15 5E-31 | NbS00008703g0009.1 54.09 4E-] AT2G34700.1 51.75  3E-40

3rd | ppa022106m 29.23 1E-07 MDP0000423907 34.90 9E-1 42.86 3E-18 | NbS00003320g0020.1 51.90 2E-B4 AT1GRE2%4.41 6E-39

S. lycopersicum  Solyc02g078050.2.1  1s{ 43.55 6E-1 42.86 4E-1 100.00 0.0 NbS00008703g0009.1 46.85 2E-2 AT2G34700.1 40.77  2E-19
363aa 2nd| ppa022106m 32.11 6E-G8 MDP0000263610 5345E-09 |Solyc02g078060.1.157.66 6E-33 | NbS00006956g0008.1 46.31 5E-|AT2G33790.1 37.69 5E-18
MDP0000423907 31.82 6E-09 Solyc02g078100.2.148.03  7E-31 | NbS00007980g0003.1 42.77  2E-2{ AT3G09925.1 30.71  1E-09

N. benthamiana NbS00025834g0007.1 1st 48.55 5E-3 45.22  2E-3§ Solyc02g078100.2.160.36  1E-85 | NbS00025834g0007.1 100.00.0  |AT2G33790.1 41.54 2E-32
31laa 2nd| ppa024679m 28.39 7E-Q MDP0000165381 52.55 7E-33 Solyc02g078040.%58.21 6E-43 | NbS00007980g0003.1 75.09 2E-1] AT2G34700.1 40.25 2E-30

3rd | ppb017797m31.82 3E-05 | MDP0000617024 29.61 2E- 48.99 6E-28 | NbS00006956g0008.1 55.28 6E-i5 AT1GRE2H3.28 1E-22
A. thaliana AT2G34700.1 | 1st 53.44 5E-4 52.67 5E-39 Solyc02g078040.51.52 4E-37 | NbS00006956g0008.1 47.80 1E-] AT2G34700.1 100.00 5E-126
175aa 2nd| ppa024679m 29.29 4E-( MDP0000165381 49.62 7E-39 Solyc02g078100.2.142.36 1E-30 | NbS00008703g0009.1 50.35 3E-B4 AT1G2E2919.64 3E-35

3rd | ppa019712m 39.29 5E-03 MDP0000547052 29.63-1DF 38.89 2E-19 | NbS00003320g0020.1 48.23 7E-Bl AT1GRE2919.64 5E-35




Table S4.5. RBH results for NaStEPProteins obtained from ‘direct BLASTP’ analysisgskable 4.1) are the queries (column ‘protein’) for

RBH. The result of all-vs-all BLASTP analysis witteir corresponding e-values and percentages afitgdthree first hits) are shown. Color

assignments for hits are the same than indicateabie 4.1.

Specie P. persica M. domestica S. lycopersicum N. benthamiana A. thaliana
Protein Hit | Match %id e-val Match %id e-val Match %id e-val Match %id e-val | Match %id e-val
P. persica ppa011496m 1s{{ppa0i1496m 100.00 8E-151  |IMDPO000326676 38.39 7E-35 | Solyc03g020010.1.65.00 1E-88 | NbS00009480g0031.1 66.04 8E]ATIG17860.1 60.30 2E-80
208aa 2nd| ppa011653m 89.38 2E-99 | MDPO000619608 39.15 9E-35 |Solyc06g072230.1:153.06 8E-72 | NbS00017403g0024.1 63.06 5E{AT1G73260.1 47.98 1E-48
3rd | ppa011448m 40.09 2E-37 MDP000031807®9.22  7E-32 | Solyc06g072220.1.57.39 5E-70 | NbS00049946g0001.1 60.44 2E{AT1G73325.1 39.15 1E-27
M. domestica ~ MDP0000326576 1st| ppa011448m 81.34 8,00E-123|MDP0000826676 100.00 3E-146 | Solyc03g020010.1.86.50 7E-32 | NbS00009480g0031.1 34.45 GSE|ATIG17860.1 36.00 5E-25
209aa 2nd||ppa0Li496m 38.39  7,00E-35 | MDP0000619608 99.04 2E-145 |Solyc069072230.1:134.16 4E-24 | NbS0002156690007.1 37.36 2E{AT1G73260.1 31.16 1E-17
3rd | ppa011653m 42.57 1,00E-25 | MDP0000635659 67.65 3E-90 | Solyc06g072220.1.82.40 5E-23 | NbS00017403g0024.1 33.18 3E{AT1G73325.1 30.36 4E-09
S. lycopersicum ~ Solyc03g098710.1.1  1s{ppa0l1496m 32.37 3E-23 | MDP0000635659 30.85 1E-14 [ISONCOSUUOBIIONIE 100.00 3E-166 | NbS00018395g0002.1 39.82 2E-31 AT1G1786(80.88 1E-15
224aa 2nd| ppa011653m 31.14  1E-13 MDP000031807®0.00 1E-13 | Solyc06g072230.1.133.86 1E-24 |NbC24872723g0001.138.22  2E-26
3rd | ppa011448m 29.17 2E-13  |[MDPO000326576 26.94 5E-13 | Solyc03g019690.1.138.39 2E-24 | NbS00018395g0011.1 37.44  1E-25
N. benthamiana  NbS00018395g0002.11st |ppa0ii496m 40.86 3E-32 | MDP0000635659 32.61 1E-14 | Solyc03g020010.1.39.67 2E-35 |NbS00018395g0002.1 100.00 OE-JATIG17860.1 34.78 2E-24
209aa 2nd| ppa011653m 39.58 5E-21  [IMDPO000326576 30.85 3E-14 | Solyc03g019690.1.142.15 2E-35 |NbC24872723g0001.186.79  1E-13] AT1G73260.1 34.74 3E-24
3rd | ppa011448m30.43 7E-15 | MDP0O000619608 30.85 6E-14 |Solyc06g072230.1.137.10 4E-32 |NbS0001839590011.1 8243 7E-1 ATIG73325.1 32.17 4E-15
A. thaliana AT1G17860.1 1st [|ppa0i1496m 60.30 2E-80  [MDPO000326576 36.00 4E-25 | Solyc03g020010.1.56.10 7E-74 | NbS00009480g0031.1 51.14 2E{ATIG17860.1 100.00 9E-144
196aa 2nd| ppa011653m 59.00 8E-57 | MDPO000619608 35.50 6E-24 | Solyc06g072220.1.55.62 3E-59 | NbS00017403g0024.1 50.45 3E{AT1G73260.1 37.56 2E-36
3rd | ppa011448m 3532 9E-29 | MDP0000635659 34.24 1E-22 |Solye06g072280:1:150.51 1E-58 | NbS00049946g0001.1 53.04 2E{AT1G73325.1 30.52 6E-16




Table S4.6. RBH results for NaPCCPProteins obtained from ‘direct BLASTP’ analysisgskable 4.1) are the queries (column ‘protein’) for

RBH. The result of all-vs-all BLASTP analysis witteir corresponding e-values and percentages afitgdthree first hits) are shown. Color

assignments for hits are the same than indicatéabie 4.1.

Specie P. persica M. domestica S. lycopersicum N. benthamiana A. thaliana
Protein Hit | Match %id  e-val Match %id  e-val Match %id  e-val Match %id  e-val Match %id  e-val
P. persica ppa012133m 1st 100.00 6E-13 95.58  3E-123| Solyc03g118720.2.178.79  2E-97 | NbS00009334g000681.21  4E-98 |AT3G17980.1 74.86  1E-92
182aa 2nd | ppa012128m 100.00  6E-131 MDP0000776395 92.78  2E-121/ Solyc03g118710.2.81.21  2E-96 | NbS00051736g000480.61  1E-97 | AT1GA48590.2 74.85  2E-88
3rd | ppa012140m 100.00 6E-131 MDP00002596153.94  2E-88 [[EENCICUUMOBOONN. /6.83 2E-91 | NbS00020564g0001.176.69  2E-93 | AT1GA48590.1 74.85  3E-88
M. domestica ~ MDP0000525794 1st 95.58  3E-123 100.00 3E-131f Solyc03g118720.2.180.61  7E-100| NbS00009334g000683.03  1E-100{ AT3G17980.1 78.16  3E-95
182aa 2nd | ppa012128m 95.58  3E-123 MDP0000776395 91.76 ~ 2E-121| Solyc03g118710.2.83.03  5E-99 | NbS000517369000482.42  3E-100] AT1GA48590.2 76.65  7E-91
3rd |ppa012140m 95.58  3E-123 MDPO000025961%5.15  9E-91 78.66  4E-95 | NbS00020564g0001.177.30  5E-95 | AT1G48590.1 76.65  8E-91
S. lycopersicum  Solyc12g040800.1.1  1st 76.83  2E-01 78.66  3E-95 100.00 2E-118 NbS00020637g0006.187.88  2E-100] AT1G48590.2 78.40  3E-88
166aa 2nd | ppa012128m 76.83  2E-91 | MDP0000776395 77.44  5E-92 | Solyc03g118720.2.176.83  5E-94 | NbS00020564g0001.181.82  2E-97 | AT1GA48590.1 78.40  3E-88
3rd |ppa012140m 76.83  2E-91 | MDP0000259616 70.12  9E-83 | Solyc06g068940.2.180.49  1E-92 | NbS00009334g000681.71  3E-96 |AT3G17980.1 75.61  3E-87
N. benthamiana NbS00020637g0006. 1st 69.15  1E-87 7021  3E-89 87.88  2E-100 NbS00020637g0006.1100.00 5E-133 AT3G17980.1 71.18  3E-81
196aa 2nd | ppa012128m 69.15  1E-87 | MDP0000776395 70.81  1E-87 | Solyc06g068940.2.178.92  1E-87 | NbS0000969890010.181.87 ~ 5E-98 | AT1G48590.1 71.95 1E-78
3rd |ppa012140m 69.15  1E-87 | MDP0000259616 66.46 ~ 5E-73 | Solyc03g118720.2.175.30  1E-86 | NbS00020564g0001.178.92  3E-91 | AT1G48590.2 71.95 1E-78
A. thaliana AT3G17980.1 1st 74.86  1E-92 78.16  3E-95 | Solyc03g118720.2.174.55  3E-92 | NbS00020564g0001.179.14  5E-93 |AT3G17980.1 100.00 4E-127
177aa 2nd | ppa012128m 74.86  1E-92 | MDP0000776395 71.43  1E-93 | Solyc03g118710.2.74.55 3E-89 | NbS00051736g000417.58  1E-92 | AT1GA48590.2 85.03  2E-98
3rd |ppa012140m74.86  1E-92 | MDP0000259616 70.12  1E-80 | Solyc06g068940.2.174.55 9E-88 | NbS00009334g0006.17.58  1E-92 | AT1G48590.1 85.03  3E-98




