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Abstract

Unravelling the genetic nature of reproductive isolation is crucial to understanding
the maintenance of diversity between populationBr hybrid zones,|loci that
establish a barrieto gene flow betweernpopulationsremain divergent whereas
neutral unlinked loci become mixed. In those instancdg, allelic combinations
across several logan bemaintainedthrough selectionput this isantagonized by
gene flowand recombinationHere, Ishow thatparticularallelic combinations i@
linked cluster of loci responsible for a flower colour polymorphism betweenAwo
majus subspeciesare maintaineddespite recombination in a hybrid zonkereveal
that a known locus that controls the magentaflower colour of the subspecies
ROSEAROS is highly divergentbetween them, compared with most of the
genome The divergence region extends downstreanR@Slikely due to selection
on another linked, but unidentified, locus that also controls flower colour, ELUTA
(ED. Ane-mapping experimentsdentified an intervalcontaining EL and regions
within ROSthat control different components of the magenta phenotype.
Transcriptome analysifrom flower buds sggeststhat MYRBIlike transcription
factors within the mapped intervalscontrol this trait. ROSand EL interact
epistatically meaning thathe phenotype of an individual depends tre particular
allelic combinationt hasfor these lociIn the hybrid zonemarkers inROSand EL
are in high linkage disequilibrium, be6% ofrecombinant haplotpeswere found
in the population.Recombinant haplotypes modify the phenotype of the flowers
relation to the parental subspecieand therefore may be selected again3the
data suggest thatallelic combinations InRROSEL are maintained by selection,
despite gene flowand recombination between the two subspeci€Bhis work
reveals the consequenced selection,gene flowand recombination in shaping the
patterns of genomic divergenda linked clusters of loci that establish an isolating

barrier betweenpopulations
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1 General introduction

One of the maingoak in evolutionary biology is to understand tharigin and
maintenance of trait diversity in natural population&. population changes over
time by the accumulation of several genetic changekich might become fixed
due to the effect ohatural selection (which favours a genetic variant over another)
or simply bythe random proces®f genetic drift(where a genetic variant becomes
fixed by chance)As different populationsvith a common ancestochange over
time, they will accumulate distinct genetic changes and increasidyigrge from
each other.If enoudh differences accumulate betweesuchdivergingpopulations
they may becomeestablished aslistinct species thaino longerexchange genetic

material with each othefi.e. there is complete reproductive isolation)

During the process of divergence, poptiens might go through many demographic
changes: populations might expand or contract, individuals may colonize new
habitats, migrate between populations, etc. Therefore, populatidosot always
occur agyeographically separated unitkistead, the histry of divergence between
lineages may be punctuated by events of migration and hybridization, and these
events are likely to play eonsiderableole in the speciation procegSoltis & Soltis
2009; Abbottet al. 2013) Therefore, two populations may hawdiverged with
regard to some charactgor characters)but still be inteffertile if they meetwith

each other these are in ataxonomicd ANB & | NB I ¢ codsigeReday | &

different speciessubspecies, varieties, races;otypes.etc.).

If divergentpopulationsare still inter-fertile, then an isolatingbarrier (or barriers)

that reduces gene flowbetween themmust existif they are to remain as separate

20
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entities. If such barriers do not exist, then the tlud2 LJdzf lgén& Roylsivill mix
and any fit delic combinations that have been establishedtlre two separate
populatiors will be broken down by recombinatiotn other words gene flowand
recombinationhave a homogenizing effecthat counteractsthe divergence process
that establishedany differences to start with(Barton & Hewitt 1989; Abbotet al.

2013) How then, can diversity be maintained in the faceyehe flow?

Several kinds ofsolating barriersbetween populationanay evolve which reduce

the extent ofgene flowduring periodsof hybridization(Bolnick & Fitzpatrick 2007,

Lowry et al. 2008) The nature of thesdarrierscan be varied, but thewre of a

genetic nature and involve some form of selection Studying suchreproductive

barriers can therefore elucidate the genetic ba$ divergence and, ultimately,
reproductive isolationThe identification of tk actualgenesbehindthese isolating

barriers 6 a2 YSUAYSa NBTFTSNNBR imBht unéovercseverdd OA I { A
aspects of this divergence. At the molecular levelieltealswhether mutations

occur in the coding sequence of genes or on their regulatory elementd

whether those genesncode enzymesin the relevant pathwaysr regulatory
transcription factors that regulate their expressiqarroll 2005; Rieseberg &

Blackman 2010Q) At the ecological levelit clarifiesif ¢ a LISOAF GA2y 3ISy &
responsible foradaptation to local environmestor if they establish intrinsic

genetic incompatibilities between populations independently from the
environment(Orr et al. 2004; Rieseberg & Blackman 2018)nd finally knowledge

of the genesmight pinpoint the evolutionary forces that shape this divergence,
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namely if divergence is established primarily due to stochastic faciést involves

positive selectior{Schluter 2009

A reproductive barrier restricts gene flow fatleles inloci that control the trait
under selection; howeveralleles inother loci in the genome may freely flow
between the populations if they hybridize. In this sense, reproductive isolation
betweenpopulations might not be complete (i.e. affecting the whole genome), but
differences between populations can still be maintained because gene flow is
reduced foralleles inthose loci that establislthe reproductive barrier(Orr 2001;
Lexer & Widmer 2008Because reproductive isolation is not established by the
entire genome, it is important to identify the individual locithat cause a
reproductive barrier and clarify how their allele frequencies change in face of
hybridization andgene flow Further, h the context of a genomeit becomes
relevantto considerhow the counteractingeffects ofselection and recombination
respectivelyincrease or decrease theivergenceof the barrierloci compared to

other loci in the genome

Thiswork considers thesquestions bydetailingthe genetic basis a flower colour
polymorphism between two hybridizingntirrhinummajussubspecies. analyseda
cluster of linked loci thattogether, significantly contributeto the difference in
flower colour between thetwo subspecies By using a combination of genetic,
genomic and population genetics anags | address hownatural selection
maintains this trait differencedespite gene flowand recombination in a hybrid

zonebetween the two subspecies.
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1.1 Genetic incompatibiliti es as hkarriers to gene flow

There are many kinds of barriers that can impede or redgeee flowbetween
inter-fertile populations. Anobviouscaseis geographic separatiorwhich reduces
the number of migrants between populations. This cancur, forexample, fi two
populations are distant from each other gignificantly further than the average
dispersal distance of the individuals) ibsome insurmountabléandscape feature
(e.g. mountairs, rivers, ocearjsseparate them.This kind of barrieiis not of a
genetic nature andloes not necessarily involve any role for selectiongesetic
differences between populations may accumulate simply ragdom processes
(drift) (Ridley 2004)The focus of this work,dwever,is those cases where inter
fertile populations occur in sympatry or parapatrgnd thus might hybridiz. In
those casespther kinds of barrierdo gene floware involved that require some
form of selection to establish a reproductive incompatibility between the
individuals from the two populans(Bolnick & Fitzpatrick 2007; Loweyal. 2008)
These barriers may involve incompatibilities caused by specific ecological
adaptations, incompatibilities in thenating system, or incompatibilities caused by

unfavourable genetic interactions

Ecological daptation to local environments reducegene flow between two
populationsbecause individuals have a loss in fitn@#isen occurring in a non

native habitat For example Mimulus cardinalisand M. lewisii speciesare inter

fertile, but there isk  O2 NNBf I GA2y o0S06SSy SI OK &LISO
fitness (Angert & Schemske 2003)vhile M. cadrinalisthrives in regions of lower

altitude, M. lewisiiinhabits regions of higher altitude. Swapping members of each
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population to the habitat of tk other, results in a significant decrease in fithess for

the transplanted individual® FA Gy Saa ol a YSI&adaNBR Fa S| OK
growth and number of flowers producedp similar exampleccurs with theeco

geographic separation of twéilia caftata subspecies that inhabit coastal and

inland regiongNagy & Rice 1997Again, each subspecies is better adapted to its

own environment, with individuals showing reduced fitness when transplanted to a

non-native environment(in this case, fitness wasieasured as the number of

seedlings that emerged in each environment, number of flowering individuals and

number of flowers per individual)n both caseslocal adaptation resudtin fithess

costs fornon-native individuals, thus contributing to maintaia barrier between

populations, even if the hybrids are viable and fertile.

Incompatibilities in the mating system result inather kind of reproductive barrier
between populations In plants, this is often associated with differences in floral
traits, such as flower colour (detailedter) or other mating system disparities
(Lowry et al. 2008) For example, two intefertile Iris species I( fulva and I.
brevicauli$ that occur inthe same geographic regions (sympatgge mostly
isolated due to an asynchronous flowering tirf@ruzan & Arnold 1994; Martiet

al. 2007) The genetic basis of this difference was mapped to sewgrahtitative
trait loci (QTD. Reciprocal backcrosses tveeen thetwo species revealed that QTL
from the lateflowering species introgressed into the eafligwering species caused
flowering to occur later, while the reciprocaross showed an opposite effect

(Martin et al. 2007) In this example, the shift ithe mating time results in a
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significant reduction ofiene flowbetween the twolris species, even if they occur in

sympatry.

Unfavourable genetic interactions can also estabéisbarrier togene flow In this
case, mtrinsic incompatibilities béween gerotypes of individuals from different
populations reduce the fitness of hybrids (which may haveduced fertility,
complete sterility or premature dea)h The evolution of these hybrid
incompatibilities can be explained by tBatesonDobzhanskyMuller (BDM) model
(Orr 1996; Ridley 2004The model states thahybrid incompatibilities arise from
negative interactiondetween more than one locus in the genonfiee. negative
epistasis) Essentially, different mutations can accumulate in separate populations,
as long as they arbarmless (no effect on fithess)r advantageous (positively
selected) in the context of eachlLJ2 LJdzt | gereticyb@ckground However,
different populations might accumulate mutations that, when brought together in a
hybrid genome, radt in a fitness lossAlthough adaptation to divergent habitats
(mentioned above) might lead to thestablishment of thee incompatibility alleles
by selection, these might alsoccur asa consequence of internal genomic conflicts
that evolve differentlyin separate lineage&.g. silencing of transposable elements

or heterochromatin stabilityfMichalak 2009; Presgraves 2010)

An example of é8DM incompatibility associated withthe evolution of immune
response in plantsis the occurrence ofmecrosis obsrved in Flhybrids between
Arabidopsisthaliana individuals from different natural origins(Bomblieset al.
2007) Two unlinked lociresponsible for this phenotype were mappdubth having

numerous sequence differencesbetween incompatible individuals A
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transformation assay revealed thanaallele from a singlelocus (the pathogen
response gendNBLRR, was enough to trigger a necrotic phenotypea non
compatible genetic background This shows how getie differences between
populations (even if they ae of the same speciesmay lead to genetic
incompatibilities in a hybrid genomic environment where divergent alleles are

meeting for the first time.

These examplesillustrate how partial reproductive isolatiorbetween populations
occurs through the estalshment of barrierghat have agenetic basisOften, these
barriers are not due tdhe effect ofa single locus, but rather multiple loci that
interact with each other to produce viable and ihenotypeswithin a population

In this context, the sets dbci that establish the reproductive barrier can be seen as

a cohesive cadapted unitthat is maintained intact by selectigiwallace 1991)

1.2 Occurrence of co-adapted loci in natural populations

The term ceadaptation was introduced by Dobzhansky (19%®)refer to the
fitness effects of chromosomal inversions different Drosophilapseudoobscura
populations.By making crosses between flies from two different populations, he
observed that the fitness of the individuals significantly decreased if theiedaan
inversion allele from each population. He suggestetthat the inversion
polymorphisms contained multiple loci thatg SNX & Ydzi dz £ € &

GORILIISRE gAGKAY SFOK LRLJzZ FGA2y T 0 dz
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inversion polymorphismgdm different populations occurred together in the same
genome (Dobzhansky 1950)More generally, c-adaptation is defined as the
occurrence of allelic combinationis a set ofloci that generate fit phenotypes
within the context of a particular populatiomhe nature of thico-adapiation can
be revealed in hybrid between divergent populations, wherenew allelic

combinationgresult in a loss diitness compared with the parental genotypes.

Heliconiusbutterflies provide an exampleof co-adapted locithat control the
extensive variation in wing colour between hybridizing raceseferal species
(Mallet & Joron 1999)There is strong evidence that colour patterns are correlated
with assortative mating in this species complex, such that males are more likely to
recognize females with a similar wing pattern to their o@errill et al. 2011,
2014) Although this behavioat barrier is not absolute, it suggests that individuals
with recombinant phenotypes might be intrinsically lessbfiicausethey might not

be recognized for mating by the more common morplighis is the casehere is
fithess epistasis between loci cwolling mate preference and wing coloration
(Jigginset al. 2004) An additional mode of selection operates on butterfly wing
patterns, which is unrelated to mate recognitiofisenerally, within a given
geographic location the wing pattern is shared acresgeral species, a strategy of
Mullerian mimicry(a warningsignal for predatorshat issharedbetween distasteful
species)lf an individual has a wing pattern that differs from the common pattern in
a particular location, it will incur a fitness lpssnceit will not be recognized as
unpalatable by the local community of predatongoéitive frequencydependent

selection). Therefore, although hybrid zones can form between radthsdifferent
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wing patterns the parental phenotypes are maintained due gelection against
hybrid phenotypes either due to assortative mating or frequeneyependent
selection by predatorgMallet et al. 1990; Baxteret al. 2010; Countermaret al.

2010)

The Heliconiusexample revea an important feature of the genetic nature of
isolation: that the differentiation between populations is not due to an
incompatibility established by the whole genome, but rather by a set of loci that
interact to establish that incompatibilityThese locare expected to remain highly
divergent between populations because their introgression to a foreign genetic
background is maladaptive. But what happens to the rest of the genome? If hybrids
between populations are still viable and fertile, they may ewatlly cross with
other individuals Therefore, loci that do not contribute to establish a reproductive
barrier, and thus are not under a strong selective pressuarmight be exchanged
between populations(Barton & Hewitt 1989; Abbotet al. 2013) This disparity
between the rate of gene flow of alleles inselected and nosselected loci is
expected toresult in a heterogeneous pattern of divergence across the genome

(Federet al.2012; Nosil & Feder 2012)

1.3 Patterns of divergence across genomes

In recentyears, access to genonvdde polymorphisms from natural populations
has revealedhow selection,gene flowand recombination shape the patterns of
divergence in the genom@-eder & Nosil 2010; Nosil & Feder 2018)cases where
geneflow occurs, the divegence levels are mostly low across the genome,
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reflecting the history of genetiexchange between the populations. In contrast, loci

under selection (those that establish a reproductive barrieaje highly
differentiated, since they do not introgress froome population to the other. This

results in a heterogeneous pattern of divergence across the genome that has been
YSOFLK2NROFffé RSEAONAOSR a4 ORYyGHREFIYA a
of lower divergenceRigurel.10 ® ¢ KS & A aresulyoRskléctioh &tfhg anK S
certain loci that are not exchanged between populations (thus divergenbggl),

g KSNBI & (KSs shaie8 ancestslS/&iatiBrOand/oa long history of

hybridization and gene exchangéisdivergences lowel).

"Island" of divergence
\ Narrow tail of highly
«—— divergent loci

Most of the genome has
low divergence

-(——/

Divergence
Measure

il BN i "1 & 1
FigurellcL f € dzZAGNJ A2y 2F GKS O2yOSLIi 2F I 3ISy2YA
Typically, if two populations are only differentiated in a few loci, the distribution of
divergence across the genome will be skewed (shown on the right), that is, most of the
genome will have relatively lower divergence than those regions. This variation can be
visualized by plotting a nucleotide divergence measure across the genome (genome
represented as a grey bar). A locus that is under divergent selection (red box) willimesu
localy elevateddivergence levels. Due to linkage, the divergence extends around the
selected locus, such that nearby neutral loci (green box) will also be included within the
GAaftlIyRED® 9f aSoKSNBE AiyergénéeSluctiadeyalmd $he avérdgs f SIS
(neutral loci shown as black boxes).

In the aforementioned case of divergent wipgttern phenotypes ofHeliconius

butterflies, the genomic heterogeneity of divergence is well stud{Baxteret al.
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2010; Joronet al. 2011; Nadeawet al. 2012, 2013) For example, in races of.
melpomenethat are known to hybridize with each other, the divergence is
generally low across the genoma,t not inthe regions that contain loci known to
control wing colour patterning. Another recently studied easccurs between two
flycatcher bird speciedricedula albicolliand F. hypoleucdEllegrenet al. 2012)

The history of these species has been marked by alternating periods of allopatry
and sympatry, the latter resulting in the formation of hybrid zomest can still be
found today(Saetreet al. 1999) The current and past events of gene flomght

have homogenized the genoméivergence, except for a few regions that form
islands ofhigh divergence(Ellegrenet al. 2012) A final example is the case of
population divergence with gene flow in the Rhagoletis pomonell@~ederet al.

2003; Michelet al. 2010) The larvae of this fly feed on the flesh of fruits and its
original host plant was the native North American hawthorn. However, with the
introduction of domesticated apple in North America, some populationsRof
pomonellaadapted to this tree as theiraw host. Both hawthorn and applB.
pomonella races can geographically -eaist, but disparate mating behaviour
between races establishes a barrier that significantly reduces gene exchange
between them. Specific regions of the genome are highly divergetwden these
races, and some of these are thought to include multiple loci associated with

adaptation to the new apple host.

Although the heterogeneity of genomic patterns of divergence is well reported in
several cases of recent divergence with past @spnt gene flow, the significance

of genomic islands in the speciation process and the mechanisms by which they are
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formed is debatablgWhite et al. 2010; Turner & Hahn 2010; Nosi al. 2012;
Cruickshank & Hahn 20140 fact, regions of divergence migform by chance
alone: if two populations become partially or totally isolated, such that gene flow is
low between them, different haplotypes might become fixed by drift. This results in
elevated divergence because the randomly fixed haplotypes are natedh
between populations; however, the mean divergence across the genome is low
because the populations still share ancestral polymorphisms in most other parts of
the genome. For example, in the cited caseHdliconiusbutterflies, there is a
correlation between mean divergence across the genome and the geographic
distance at which two populations are from each otlfadeauet al. 2013; Martin

et al. 2013) This suggests that some divergence islands between populations that
are far away from each other.¢i there is little gene flow between them) might not
harbour loci under divergent selection, but rather represent differences that were
established by drift in each population. Thus, the knowledge of the genetic loci that
are under divergent selection isiportant for our interpretation ofthe divergence
patterns across the genome. Indeed, tHeliconiusase is a example where some

of the key loci and cigegulatory elements controlling wing patterning are known
and shown to cdocalize regions of highivkrgence in the genoméReed et al.

2011; PardeDiaz and Jiggins 2014)

Even when genomic islands are formed due to selection, different models can
explain their formation, which might involve little or no role for gene flvoor &
Bennett 2009; Cruicksimk & Hahn 2014)For example, if two populations have

recently become isolated from each other, they are expected to share many
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polymorphisms and thus divergence across the genome is low. However, different

mutations might be selected in the different polations (e.g. if they are locally

adaptive or if there is purifying selection against deleterious mutations), leading to

a reduction in variability N2 dzy R G KS aSf SOGSR t20dza 060 KSNDB
Thisselective sweejncreases the relative divgence between the two populations

around the selected locydorming an island of divergence without any role for

geneflow (Cruickshank & Hahn 2014)n fact, ggnomic islands might also be

formed by selection of a mutation thas advantageous in all popations, but that

did not spread across the entire species range (e.g. insecticide resistance in the

Malariatransmitting mosquitoeg\nopheles gambigeClarkson et al. 2014)

When it is shown that divergence islands harbour loci that have undergone

divergent selection, their frequency and size will depend on how the mutations

became established, how much gene flow there is between populations, and also

how certain features of genomes, such as variable rates of recombination, affect

the size of these island&eder & Nosil 2010; Fedet al.2012; Nosil & Feder 2012;

Flaxmaret al. 2013) Selection and recombination have opposite effects in shaping

islands of divergence. Selection on a particular locus increases the divergence levels

in the locus itself, bulso of the surrounding regions, due to physical linkage. In

20KSNJ g2NRasx ySdziNlt LIKeaAOoOlrftte fAYy1SR LIRfe"

A X 4 A X

aSt SOGSR LREEBY2NLIKAAYZ 06SO02YAYy3 LINI 2F (K

N

& 3 NB Sy &Figure2.D)./Rechmbination, on the other hand, reduces the size of
these divergence islands by uncoupling the association between the selected

polymorphism and neutral polymorphisms linked to ltowever, if a locus under

32



selection occurs within a region of low reunbination (e.g. near the centromere or
within an inversion), then the region of divergence might extend for several cM
around that locus, even though no other loci are under selection. Indeed, it has
been often observed that regions of low recombinatiornrtb@ur larger islands of
divergence(Federet al.2003; Whiteet al. 2010; Renaugét al. 2013) Often, it isnot

clear if thesdow recombination regionsontain loci under divergent selection or if
they weresimplyestablished by chancevith no role in etablishinga reproductive

barrierbetween populations & A y OA R S yTudndr and Wahri-2¢1R)a ¢ T

In summary, islands of divergence might be formed both with and without a role for
selection and gene flow. Distinguishing between these can be helpedubying

allele frequency changes and divergence patterns across hybrid zones, because
gene flow is expected to differ betweealleles inneutral loci and loci under

divergent selection.

1.4 Hybrid zones

Hybrid zones provide a unique opportunity to study tlgenetic basis of
reproductive barriers due to the contrasting behaviour of neutral and selected loci
(Barton & Hewitt 1985; Barton & Gale 1998)leles in aneutral locusare expected

to flow freely between two hybridizing populationgs long as the hyhis are
fertile and produce some progenys a result, any differences in allele frequency

that might initially exist as two populations come into contact will quickly disappear
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and the neutral alleles will become shared between populatigrack line inFigure

1.2A). Conversely, alleles irdivergently selected loci are impeded from

introgressing from one population to the other, due to a reduced fithess of hybrid

individuals(red line inFigurel.2A). This creates a barrier to the exchange of such

alleles, resulting in an allele frequency gradient across a geographic region that

ASLI NI GSa (KS Gg2 LI2LIz | GA2yAaY &dadkK | INIF RAS
be detected as a phenotypicather than allelicitransition from one population to

the other. In this case, the phenotypic cline is assumed to coincide with allelic clines

in the loci that produce the phenotype.

Conceptually,the contrasting patterns of introgression between neutral and
selected loci across a hybrid zone might produce the aforementioned
heterogeneous pattern of divergence across the genofigurel.2B-C). In other
words, loci under selection (showing sharp clineguld fall in regions of higher
divergence between the pareal populations (genomic islands), whereas neutral
allelesthat are freely exchanged between the two populationsuld form the

lower divergenceegionsofii KS ISy 2YS 6 dive@ende]. I & aasSlé 27
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Figurel.2 ¢ Variation of clines and population divergee in a hybrid zone over time.

The schemesonceptuallyillustrate a situation where two divergent populations come into
contact and hybridize. The initial contact time poing)(@&nd two other time points after

that are represented (each step represents several generations).

A) Schematic allelic clines for three loci: a locus under selection, a neutral locus that is
unlinked to it (or loosely linked), and a neutral locus thatghtly linked to it. Over time, a
sharp cline is maintained for a selected locus (red line), but disappears for an unlinked
neutral locus (black line). Due to physical linkage, clines in neutral loci linked to a selected
locus (green line) will take lorgto disappear, because it takes longer for recombination to
break any associations between selected and neutral alleles.

B) Schematic of the level of nucleotide divergence across the genome, between two
populations flankinga hypothesised hybrid zone. The scheme is simildfigurel.l The
divergence between the populationsstarts high across the entire genomeg)(Tbut
progressively become®wer around neutrallod (T, and T) due to mixing of alleles as
explained in A)

C)Similar to B), but in this case the populations start off as having a highly heterogeneous
pattern of divergence, where some islands of divergence are due to the fixation of
FEGSNYFGAGS KILX 2081384 GKIG R2 y24f HyRRESH
indicated with an *;Turner and Hahn 201® h @SNJ GAYS (G(KS&aS daAYyOARS
disappear due to gene flow, if they do not harbour loci that contritiotéhe reproductive
isolationbetweenthe populations; the island containing a locus endlivergent selection,
however, remains.

The sharpness of a cline reflects the outcome of two opposing forces: dispersal and

selection. Stronger selection leads to sharper clines, whereas higher dispersal
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widens the clineg¢Barton & Gale 1993lines nght be observed across many loci,
particularly if they are involved in controlling the same trait that is under selection
in the hybrid zone. Although selection promotes the maintenance of such
coincident clinesgene flowand recombination in the hybridane counteract this

by breaking any fit allelic combinations that might occur in the parental populations
(Barton & Gale 1993)herefore, the coupling of eadapted variation depends on a
balance between selection (which strengthens it) @ase flowand recombination
(which act against it)n some cases, recombination might be intrinsically reduced,
for example, if the ceadapted loci are physically linked or lie in a chromosomal
rearrangement that impairs meiotic recombination. However, this is notagév
required, andfit allelic combinations betweemnlinked loci can be kept at high
frequencies(i.e. occur in linkage disequilibriuragross the hybrid zone if selection

is strong enougliBarton & Hewitt 1985)

Hybrid zonesan also be useds anatural resource to map loci responsible ftre
traits that differentiate the parental populations that hybridizéBuerkle & Lexer
2008; Crawford & Nielsen 2013)ssuming that the hybrid zone is old enough,
hybrid individuals will carry G Y 2 gehoméwith interspersed portionsrom
either parental population Thisallows the detection ofmolecularmarkers that are
significantlyassociated with certain trait states. For example, this method was used
to map QTL associated with leaf morphology in hybridiBiqmulusspecieqLindtke

et al. 2013) and successfully pinpointegreviously knownloci that control wing

colour and morphologin Heliconiusutterflies (Nadeauet al.2014)
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In conclusion, the study of reproductive barridfgat reduce gene flonbetween
hybridizing populationsgains from several approacheBirst, it is necessary to
identify the geneticbasisof reproductivebarriers how many loci and howlo they
interact with each othe? Second, we need tacharacterie the patterns of
divergence acrosshe genome is divergenceheterogeneous forming discrete
divergenced A a f A Fh&lly bystudying genetic clines in hybrid zonese may
answer: doeselection maintain coincident clines across multiple loci that establish
a reproductivebarrier, ordoesrecombination break fit allelic associationRarely,
though, are all thesaspectdooked atin parallel toprovidea unifiedpicture of the
nature of reproductive isolation in natural populatian&ntirrhinum majusmay
prove to be an ideal model to bmg this gap, since hybrid zones are formed
between polymorphic subspecies and ample genetic and emerging genomic tools

are available in this system.

1.5 Study system: an Antirrhinum hybrid zone

The genusAntirrhinum includes 20to 27 Europeanspeciesand/or subspecies
depending on the taxonomic convention consider@trgaset al. 2009; Wilson &
Hudson 2011)These species are found mostly in the Mediterranean region, occupy
diverse habitats and have an extensive variability in traits such as the shape and
size of leaves and flowers as well as flower col@ahwinnet al. 2006; Fenget al.

2009; Wilson & Husbn 2011)

Despite the phenotypic diversity in this genésitirrhinumspecies are intefertile,
suggesting they have recently diverged from a common ancestdrso no post
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pollination reproductive barriers have evolved in this genus fact, extensive
hybridizationis thought to be a part of the divergence historyAxditirrhinum due
to non-resolvable species phylogeniesing both plastid and nuclear markers

(Vargaset al. 2009; Wilson & Hudson 2011)

Antirrhinumflowers have a characteristmorphologythat is relatedto their insect
mediated pollination. The flowershave bilateral symmetry, with the corolla
consisting of two dorsal petals, two lateral petals and one ventral pétigjufe
1.3A). The petals can anatomically be separated in two p@iigure1.3B). at the
base of the flowerthe five petals are fused to form a tube, whereas distally they
form lobes(the two dorsal petals form the uppdobes whereas the lateral and
ventral petals fom the lower lobes). The reproductive organs are enséa within
the corolla, making them accessible only by physicalbving apartthe lobes,
which ae shut in a sprindike manner. Pollination is carried out by large insect
pollinators, in particular large bee specigsg. Bombusspp. andXylocopaspp.),
which enter the flower to access thmllen and thenectar that accumulates in the

lower part of the corolla tubéWhitney & Glover 2007; Vargasal. 2010)

Although Antirrhinum flowers are hermaphroditic (having both male and female
reproductive organs), wild Antirrhinum species have a physiological self
incompatibility system that impedes sdé#rtilization (Xueet al. 1996) Therefore,

they are outcrossing species that depend on their pollinators to move pollen
between individuals (although Beertilization can occasionally be achieved in the
glasshouse; Lucy Copsey, pers. comm.). In this context, floral features such as

flower colour patterning are thought to be an important trait for pollinator
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attraction in this genugGlover & Martin 1998Shanget al. 2011; Whitneyet al.

2013)

Dorsal Dorsal Upper lobes

Lateral ~= ‘ Lateral
¥, 1

Ventral Lower lobes

Figurel.3 - Anatomical features of the Antirrhinum corolla.

A) A front view of the flower indicating its five petals.

B) A side view of the flower distinguishing between the tube and lobe regions of théspeta
Colours were addeuh.

This work focuses on the study of two subspecieamtfrrhinum majughat inhabit

the Pyrenees regiomrA. m. pseudomajuand A. m. striatum(Figure1.4A). The two
subspecies are very similar to each other in most vistbdés, with the only
conspicuous difference being their flower colodigure 1.4B-C). However, other
unaccounted cryptic trait differences might exist between the two (e.g. floral scent;

Suchet et al. 2010)

The genetics of flower colour have been exdeely studied since the earliest days

2T 3ISySGAOa o6SPId aSyRStQa aiGgdzRASa 2y
tractability of this trait: the loci involved are largely Mendelian and the phenotype
easy to visually characterize. Flower colour Amtirrhinum is determined by
flavonoid pigments: the yellow colour is due to aurones and the magputple

colour is due to anthocyanin&eissmaret al. 1954) The biosynthetic pathway of
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these pigments has been well characterized, and many of the gemek/ed have
been cloned(WinketShirley 2001) This includes genes encoding enzymes in the
anthocyanin pathway as well as regulatory genes controlling tf@oattrocchioet

al. 1999; Schwinn 1999; Schwiehal.2006; Shangt al.2011; Yuaret al.2013)
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Figurel.4 ¢ Populations ofA. majussubspecies and theiflower colour phenotypes.

A) Distribution of A. m. pseudomaju@nagenta circles) anA. m. striatum(yellow circles)
populations in the Pyrenees region.

B)AnA. m. striatumindividual growingn its natural habitat.

C)AnA. m. pseudomajusidividual growing in its natural habitat.

D) Piecharts showing the frequency ok. m. pseudomajugmagenta),A. m. striatum
(yellow) and hybrid (orange) flower colour phenotypes acr@ds/brid zone between the
two subspecies. The size of the jiearts is proportional to the number of samples in that
location. Grey lines mark the main roads along whidh majusgrows. Two villages
neighbouring the hybrid zone are also indicated.

E) Photographs of flowers from individuals from the hybrid zone shown in panel D.
Examples include atriatum-like phenotype (top left), gpseudomajusdike phenotype
(bottom right) as well as several hybrid phenotypes (all others). The magenta pigment can
be fully spread (right),restricted within the lobes (middle) or mostly absent (left).
Combined with this,he yellow pigment cafbe spread(top) or restricted (bottom)in the
flower lobes.
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In the A. m. pseudomajuand A. m. striatumsubspecies, &ingle locusnamed
SULBPREA(SULF; is thought to belargely responsible for theyellow difference
between the two(Whibleyet al. 2006) A. m. pseudomajusarries a dominanSULF
allele that restricts yellow pigmentation to a region where the lateral and ventral
petals meet, whereaéd\. m. striatumcarries a recessivsulf allele that allows the
pigment to spread across the entire petal lobekhe difference in magenta
anthocyanin jgmentation ismostly determined by two tightliinked loci, named
ROSEA (RP&nd ELUTAEL (hereon referred to alROSEL. The two subspecies
carry different alleles in each of these loci, which results in spread magenta
pigmentation in A. m. pseudomagiand hardly visible pigmentation . m.

striatum (the full genetic details dROSand ELwill be considered in chaptet).

From thethree locithat establish the major difference in colour betweén m.
pseudomajusand A. m. striatum only ROShas been clonedit includes a tandem
duplication of twomyeloblastosigMYB-like transcription factors nameROSknd
ROSZSchwinnet al. 2006) These genes have two repeats of the conserié&B
DNAbinding domain, thus belonging to thR2R3aMYB family of transcription

factors, one of the largest in plan{Strackeet al.2001)

For the most part,A. m. pseudomajusnd A. m. striatumoccur in isolated
LJ2 Lddzf F GA2yasx odzi 4 G0KS SR3ISa 2F SI OK
of contact wherethey form hybrid zone$§Whibleyet al. 2006) One of these hybrid
zones, on which this work focuses on, haharp cline for flower colour across two
road transects approximatelZkm long Figure1.4D). On the Eastern side of the
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hybrid zone there aremainly magentelowered individuals A. m. pseudomajys

andon the Western sideyellow-flowered individualsA. m. striatum) predominate.

In the hybrid zone centre, a diverse array of flower colour phenotypes is found

(Figurel.4E), resulting from the seggation of alleles from the two subspecies in

GKS YI 22N f20A NBalLRyaiofS TBMWRIRGS & dzo & LISOA S
EL. The sharp phenotypic transitiomcross this zonsuggests thaflower colouris

under selection,since hybrid phenotypeshave not significantlyintrogressed to

either parental population.Supporting this view ishe fact that, along with the

phenotypic cline there is a correlatedallelic cline for the ROS1gene while

presumably neutral lodnave no significant clinescros the hybrid zongWhibley

et al.2006)

Because flower colour is a genetically tractable trait and several mutant lines are
available inA. majus this is an ideal system to genetically dissect a trait that
reducesgene flowbetween hybridizing populationg hispresent work focuses on

the linked ROSELloci that control the magenta pigment dintirrhinum flowers
AlthoughROShas already been characterized at a molecular level (andRB&1
genestudied in the hybrid zonejhe linkedELlocus remains to belentified. These

loci are interesting because they genetically interact to produce the magenta
phenotype of the flowersproviding an opportunity tanvestigatehow the A. m.
pseudomajusaind A. m. striatumallelic combin&ions are maintained despitgene

flow in the hybrid zone. | will consider the impact of selection gede flowon the

observed genomic pattern of divergence betwe&n m. pseudomajuand A. m.
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striatum in the ROSELregion (chapter3). This approach isombined with genetic

and molecularexperiments that allowd the fine-mapping of individual loci
controlling different aspect®f the flower colour phenotype (chapter and 5).
Finally, I will consider the phenotypic consequences of recombination between the
mapped loci in thepseudomajusx striatum hybrid zone(chapter6). | will discuss

the main findings by considering how theffects of selection, gene flow and
recombination shape the genomic divergence patterns between tightiked loci

that, together, contribute to a reproductive barrier between hybridizing

populations ¢hapter7).
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2 Materials and Methods

2.1 Plant Material from wild populations

In the field, he following dta were obtained from wildA. majusplants: aglobal
positioning system (GPS$pordinate; a flower colour scorea photograph of a
representativeopen flower; and leaf material (for DNA extraction). Each individual
was tagged with a unique code that castsi of a letter specific for each year of
samping (in this work M for years 201€013), followed by a foudigit number
(unigue to each individual)The collection occurred between the months of May

July (occasionally extending to Augu$by individuals with open flowers only.

Each sampkindividuald coordinates were collectedsing a GPS devicérimble

with a mean accuracgf ~1m.

The magenta and yellow colour of flowers was scored according to Whibley (2004)

(magenta score detailed in chaptéy.

One flower from each individual was photographed against a black background,
using a digital camera (Nikon Coolpix 995 or Olympus XA8e photographs
were used for later confirmation of flower scordsght conditionsnvolved a mix of
indoor natural light and the use of incandescératiogen light bulbs illuminating

the flowers. These conditions were not standardized across the diffegears of
sampling and thereforeharacteristics of the colour such as hue, brightness and
saturation were variable between photographs. For this reason, these photographs
were used only to qualitatively confirm certain phenotgpscoreswith regards to

the presence/absence of pigment in certain regions of the flowers
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Leaf material was collected from each individual, usually consisting of 4 young
leaves(about 1cm long) and 2 older leaves (about 2cm long). In some,dasss
than this amount of materiawas collected due to a less vigorous vegetative
condition of some individualsFresh leaves were stored in individual glassine
envelope lags, which were placed within a plastic bag containing silica gel (Fisher
Scientific) for drying the leaf tissue. i$hallowed longerm storage ofdry leaf

material forlater DNA extraction in the lab.

The sampling transect consisted of two main roads that extend f6kr& This
included the central region of the hybrid zone as well as its flartkigure 1.4D).
Becaus the sampling season extead for several weeks, tB transect was
surveyed several timesper season ensuring that the majority of flowering

individualswassampled this amounts t0~2000-3000 sampleger year

2.2 Plant material from glasshouse experiments

2.2.1 Nomenclature for individuals grown in the glasshouse

Plants grown in the glasshouse are named with a letter that sequentially changes
between sowing seasonghgre are generally two sowing seasons per year,
approximately betweerOCTAPR and ARBEP), follwed by a number unique to
each family.A family is consideredo be the progenyof a self pollination ora
particular crossaand isusuallyderived froma single capsulén Antirrhinumflower

gives a single capsule wittb6-200 seeds)Each individual witin a family has a
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unique number, shown after a hyphen. For example Y2®7efers to individual

number 9 from family number 207 sown in the autumn of 2010 (letter Y).

Some family numbers are reserved to particular stock lines, which have been kept
at the John Innes Centre for several yedrsthis case, the stock name or number is
used. For example, in this work | will often refer to stock lihé and the mutant

line rosed®* (detailed in chapter). These linesare highly introgressed and will

therefore be assumedb be homozygoudor all loci inthe genome.

2.2.2 Growth conditions and crosses

Plants were grownn the John Inne<LCentre glasshouses under conditions that
varied slightly depending on the sowing season. During the autumn/winter months
(OctMar) plants were kept under artificial light conditions of dailycles of light
and dark of 8h and 16h, respectively During the sprinkgummer months (AptSep)
plants were kept at ambient temperature and lighgither within the glasshouse
(for smaller numbers of plants or for plants to be crossedpuatside onbenches
open to natural weather conditionffor sowing large numbers of plate.g. the

recombinant screens detailed in chap®#

Crosses were always performed indoors, by emasculating flower buds at an early
stage of development, before thantherswere mature. Two to three days after
emasculation, when the flower had openeddathe pistil matured, pllen from a
donor parent was then deposited on the stigma of the emasculated flodveross

was considered successful if a swollen capsule startefdrta, which would then

46



be left to fully matureon the plant, until it was about © open.Collected seds were

stored in glassine envelopes until needed

2.3 DNA extraction methods

Several methods were used for DNA extraction, depending on how many samples
had to be processed and the quality of extraction required. For long term sprag
higher quality DNA was required (using a sloward/or costly method of
extraction) On the other hand DNA samples only needed faa few genotyping
reactions (e.g. for genotyping segregating families or to aid in setting up cjosses
were extracted withfaster and/or cheaper extraction methods that yielded poorer

quality DNA.

2.3.1 Large scale, high quality DNA extraction

For extraction of large numbers of samples for which fjghlity DNA was required
(e.g. for hybrid zone samples), tHeNeasy 96 Plant K{QIAGEN) was used.
Extractions were done by Richard Goraino provides a DNA extraction service at
the John Innes CentréJsually, 2 young leaves (frozen orcsHilried; ~100 mg of
fresh weight) were used per sampland the DNA extractedfollowing the
may dzF I O dzZNB NIDhe DNANRages@pehdedin 20Qul of AE buffer

(QIAGEN)

All of the samples from the hybrid zone were extracted using this method. The

amount and state of this leaf materiaere highly variable (due to the vabée
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condition ofthe individuals in the fieldand so thefinal DNAconcentrationvaried

between~5 - 40 ng/pl.

2.3.2 Small scale, high quality DNA extraction

For extraction of lower numbers of samples with high quality DNA,Dheasy
Plant Mini Kit (QIAGEN) was used, following thé |l y dzFf I Ol dzNB NI &
Depending on the amount of starting material (betweef foungleaves), lhe final

DNA wasgesuspendedn 50 or 100ul of AE buffer (QIAGEN).

2.3.3 Large scale, low quality DNA extraction

For extraction of lower quality DNA from a large num{imindreds)of samplesan
in-house method adapted from Green (2007) was used This method allows
processing two batches of 96 samples in each extraction, by using racks of 96
1.2ml Collection Microtibes (QIAGEN) and standard-@&ll PCR plates (200

volume).

Each othe 96 collection microtubes (QIAGEN) in a raels loadedvith one young
leaf (~1cm longper sample A 3mmtungsten carbide bea@QIAGENyvas added to
each tube,lids were added to séathe tubes and the tissue disrupted in a
TissueLyse(QIAGEN)machine by using a 30 second shaking step G2 After
disruption, beads were removed byemoving the lids andnverting the tubes,
taking care that most of the plant tissue remained attachedhe tube walls. 200l

of extraction buffer[L0OOmM Tris (pH 8.0); 1.4M NaCl; 20mM EDTA (pH 8.0); 2%
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(w/v) CTABJvas added to each tube in the radealed andhen shaken vigorously

by hand The tube rack wamcubatedfor 20-30 minutes at 5%Cin a laboratory
oven, and shaker2-3 times during this period.After incubation, samples were
centrifugedfor 1 minute at 4000rpm in a Sigma 4K15 centrifuge (with a 4 plate
rotor) to remove samples from the walls of the tube. P0@f chlorophorm was
addel to each tube, and samples mixed thoroughly. Samples were centrifuged for 5
minutes at 4000rpm ima Sigma 4K1Zentrifuge. 12Ql of the supernatant was
transferred to a 96vell PCR plateto which 8Qul of isopropanolhad been
previouslyadded Samples wer mixed bypipetting. The PCR plateas sealed and
centrifuged for 1615 minutes at 400rpm in a Sigma 4K15 centrifug@fter this

step awhite DNA pelletwas visible). The sipernatant was discarded by carefully
inverting the PCR platdhe DNA pellets werwashed by adding 1800f 70%(v/v)
ethanol to each well, which was then discarded by carefully inverting the plate.
Samples were left to air dry for several minutes, until the DNA pellet became
transparent. DNA was ressuspended inubUE buffer[10mM Tris-HCI (pH8.0);

1mM EDTA(pH8.03ind stored at20°Cuntil use.

2.3.4 Small scale, low quality DNA extraction
For extraction of lower quality DNA from a small number (dozens) of samples, an in

house methodollowing Green(2007)was used

One young leaf (~1crfong) per sample was placed &1.5ml Eppendorf tube
Tissue was disrupted manually by using a micropestle (chilled in liquid nitrogen if

the leaf material was frozen) 0@ul of extraction buffe{100mM Tris (pH 8.0); 1.4M
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NaCl; 20mM EDTA (pH 8.0); g&v) CTABJvas added to each tuband vortexed
vigorously.The tube was incubated at 85for 25-30 minutes,and shaken B times
during this periodSamples were left to cool for2 minutes. D0ul of chlorophorm
was added and the tube vortexed vigorousBhe sample was centrifuged for 5
minutes at12000pm in amicrocentrifuge 30Qul of supernatant was transferred to
a new tube 200ul of isopropanol addedand mixed by inverting the tube several
times. The ample was centrifuged for 10 minutes at 12000rpramicrocentrifuge
(after this step a white DNA pellgtasvisible) and the sipernatant discardedThe
DNA pellet vas washed by adding00ul of 70% (v/v) ethanol, which was then
discarded by carefully inverting thiebe. Samples were left to air dry fseveral
minutes, until the DNA pellet became transparent. DNA was ressuspendeqllin 50

TE buffe{10mM TrisHCI (pH8.0); 1mM EDTA(pH8 @)} stored at20°Cuntil use.

2.3.5 CTABDNA extraction from pooled leaf tissue from the hybrid zone

A CTABased method of DNA extraction was used for medsired extractions of
leaf tissue from pools of plants sampled from the hybrid zone (chapterhese
extractions were made by Desmond Brad(€&pen Lab, JICJhe leaf material used

in these extrations wascollected from 50 or 52 randomly chosen plants located at
different distances from the hybrid zone centrelalf of the leaves from each
individual were kept separate (for individual DNA extractions) and the other half
was pooled together (for agmled DNA extraction). The leaf samplesre silica

dried, both from individuals and poals
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The pooledleaf material was ground with a mortar and pestle (because the
material was dried, grinding was done at room temperaturg)/mg of tissue
powder was aded to a 15ml corning tube containirignl of DNA extraction buffer
[L00mM Sodium diethyldithiocarbamate; 10mM EDTA (pH 8.0); 3x(&R6M
sodium chloride 45mM trisodium citratg] and 1.25ml 10%(w/v) SDS. After
thoroughlymixing, 4ml chloroform was added the tube and mixed. The tube was
left for 10min, with occasional mixing. The sample was centrifuged for 10min at
3000rpm in a Sorvall RC3C centrifuge. The aqueous phase was transferred to a new
15ml corning tube and 3.2ml of phenol addddhe sample waleft for 10min (with
occasional mixing), and then 3.2ml of chloroform was added and left again for 5Smin
(with occasional mixing). The sample was centrifuged for 10min at 3000rpm in a
Sorvall RC3C centrifuge and the aqueous phase (~6ml) transferredeganal&mi
corning tube. The tube was filled to the top mark with 100% ethanol (~9ml) and
mixed until a DNA precipitate was formed. The DNA was pelleted by centrifugation
for 5min at 3000rpm in a Sorvall RC3C centrifuge. The supernatant was discarded
and the DNA pelletmixed with 1ml TE buffer[LOmM TrisHCI (pH8.0); 1mM
EDTA(pH8.0)and 5ul RNase A (1mg/ml). The tube was left overnight %€ %
dissolve the DNAand then reprecipitated by adding 120 5M NaCl and 1ml of
CTAB buffer [0.5M TrisHCI (pH 7.5); 10mM EDTA (pH 8.0); 20mg/ml
Cetyltrimethylammonium bromiddCTAB. After this step a precipitate fored,
which was washed with 1ml of 70%&/v) ethanol and 30%v/v) 0.5M NaCl. The
tube was left in the ethanol/NaCl solution for dWwith occasional mixing. The DNA

precipitate was transferred to an Eppendorf tube and left to air thgfore
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ressuspensioin 100150ul of TE buffelby leaving overnight at room temperature

The DNA was stored at@until use.

2.4 RNAmaterial

The plant tissue usedfor RNA extractionin this work, consisted offlower buds
varying between 80mm long Figure2.1). During collection, a flower bud was cut
from the plant, the sepals, stamens and pistil were removed with tweezers, and the
corolla placed in a 2nEppendorf tube, which was immediately placed on dry ice.
These manipulations were as quick as possible, to avoid RNA degradation. After

collection, the material was stored e80°Cuntil extraction.

1cm
p—
® &

Figure2.1 - Size series of corollas from a@mtirrhinum flower.
For RNA extraction, corolla tissue from flower bues0snm long (boxed) asused.

For RNA extraction, the corolla tissue from a single bud was placed in a 2ml
Eppendorf tubepre-chilled in dry icewhich contained a 3mmtungsten carixde
bead (QIAGEN)The tube was placed in &issueLyser Eppendorf tube adapter

(QIAGEN), whiclhad been pre-chilled in dry ice to ensurdghat the samples

52



remained frozen until the first step of RNA extractidime tissue was disrupted in a

TissueLyseiQIAGEN) machine by using two 30 second shaking stepd-t 25

The pulverized corolla tissue was used for RNA extracisimgthe RNeasy Plant
Mini Kit (QIAGEN)followingthe Y | Y dzF | (ptotmbalRthebptional steps abn-

column DNase digestionere performedas instructed) The RNA wa®suspended
in 5Qul of RNasdree water and1lul wasrun on a 1%w/v) agarose gel to confirm

RNA integrity. Samples were stored-8@°Cuntil use.

2.5 Genotyping

Several methods for genotypingdividualswere used in this workin some cases,
individuals were genotyped by usisingle nucleotide polymorphismSKPsfrom
whole-transcriptome (RNAseq) data (secti@r/.2.9. All other methodsused are
based onthe polymerase chain reactiofPCRmethod. Theprimers used in these
genotyping assays were all linked to tROSELgenomic regior(Figure2.2). A list
of primers for each markeris given inTable 2.1, where the column named

GDSy20@LIAYy3 aSiK2R¢ O2NNBaLRAREseGor. SI OK
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Figure2.2 ¢ Location of markers used in thROSELregion.
The triangles correspond to the markeénsTable2.1and areplotted in relation totheir position within theROScaffold. The coding sequenof key genes

is indicated\vertical lines are exons and horizontal lines are introns)

Table2.1 ¢ Primers for polymorphic markers used for genotyping mapping populations anatural populations.
The pimersareordered bytheir location inthe ROScaffold.Primer numbersefer to the Coen Lab oligo database. Primer orientation is given in relation to
the ROSscaffold In cases where the marker targets a particl 8NP, its position is indicateMarkers inthe genesROS1RG2 ROS3and E-MYBare

indicated.The marker numbers from this table are used throughout the thesis.

Marker  Genotyping .Prime.r p Q_' LIN. focal Gen Primer Sequenced @ 0
number Method orientation position SNP number
1 MULTIPLEX F 316853 #1635 TTGGCCCAACTAAGATGATAAG
R 317232 #1552 CTTACGAAACAAATCGGCTCAT
2 MULTIPLEX F 342846 #1547 TTGGTGGGCCTAACTTTTCTTA
R 343237 #1636 TCAACAATTCTCACCCCCTGTT




(Table2.1 continued)

3 MULTIPLEX F 466813 #1634 TTCTCGTCACTTTACAACACTGAAC
R 467222 #1569 GAAACATGGGGACTTCAACAAT
4 KASP F 528885 528910 #1480 AGGTTTCTGAAGCGCCAGGTTC
R 528931 #1481 GAAGGTGACCAAGTTCATGCTAATGCGACAACAACGT
R 528931 #1482 GAAGGTCGGAGTCAACGGATTAATGCGACAACAACGT|
5 PCR F 541186 ROS1 #1257 GGCTCCACCCTATGATGTATGT
R 541644 promoter #1258 GAGTACCCCTTGAGCGAAACTT
6 KASP F 541834 542000 ROS1 #1483 TGGCATCAAGTTCCACACAGAGCAG
R 542020 intronl #1911 GAAGGTGACCAAGTTCATGCTCAACATTGACGTACGG
R 542020 #1912 GAAGGTCGGAGTCAACGGATTCAACATTGACGTACGG
7 MULTIPLEX F 543023 ROS1 #2525 ACTATCCGAGTTGAACAATCTGGCCA
R 543395 intron2 #1181 AGTTTCAACAAGACGGGAGCTA
8 CAPS F 542992 543323 ROS1 #1182 CAATGTGCATGTCCTTCCTAAA
R 543503 intron2 #1247 ATGGACCCCGCTAAACACTTA
9 SANGER F 543581 ROS1 #1754 TGTCCGGTAAGAAAGAAAAGGA
R 544170 exon3 #1755 TCTCATTGTCTAACGGTTGCA
10 SANGER F 566650 ROS2 #1750 GCCTAAATCCTTAGGAAATTGC
R 567213 exon3 #1751 GGCTTAAACAATCCGTTGTGA
11 CAPS F 566775 566852 ROS2 #1259 TTGGAATACTCATGTGGGGAAG
R 567136 exon3 #1260 ATTCAGACATTTTTCCGGTTTG
12 KASP F 566979 567004 ROS2 #2298 AGATTATGAGAAGCAAAAG
R 567023 exon3 #2296 GAAGGTGACCAAGTTCATGCTGTTGAGGCCACATTATI]
R 567023 #2297 GAAGGTCGGAGTCAACGGATTGTTGAGGCCACATTAT
13 KASP F 575590 575623 ROS3 #1557 GGATGGATTATCAAAATTCTAC
R 575644 intron2 #1555 GAAGGTGACCAAGTTCATGCTCTACAAAAGATTATGT(C
R 575644 #1556 GAAGGTCGGAGTCAACGGATTCTACAAAAGATTATGT(
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(Table2.1 continued)

14 PCR F 616606 #194 GGAGAGGAAGGGGTTGTTGG
R 618300 #246 AGAGTTGTGGGATTGGAGTAA
15 SANGER F 626228 #1440 AAATTAAACTAAAAACGCGAGGAT
R 626401 #1439 TCAATATCTTTCCTACTCACGTCCT
16 MULTIPLEX F 637333 #1637 ACGTCGAATTTGTTGAAGACCT
R 637553 #1605 TGCAACATAACTAAATTCCCACTC
17 SANGER F 650759 #1594 AGAAGTTTGTACCCGGAAATGA
R 651324 #1595 GTTTTGGCTTTCTTTGAAGCAC
18 SANGER F 651551 #1596 AGGATCTTGTCCCGAATGGT
R 652136 #1597 AGTAGCCAAAACCTGCACAAAT
19 KASP F 652993 653015 #2302 GAAGGTGACCAAGTTCATGCTAAATTAAGCTGTACATT
F 652993 #2303 GAAGGTCGGAGTCAACGGATTAAATTAAGCTGTACATI
R 653040 #2304 TTCAGCAGTTTAAGGGAG
20 PCR F 653629 #1598 CCCTGTGACCTTGTCTTCTTTT
R 654198 #1599 GAAGTCCTTTGTTTTGCTGAGA
21 SANGER F 654805 655252 #2192 CTGGTGTTCAAGGAGTTGGTT
R 655699 #2193 AGCAAGCAGTATCGCATCATT
22 SANGER F 667783 668233 #2178 CATCAAAGTGGGGAAGAAGGT
R 668683 #2179 TAAGAAAAATGGGGCAAACAG
23 SANGER F 674804 675235 #2180 TCTGTGTGCAGGCAAGAAACT
R 675666 #2181 GCAGCAGTAAGAAGGAACCAA
24 SANGER F 678075 678655 #2148 TAACAAGGGCCAAAAAGAGGT
R 679234 #2149 GGTGCCAACAACTTAAAACGA
25 SANGER F 680007 680529 #2150 AATCGTATCTGGTGCTGATGG
R 681051 #2151 CGCTGATCCAAGCTGATAAAG
26 RNAseq - - 688352 - -
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(Table2.1 continued)

27 RNAseq - - 688550 - -
28 RNAseq - - 688746 - -
29 SANGER F 699584 #1535 ATTCAGATCCAAGCATGAAAGC
R 700542 #1536 GTGCATCACAACTCACAATGAA
30 PCR F 712107 ELMYB #1888 AAACGTGAAGTAATTCTAGCTGCA
R 715005 exon3 #1607 CGAATGGATGATGAAGTGAAGA
31 PCR F 713692 ELMYB #1886 AAACTCGATCCACCTTGGTATT
R 715005 egog?’ © 41607 CGAATGGATGATGAAGTGAAGA
|
32  MULTIPLEX  F 715097 ELMYB #1640 ATGAAGAAAAAGCTTAGGTGAACT
R 715266 intron2 #1646 GGGATGGTGTGCTACCTTTT
33 KASP F 716969 717045 ELMYB #1615 CATTGTCATGACTCGTTCAACA
R 717066 promoter #1872 GAAGGTGACCAAGTTCATGCTGAATATATTTAAAGTGA
R 717066 #1873 GAAGGTCGGAGTCAACGGATTGAATATATTTGAAGTGA
34 PCR F 716969 ELMYB #1615 CATTGTCATGACTCGTTCAACA
R 717779 promoter #1616 TTAAACTGAAAGGCAGGCAATC
35 SANGER F 735046 #2440 CAGACGTTTTAGGTTCCACCA
R 736154 #2441 GGTGTTCATCCACATTGCTCT
36 SANGER F 774993 #2438 ACTCGGAAGATGAGGGAAAAA
R 776141 #2439 ATCAAGTCGTTGTCGTCGTTC
37 PCR F 857452 #1511 AGTCCCCGAAATGTAAGTTGTG
R 858371 #1512 CCGAGTCTTTCTAGCCACGTAT
38 MULTIPLEX  F 864557 #1639 CAGATTGGTTCTTACACCGTCA
R 864794 #1531 GAAGTGGAATTTTGTGGAGGAG
39 SANGER F 864282 #1513 GTTCGGTTTCTCGAATGGATAC
R 865281 #1514 AGATGACAAAGGTGGCAAATCT
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2.5.1 Genotyping method: PCR
A standard PCR reaction was used for genotyping indel polymorphisms that were

distinguishable by running the PCR products-2%d(w/v) agarose gels.

The PCR reaction was prepared usiny ! D JdgDNA Polymeraseas follows:

Reagent 20pl final volume

Water 10.9ul
10x PCR Buffer 2ul
ImMdNTPs 2ul
5uM forward primer 2ul
5uM reverseprimer 2ul
Taq polymerase (5 units/ul 0.2l
DNA* 1yl

* A constant volume of DNA was added, independently
2F GKS alYLX SQa O2yOSyidN}GAZ2Y

PCR reactions were performed in a thermocycler using the following program:

Temperature| Step duration| Number of cycles
94°C 5 min 1
94°C 30 sec
55°C* 30 sec 35
72°C 1 min/ kb
72°C 5 min 1

* Usually an annealing temperature of°&83vas used
but it could vary between 560°Cin some cases

After the reaction,2ul of 6X DNA Loading Dyeas added to 1Qul of the PCR
product, which wasanalysed by agarosgel electrophoresis. Generally, a 1%%/v)
agarose gel was used, except for markers 5 8ddn Table2.1, where a higher

percentage of 2% was used to resolve fragméseeFigure6.3).



2.5.2 Genotyping method: KASP
KASR technology is a PGlBased genotyping methd that uses fluorescent dyes to
discriminate between ballelic SNP (details of the method can be found at

http://www.lgcgenomics.com/genotyping/kaspenotypingreagents/

how-doeskaspwork/; accessed March 2014)

For this study,tlie assay requires theéesign ofthree primers: two primers specific
for each SNP allele and a primer that is common for both alleles. Theaidfc
primersg SNB3 RSaA3Iy SR &dzOK (dérmplementkdthe targeNA
SNP(while the rest of the primer sequence wadentical between those two
primers). A tail was added to each of these primeasi KS p @mpSséRdt a
sequencecomplementary to the dy€ontainingFRET cassetén the KASRaster

Mix (LGC)Thecommon primer was designed no further than 300bp away from the
SNPspecificprimers.A primer mix was made by mixing the three primarsa final
concentration of 1AM for each ofthe SNPspecific primers and 3M for the

common primer.

The genotypingle QG A 2y 61 & LINBLI NBR I OO0O2NRAY 3

Reactions were performed either in 26ell or 384well white-coloured PCR plates.
For 96well plates the final volume of reaction was l0whereas for 384vell

plates the final volume wasg.kh
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The PCR assay was preparefbdews:

Reagent 10pl final volume | 5pl final volume
Water 4l 2ul
KASP Master Mix 5ul 2.5ul
Primer Mix 0.14ul 0.07ul
DNA 1yl 1yl

Because the method relies on a Pl@ed reaction, it is relatively robust to

variable DNA concentrations. Thereforepllof DNA (extracted as in sectigh3)

was always used, regardless of variable concentrati@taeen samples.

The PCR reaction was performed in a regular thermocycler usindotlosving

program
Temperature Duration Number cycles
94°C 15 minutes 1
94°C 20 seconds
Touchdown over 657°C 60 seconds 10
(dropping 0.8C per cycle)
94°C 20 seconds
30-40
57°C 60 seconds

The number of cycles in thestasteps of the PCR reaction varied between 30 and
40, depending on the intensity of the fluorescence signal aftereaction (this can

vary between primers). If the signal was not strong enough after 30 cycles, the

program would be resumefbr 10 additional cycles40 cyclesn total).
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Figure2.3 - Examples of KASP genotyping result.

The figures show anapshotF N2 Y (G KS a! ffStAO0 SBARANIFXAY I (A
Manager 3.0 softwareTKS a2Fdgt NB L)X 24a awStlGA@S Cf d:
fluorescent dye, in this case FAMaxis) and HEX-gxis), which are the dyes used in the

KASP assay. Samples are expected to form three clusters, corresponding to two
homozygous genotypes (bluewsgres and orange circles) and one heterozygous genotype

(green triangles). A reliable genotyping is based onfthmation of tightclusters of points

in the plot

A) Example of 96 samples genotyped with a marker inRRESyene (harkerno. 6in Table

2.1). Three clear clusters are visible in this assay.

B) Example of 96 samples genotyped with a marker inE#YBgene (markemno. 33in

Table 2.1). In this case, some samples are not clearly clustering as homozygous or
heterozygous and thus are marked a d dzy { y2 6y ¢ 3ISy2ieLIS o6NBR ONR

After the PCR reaction, the fluorescence for each well was read in &l RealPCR

0§ KSNY2 08 Of CAX96vas usetiviokr $&CSIE f LI | G S BightCytler w2 OK ¢
480was used for 384vell plates). The fluorescence waesad for FAM and HEX dyes

and sample genotypes were determinedzi Ay 3 Sl OK Yl OKAYySQa
GOYRLIAY(H DSy2i(eéL Yy JlbghtCyde? 48Gdtwaie (veizsioB R 2 Y
MPpdnOT GKS a! ftStAO 544 GNRY CHX Managel ¢ G 2

software (version 2.1).
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The fluorescent values for the FAM and HEX dyes from each sample were plotted

F3FAYEL

SI OK 20G§KSNJ

position on this plot (explained iRigure2.3).

YR S OK

2.5.3 Genotyping method: Sanger sequencing

The Sanger DNA sequencing method was used to genotype SNPs and small indels

al YLX SQa

from regions amplified by PCR (using the protocol in seiérl). The amplified

regions were between 500bplkb.

The sequencing PCR reaction was preparaaguthe BigDye Terminator v3.1 Cycle

Sequencing KftLife Technologies), as follows:

The sequencing PCR reaction was performed in a thermocycler using the following

program:

Reagent 10ul final volume
Water 5ul
Ready Reaction Premix 2ul
BigDye sequencing buffg 1pl
5uM primer 1yl
PCR produét 1l

* The product from a PCR reaction weed directly
without any purification step

Temperature| Step duration| Number of cycles
96°C 30 sec
55°C 30 sec 25
60°C 1 min 30 sec
60°C 10 min 1
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The PCR product wasS1lj dzZSY OSR dza-NPBH Ol KBy ¢a NES IR@&zSy OA
provided byTGAGNorwich)or Eurofins MWG Operon (Germanylentification of
SNP and small indel polymorphisms was made using Mugation Surveyor

software (demo versiod.0).

2.5.4 Genotyping method: multiplex PCR

A multiplex PCR was ustmlcombinesevenmarkersin a singlegenotypingreaction
(markers 1, 2, 3, 7, 16, 32 and 38Tiable2.1). These markers were analysed by
capillary electrophoresis, which allowed the separationrafjinents differing by as
little as 3bp in sized{e to indels omicrosatellites). The seven combined markers
were distinguished from each other based on the fragment size range produced by
each. Alsopne of the primersirom each markewas labelled witha fluorescent

dye (6FAM, VIC or NEDyhich further allowed the distinction between markers

producing fragments in a similar siz@ngeas they had different dye colours

First, aprimer mix was prepared containing all 14 primédgrom each markent a

final concentration ouM each
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The PCR reaction was prepared using the KAPA2G Fast Multiplex PCR Kit (KAPPA
Biosystems) or thQIAGEN Multiplex PCR QAGEN). In both cases, the reaction

was prepared as follows:

Reagent 20ul final volume
Water 7ul
2xMaster Mix 100l
(QIAGEN or KAPA2
10x Primer mix
2ul

(each primer at gM)

DNA* 1yl

* A constant volume of DNA was added,
AYRSLISYRSyGte 2F (GKS al YLX SQ& O2yOSy{dNI GA

The PCR reaction was performed in a thermocycler using the follgriggam:

Temperature| Step duration| Number of cycles
95°C 3 min 1
95°C 15 sec
60°C 1 min 28
72°C 45 sec
60°C 30 min 1

After the reaction,lul of the PCR product wasiixed with 1Qul Hi-Di Formamide
(Applied Biosystems and 0.Ju GeneSca®00 ROX size standard (Applied
Biosystems). This wasalysed by fluorescentapillary electrophoresisby Richard
Goram who provides such a genotyping service at the John Innes Centre.

Genotypes were scored using tEneMarkesoftware (demo vesion 2.6.0).
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2.5.5 Genotyping method: CAPS

Cleaved Amplified Polymorphic Sequences (CARHers allow the distinction of a
SNP by differences in restriction fragment sizes from a PCR amplicon of a target
region (Konieczny & Ausubel 1993n this work two CAPSmarkers were used
(markers 8 and 11 imable 2.1). In each casea standard PCReaction was

performed as detailed in sectidh5.1

The PCR product was then used in a restrictiogestion reaction, prepared as

follows:

Reagent 10ul final volume
Water 2.8ul
10x Buffer* 1l
Restriction enzyme** 0.2ul
PCR product 6ul

* The restriction buffer used depended on the restriction enzyme.
** For marker 8 Spel (Roche); for marker 11 Msel (Roche)

The samples were incubated in a water bath Zorat 37C. After incubation, fl of
6x DNA loading dye was added to each reaction product, which was analysed by

electrophoresis in a 2%v/v) agarose gel.

2.6 ROSIBAC clone

A bacterial artificial chromosome (BAC) clone consisting of ~200kh. ofiajus
genomic sequece and containing th&kROSlgene was sequenced (usitigumina
technology) to aid in the assembly of the genomic sequence surrounding this gene

(detailed in chapter3). This BAC was part of a librgpoyovided by Zsuzsanna
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SchwarzSommer(Causieet al. 2010)and screened with a probe for tHiROSDhene
by Xianzhong FengCoen Lab, JICThe BAC vector wgdndigeBACS and the

frozen stock number for th&. coliOf 2y S Aa a/ 2Sy 3f &8 OSNER

2.6.1 Bacteria growth conditions

A sterile toothpick was used tdab the top of thefrozen glycerol stock and the
bacteria spread over an LB agar plate witu@ml chloramphenicol. Bacteria were
left to grow overnight at 37C. A single colony was picked from the plate and
inoculated in a culture of 10ml liquid LB mediuwith 251g/ml chloramphenicol.
This culture was grown overnight at ®7with vigorous shaking. This culture was

used for DNA extraction of the BAC plasmid.

2.6.2 BAC DNA extraction
Cells from the liquid culture were harvested in a 2ml Eppendorf tube, by
centrifuging 30s at 12000rpm in microcentrifuge This step was repeated three

times, such that 6ml of the cell culture were used in total.

DNA was extracted using thi@lAprep Spin Miniprep K{QIAGEN) with a modified

| Hon ¢

protocol. The initial steps of extractioh2 f f 29 SR GKS (1A0Qa LINRPG2O02¢f

was resuspended in 250buffer P1, followed by the addition of 2aDbuffer P2
and mixed; 35Ql buffer N3 was added and mixed immediately; the tube was
centrifuged for 10 min at 12000rpm in microcentrifuge After this step, the

LINR 1202t y2 t2y3aSNI F2f{ft26SR GUKS (AGQa
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to a new tube and 0.6 volumes isopropanol added and mixed by gently inverting
the tube several times. The DNA was pelleted by centrifugation for 10amin
12000rpm in amicrocentrifuge The supernatant was discarded and the pellet
washed by adding 1.5ml 708&/v) ethanol and leaving to rest for 15 min. The liquid
was poured off and 0.5ml 70%v/v) ethanol addedto wash brieflyand then
discarded. The DNpellet was brought to the bottom of the tube by centrifugation
for 1 min at 12000rpm in anicrocentrifuge Any excess liquid was removed with a
pipette and the DNA pellet left to air dry until transparent. The DNA was
resuspendedin 3Qul TE buffer[10mM Tris-HCI (pH8.0); 1mM EDTA(pHS.ajid

stored at-20°Cuntil use.

2.6.3 BAC sequencing and assembly

The BAC DNA was sequenced orlllamina platform by producing 100bp paired

end reads. The sequencing library was prepared by the sequencing service team at
TGAC (Norwich), followindlluminaQ gprotocol for PaireeEnd DNA sample
preparation. The sequencing reads were filtered based on qualitgedailed in
section2.7.2.1and assembled intahree contigs (60kb, 25kb and 7.5kb londpy

Annabel WhibleyCoen Lab, JIC)

The assembly was performed using two software tools in parallel: Velvet 1.2.03
(Zerbino & Birney 2008nd AByS$3.3.7 (Simpsoret al. 2009) In bothcasesthe

2L A2y-meFlentié a gl a aSad 2 popd ¢KS (g2 | aas
manual alignment and a consensus assembly produne@eneious(Biomatters

Limited)
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One of these contigs was used to bridge a gap betwéeeetsaffolds in theA.

majus reference sequencevérsion 1.). TheassembledBACcontig and the three

reference genome scaffolds were manually aligned and merged into a consensus

sequence using BioEdit (versiah2.5. This consensus scaffol®R@QSscaffold)
replaced the following scaffolds in th&. majusreference genome (version 1.0):

scaffold117, scaffold678 arnci8923637.

2.7 High-throughput s equencing techniques

Highthroughput sequencing was used throughout this work for the sequencing of a

BAC plasmig@ontaining theROSIgene (sectior2.6), wholegenome sequencing of
pooled DNA from wildA. majuspopulations ¢hapter 3) and wholetranscriptome
sequencing of RNA extracted frdiower buds (chapteb). In all cases, sequencing

was performed on afllumina HiSeq250@nachine at TGAC (Norwich).

Table2.2 ¢ Summarystatisticsof A. majusreference genome
Version 1.0o0f the genome wasised inthisworki b pné A& RSFTFAYSR | a
scaffolds of that length or longer add up at least half tb&ak of the lengths of all scaffolds.
Total gaffold size| 500Mb
N50 scaffold size| 585952bp
Scaffold number 87,577

> 100 bp 85,573
> 2 kb 2,510
GC content 35.2%

The reference genome usdd map the lllumina sequencedata was of an inbred
line of A. majus (JI7 stock line). This genomis currently beingassembledand

annotatedr 4 . DL oO0. SA2AYy 3 [ KAYlFO & LI NI
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not yet publicly available (it was made available to thAatirrhinum research
community by Yongbiao ¥\ Tte genome versiorused in this workwersion1.0)
consists oB7,577scaffolds of varying sizd4ble2.2) that have been grouped into
8 linkage groups (corresponding to the Ahtirrhinum chromosomes) using a
mapping population of 48 recombinant irdd lines derived from ai. majusx A.
charidemicross produced in the Coen lab (NorwidRdr this thesis,hte reference
genome was used as is, except for scaffolds linked taR®&Igene, which were

modified as explained in secti¢h6.3

2.7.1 Preparation of material

DNA and RNA were extracted as detailed in sectto®2 2.3.5and2.6.2

The sequencing libraas were constructed by theservice provided at TGAC
(Norwich) which involved the quality control of the DNA/RNA samples, and the
construction andquality control of the sequencing libraries (following the relevant

llluminalibrary preparation protocols for each case).

DNA was sequenced using 100bp paiesdl reads. mRNA was sequenced using

50bp singleend reads.

2.7.2 Bioinformatics analysis

All programns were run with default options, unless indicated otherwise.
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2.7.2.1 Read quality filtering
Readsn FASTQ formawere filteredbased on their quality (as determined by the
standard lllumina quality phred score in Sanger format), biging the software

fastg-mcf (Aronesty 2011, available attp://code.google.com/p/eautils; accessed

March 2014) Reads weretrimmed after a position with ajuality score bedw 20

gl & T2 dzy R 208 2Mitéd tingmihg, only reads with a minimum length of 30

bpo 2 LIG-A3YDH VR YA YAYdzY YSIy | dzF f-Auaknead O2 NB

HNéO oSREB RESKWAGK | YOATdz2 dzA 0 | -dnSns08.6 NB

At a481jdSyOay3a O8Ot 86 umESdafer Nifping dbtisrSvas 6 2 LIG A 2 v

GdzZNYy SR 2 FF 6 achaSraddfid SiRmaiy, e fblléwing non-default

command lineoptionswere used

-130 -kO0O -g20 -- qual -mean20 -- max-nsO0n/a

2.7.2.2 mRNAsequencing pipeline
This pipeline was used for analysing the sequenced mRNA samples detailed in
chapter 5. There were 11 saples, each deriving from RNA extracted from the

corolla ofA. majusflower buds as detailed in sectidh4.

The filtered FASTQ rea(®0 bp single endfom each sample were mapped to the
A. majusreference genome (version 1.0) with the modifi@DSscafbld (see

section 2.6) using the softwaretophat v. 2.0.4 (Trapnell et al. 2009) During

FEAIAYYSYGsS YIFLILAYI &ASSRA 6 SNBEb2Abf vz &S R yR2

GKS FAYlFIEf NBIR FfAIYyYSyda oSNBE I fR2oBER
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Thenmt EAYdzY AYGUNRBY &A1l S 6l do mSin év2d oy 1aodzYe

following non-default options were used:

-N4 -130000 --b2-N1

This tool outputs a file irbamformat (11 files, one for each sample).

The mapped reads were assembled into transcripts by usinguffenkstool from

the cufflinksv. 2.1.1software (Robertset al. 2011) The option to correct for reads
YIELILAY3I G2 Ydzf GALI S f 2 @rEDA 2WaR 4AllNG yiEad2NA S K
wasnhormalized by the upper quartile of the number of fragments mapping to each
3SySs (G2 Ft@2AR O0AlasSa RdzS (2 dzydhaédd ©f & &
LYGNRY &AT S gFa 1SLI G2L o nYAlnEnAé Yod®thelL2yF &odmY

following non-default optionswere used
-130000 -u -N

Because a transcript assembly was obtained for each of the 11 samples separately,
these assemblies were combined into a single file usingtifienergetool from the

cufflinks package, using default options. Thisopided a consensus transcript
assembly gtf T2 NX I G0 GKIFG o6& dzaSR F2NJ OF t Odz |

value in the next step of the pipeline.

Normalized expression valueRFKNI detailed in sectiorb.1) were calculated for
each transcript usinght cuffdiff tool in the cufflinkspackage. The following nen
default options(detailed above forcufflink§ were used:-N -u. This tool outputs

several files, but for this workonly i KS 2 y' S geyids.ipl@Rtradking ¢ | &
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used. This file containsormalized expression valu¢RPKM for each assembled

gene.

The output fromcuffdiff was analysed in the statistical packagéversion 3.0.1) to

perform the analysis discussed in chaper

2.7.2.3 Whole-genome sequencing pipeline
This pipeline was used for analysing the samples detailed in chapidrere were 6
samples, each consisting of a DNA pool frono552 individuals collected frorthe

pseudomajus striatum hybrid zone

The filteredFASTQeads (100 bp paireeend) from each samplevere mappedto

the A. majusreference genome (version 1.0) with the modifiB®DSscaffold (see
section2.6) using the softwarstampy v.1.0.20(Lunter & Goodson 2011Because
the sequenced samples were expected to have some divergenegaiion to the
reference, the expected divergence option was Bigher thanthe default, to 5%
(option &-substitutionrate=0.08 .UThis tool outputs a file insamformat (6 files,

one for each sample).

After mapping, read duplicates were removdbm each .sam file using the
MarkDuplicates tool included in the Picard v. 1.107 software

(http://picard.sourceforge.net accessed March 2014An indexed BAM file.lfai)

was created in this step using ha following nondefault option:
CREATE_INDEX=true . The ouput consisted ofbam and .bai files for each of the 6

samples.
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For estimatinga measure ofwithin-LJ2 LJdzt | (i A 2 y th&kdofgwarblpagkage o0 - 0

popoolation(Kofleret al. 2011a)was used.

First, each of the 6samfiles was converted tgileup format usingsamtools v.

0.1.18 (Li et al. 2009) The minimum mapping quality score for a read to be
O2YyaARSNBR ¢ & -ja Siln ¢02ZT  HI/K SO 2YLAYM2YydzYa |j dzl £ A (
0S O2YyaARSNBR ¢ lva nanSdo To 20 KuS1 NIAHORIOMRGYLJIOK & |
62LIiBZEY & YR Fy2YlIf2dza NFBIEéRnMunAaNEhe | S LG
following non-default options for thesamtools mpileugool were used-q20 -Q

20 -BDA This resulted in 6 files (one per sample) in gileupformat.

Second, theVarancesliding.plscript from the popoolationpackage was used to

calculate windowt S NI ISR Y STha dalolvidg crteFia were used for

each position to be considered for analysis: the depth of coverage had to be
between 10x-H 1 N E 0 2-midrcoverdge 166maxO2 GSNI IS wnnéoT |
2F H NBIFIR O2dzyia 61 a ySOSaal-MmOZHAMII HEDBT
YR GKS YAYAYdzY ol asS | dzi f Aindlj dzlof2 Ndd n &Ko R

summary, the followingptionswere usedor all sanples:

-- measure pi -- pool -size 10 0 -- fastq -type sanger -- min-count 2
-- min- coverage 10 -- max- coverage 200 -- min - covered - fraction O
-- min-qual 20 -- window - size 10000  -- step - size 5000

Some options were varialle pool -size had the value 100 (for pools composed
of 50 plants) or @4 (for the pool composed of 52 plants) window - size and
-- step -size also varied depending on the averaging window size and the step

size between each window that was desired.
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For estimating a measerof betweenpopulation divergence ks) the software

packagepopoolation2(Kofleret al. 2011b)wasused.

First, the.samfiles from each of the 6 mapped samples was converted to a single
file in the mpileupformat usingsamtools v. 0.1.18Li et al. 20M). The following

options(detailed abovejor the samtools mpileupool were used:

-q20 -Q20 -BDA

The output was a single fileombining all 6 sampleg) the mpileupformat.

Second, thenpileupfile was converted to a format required by thpwpoolation2

package, using its toohpileup2sync.jgrwith default options.

Third, the converted file was used to calculate windaveragedFst using the

popoolation2scriptfst-sliding.p] with the following optiongdetailed above)

-- min - count 2 -- min - coverage 10 -- max- coverage 200

-- min - covered - fraction O -- pool - size 104:100:100:100:100:100

As before, the options window - size and -- step -size varied depending on the

desired averaging window size and step size between each window.

For obtaining aead count of each SNP in the genome, plopoolation2scriptsnp-

frequencydiff.pl was used, with the following optior(sletailed above)

-- min-count2 -- min-coverage 10  -- max- coverage 200
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The outputs from thepopoolationand popoolation2scripts were aalysed in the

statistical packag® (version 3.0.1) to perform the analysis discussed in chepter

2.8 Fitting of clines in the hybrid zone

In Figure6.5B thehaplotypefrequency changefor markersalong thepseudomajus
x striatum hybrid zone transect were fitted with two curves: a 4arameter
sigmoidal function and a Gaussian function. In both casesd#tawere fitted to

eachmodelusing thenlsfunction in the statistical packade(version 3.0.1).

The 4-parameter sigmoidal function usedr A. m. psedomajusand A. m. striatum

ROS1 EMYBhaplotypeswas:

Where®andware the left and right asymptotesf the curve respectivelyois the
geographigosition of a sample alonghe transect;ois the centre of the cling) is
the width of the cline Except fory which is kown from the data, the other four
parameters (two asymptotes;line width and cline centre) were estimatedy the

nisfitting procedure

The Gaussian function uséat the recombinantROS1 EMYBhaplotypeswas:

n o Q

Where®is the height of the curve peakis the geographic position of a sample

along the transectis the centre of the belturve andv isrelated tothe width of
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the bell curve Except fory which is known from the data, the other three
parameters (height, centre and width of the curve) were estimadigdhe nisfitting

procedure

These model fittingsvill be improved in the future by using a maximum likelihood

approach and trying out diffent models(Barton & Gale 1993)
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3 Genomic divergence around ROSEA locus

Work by Whibley et al. (2006) revealed that tR®SIgene is divergent between
the two populations forming thgpseudomajusx striatum hybrid zone. The main
result supporting this dergence was the description of a sharp allelic cline for this
locus across the hybrid zotensect This contrasts with other linked markers that
do not show such a pattern, namely tl#CHand PALloci, classically mapped as 9
cM and 16 chMaway fromROSrespectivelyStubbe(1966)cited in Whibley(2004)].

In this chapter | explore how extensivethe divergences around theROSIgeneg
using genomavide sequence dateeveral pools of randomly sampled plants were

collected at different distances from theentre of the flower colour clineti{ree

GYF3ASydl ¢ L2t a | yTRbldadK.NEPoos ¥ confpdséd olLJ2 2 f &

50-52 plants each (i.e. equivalent to 2204 haploid genomes) and were whele
genome sequenced (method®.7). | used these data to cdculate measures of
ydzOf S2ARS RA DS NAE Fs) &crogs the gdnome. folmd b A Sy OS
narrow (< 1cM) peak of Fst precicely coincides with the colour gene ROS1
Concordant with the colour and allelic clines, this pattern was observed only in
comparisons between samples from oposite sides of the cline (i.e. magelhitav
comparisons), but not between those from the same side (i.e. magerigenta

and vyellowyellow comparisons).Other linked narrow peaks of Fst occur
downstream of tle ROSIpeak suggesting that other logh the regionmight be
under selectionThis heterogeneous profile of divergence fits with the current view
that the genomic landscape of divengce between populationsharing a recent

ancestor and/orundergdng gene¥f 2 A& O2YLI2aSR 2F aAaf

P

(LINBadzyllote O2yidFAyAy3a f20A dzy
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(presumably containing neutral variationhe peaks oFstin the ROSegion have

slightly reduced intrd.J2 LJdzf G A2y RAGSNBAOE 60X H6KAOK YA:
selective events that establistaifferent alleles in the twoA. majussubspecies

(although other alternative explanations are considered). This tnap

demonstrates how sampling genomes across a phenotypic cline can precisely

pinpoint putative loci important for reproductive barriers.

Table3.1- Summary of pooled samples used for WGS

Sequencing % Genome Mean SNP Totalno.

Distancefrom Pool

D centre® (Km) size® depthDrrgedian sequenced” (zggrs:(tz; (SlNozg)
YP4 -12.9 52 44 62 44 27.7
YP2 -1.6 50 25 73 31 19.6
YP1 -1.8 50 23 72 30 19.0
MP2 0.7 50 23 72 30 19.9
MP4 1.4 50 26 74 31 20.0

MP11 8 50 34 57 36 21.8

#Euclidian distance from the canonical centre of the hybrid zone flower colour cline. Negative and
positive distances correspond to pools on the West and East of the centre, respectively.
® Number of diploid individuals included in the pool.
¢ Sequencinglepth is given as median read count in each position of the genome. fistes non-sequenced
basesmapped to theA. majusreference genome
d Gonsidering mapping qualitk20; read qualityk20; sequencing depth (Ojetween 16200

3.1 Introduction: Measures of population diversity and divergence

Qx
Q\
>
~

¢g2 YIAY LRLWzZ I GA2y 3ISyStraoa aidlraraaaao
which is a measure afucleotidediversity within a particular population anist

which is a measure of divergence between two popolas. Thetwo statistics are

related and calculating one allows calcidat of the other. | will consider these two
measures in the context of a single nucleotide polymorphism (SNP) with only two

alleles.
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" is defined as the average number of pairwise differences between sequences in a
sample(Hedrick 2011)which isequivalent to theexpectedheterozygosity(H) in
the population For convenience | will focus onexpectedheterozygosity, which
involvesasimJ S YR AYyUdzZAGA GBS OFtOdzAg F GA2y D | 24 €
both measures of the allelic diversity in a populatidime expected éterozygosity
is calculated aghe chance of drawing two different alleles sampled from a
population, which igjiven by 1 minus the probability of drawing two equal alleles

O p 0 N
Where ) andnj are the frequencies of two allele@.g.in a SNR This measure
varies between 0 and 0.5. In one extreme, if a SNP is not polymonpthin a
population then there is no genetic variatioandO 1t On the other extreme, if
both alleles are at 50% frequenadp the population the genetic diversityis
maximized andO 1@®. Note that the observed heterozygosity in a population (i.e.
frequency of heterozygotes) ight be different from the expected heterozygosity.
Consider the following two extremes for a diploid populatiaghthere are only
heterozygous individuals, the observed heterozygosity is 1, but the expected
heterozygosity is 0.5 (because each alleletiS@®6 frequency in the population);
conversely, in a population composed of only homozygotes, but @atth of two
homozygote class at 50%, the observed heterozygosity is 0, but the expected
heterozygosity is still 0.5. Thusstimatingexpected heterozgosityis informative
about how variable a region is at the nucleotide level in a population,itig
uninformative about how each allele is coupled the individuals composing that

population.
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Measuring heterozygosityo 2 NJis "useful to detect eventsassociated with
reductions in nucleotide diversity. For example, if a population went through a
recent bottleneck, the nucleotide diversity in that population will come from the
few individuals that survived, whereas variation from other rsmviving
individuals is lost. A reduction of nucleotide diversity can also be seen around a
recently positivelyselected locus, a phemeenon known as a selective swedphis

is because, as a selected allele increases in frequency in the population, neutral
polymorphisns linked to it will also increase in frequency (genetic hitchhiking),
resulting in a highly prevalent haplotype in the population, whereas-selected
haplotypes disappear from the populatiomhe converse phenomenon might also
occur: if there is negativeelection against a deleterious mutation, variation linked
to that mutation will be removed by selection, reducing diversity in and around the
selected locusb@ackgroundselection).These signatures of selection will disappear
over time,asnew mutationsaccumulate restoring diversity in the regigalthough

this might take a long time, since the mutation rateeukaryoteds relatively low,

on the order of 10 mutations per generation per sitéynch 2010)

Whereas heterozygosity deals with the divetg found in one population, Fst
measure population divergenceby comparingthe nucleotide diversity between
two populatiors with that within each populationlt is calculated as:

o O

"Oi 0
0
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WhereO is the expected heterozygosity of the entg meta-population (i.e.,

considering both populations togetherand 'O is the average expected
heterozygosity within each populatiofi0O = ——). Fstvaries between 0 and 1,

with higher values indicating a greater divergence (higher values mean that the
variation between the populations is greater than the variation within each

population). For example, if two populations are fixed for a different allele, each of

them will have™© 1, and therefore’©O 1. This will result iIfOi 60— p.

Conversely, if both populations have the same allele frequentes 0 O

and"Oi 0 mt(more examples irFigure3.1).

Fst is thus useful to find loci that ardifferentiated between populations,
suggesting divergent selecticacting on them(although other selective or even
non-selective scenarios might also elevaéist discussed laterEven if the average
" I NRdzyR I aSt SOGSR f 20dza A& dyeenpecte RdzOSR

if one of them went through a recent selective sweep, the avefagenay still be

significantly greater than (Figure3.1).

¢KS RIFEGF LINBaSyidSR Ay OKFstimplementetliibtNe dza S Y
popoolationand popoolation2packagegKofleret al. 2011b; a) These differ from

the formulas presented above in that they are corrected for dealing with whole

genome sequence data from pooled DNA (i.e. DNA extracted from a pool of
sampled individuals). However, this technical detaioes not change the

interpretation of their values explained here.
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SNP 1 2 3 4 5
- A A A T A
g A A A T A
= T A A T A
g_ T A T T A
S T T T T A
T T T T A
~ A A T A T
g A A T A T
= T T T A T
S T T T T T
o
S T T T T T Average
T T T T T SNPs 1-5
H, 0.44 0.44 0.5 0 0 0.376
H, 044 0.44 0 0.5 0 0.376
Hy 044 0.44 0.25 0.25 0
Hr 044 0.5 0.375 0.375 0.5
Fst 0 0.11 0.33 0.33 1 0.354

Figure3.1 ¢ Example calculations of heterozygositifl and divergenceKsy).

Exampledor five bi-allelic loci (represented as SNPs) in two populations. The examples
show, from lef to right: a polymorphism occurring at equal frequencies in both populations
(SNP 1) a polymorphism occurring at different frequencies in each population, even
though each population has the same heterozygoEhP 2)a polymorphism occurring in
only ane of the populationdSNPs 3 and 4a polymorphism fixed between populations
(SNP 5)The averagé-stand heterozygosity of each population across the 5 SNPs is shown.
Statistics are calculated as explained in the text.
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3.2 Results

3.2.1 Criteria for analysis of genome sequence data

The use of highhroughput sequencing of DNA podiem natural populationss an
attractive approach for accessing the allelic variation in a populatample as it
avoics the cost of sequencing many individual samp(€sitschik& Schlotterer
2010; Kofleret al. 2011a) However, the accuracy of allele frequency estimates
pooled sampless limited bycertain characteristics of wholgenome datasets~or
this reason, it is important to define those features and see how they ftaffec

downstream analysis.

The raw genome sequencing dg&g., generated bylluminaplatforms, as in this
study) consist of several millions of short sequencesady, usually between 50
150bp long A typical analysis pipeline for this kind of data corsxé(i) filtering the
reads based on their sequence quality (quality filtering), (ii) matching each read to
their corresponding position in a reference genome (mapping) and (iii) identifying
SNPs in relation to the reference genor(see section2.7.2in methods for the
pipeline used in this wo)kThe reads are randombbtainedfrom the DNA sample
being sequencednd, due to the large sequeamutput, each particular base of
that sampleis sequencedseveral timesFor example, if a sequencing run outputs a
total of 2000 Mb and thdONA sampldeing sequenced i$00 Mb long, then each
position in thatsampleshould be sequenced, on average, @QMD0=20 times. This
concept of how many times a particular base is stped is often referred to as
WS LI K 2F 20MENS RS y Whicl Bwill RiBlycaDéFigure3.2).

Because the sequencing procedure is random, thera distribution around the
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expected mean oD (i.e. most bases of that sample will be segpuced more or less

times than the average).

Estimatingallele frequencies from pools tak@advantage ofD in nextgeneration
sequence dataThe main assumption is thator each position in the genom®,is
the size of a samplef the chromosome copigsresent in the DNA pooTherefore,
the proportion of a nucleotidein D is expected to providean estimate of its
frequencyin the poolof individuals For example, if basewas sequenced 40 times,
i.e. D= 40, and of those bases 10 were the nucleotidand the remaining 30 the
nucleotide T, then theroportion of GA is 10/40 = 0.25and that of dT¢ is 30/40 =
0.75 These should be proportional to thectual frequency of each alleledé and
GT€ in the example) in the pool of sequenced individyatsthis population it would
YSIy ( K alleleliskiHg less common ongampling biases have toe taken
into account (for example asD gets lower, the probability of missingn allele
increasey andstudies investigating thee issueslemonstrateimproved estimates
are obtainedwith (i) higher sequencing deptiD) and (ii) higher numbesr of
individualsincludedin each poolFutschik & Schlbtterer 2010; Ferredti al. 2013;
Andersonet al. 2014) D is important because as mentioned,a higher D is
equivakent to a largersampk sizeof the chromosomecopiescontained in thepool.
Higher numbers of individuals included ihe LJ2 2f STFSCHABIIOK G RAT dz
chromosomal copymore, reducing the probability that a particulaopy over-
dominates the samplédueto PCRsequencing bias)eading todistorted frequency
estimates A higher D is always desirable, but there is a trad# between the

idealized dataset and the cost of obtaining it.
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Proportion of reference covered with
reads above D threshold
P

D threshold

3 reads cover this Some positions are not
position covered with reads
D=3 D=0

Figure3.2 ¢ Schematic view okey features of whole genome datasets

The scheme represents a portion of a genome (grey bar) to which several reads (black lines)
were mapped. The sequencing depih,is the number of reads overlapping a position of

the genome. Because the sequencing procedure is ran@amyariable acrasthe genome
(shown as a histogram in pink), and some regions may even be miasgalle(box). The
proportion of the genome (or a window in the genome) which satisfies a minirBum
threshold is denoted b¥?(green lines above histogram)

As mentioned, | vl use Fst as the main measure of divergence between the
sequenced DNA pools. Becausstrequiresestimating allele frequenciegection

3.1) and these, in turnare affected by the sequencing deptb, Fstestimatesfrom
pooled datacan be noisyOneapproach toovercomethis noiseis to assume that
physically linked regions in the genome have similar patterns of diversity and
therefore statistics can be averaged over windows across the gentmesize of
those windows can be variable, in this studyill use 1&b windows. Thisreduaes

the contribution of spurious noise from each individual SNHowing the

identification of consistently hidiadivergent regions
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The approach of using windeaveraged statistics requires the introduction of
anotherimportant conceptin genomic datasetshe fraction of the window that is
sequenced(sometimes referred to asphysical coveragd. Some regions of the
genome may not be covered with reads, either by chanfend reads were
recovered overlapping a partitar base) due to differences between the
individuak being sequenced and the sequence being used as a reference (in this
studythe reference genomes froman inbred line oAntirrhinum majuswhich may
differ from A. m. pseudomajuand A. m. striatun) or due to repetitive regions in

the genome, where mapping is ambiguous (this reduces the mapping quality score
of the reads) Furthermore, a particular base may have such IPvthat it is
excludal from the analysis (usually a threshold féris defined,as dscussed
below). | will denote he proportion of bases in a windowwith a minimum
sequencing deptib asP (Figure3.2). Pis important, as it imlsorelated to the noise

in the dataset. For example, a Ki®window with P = 1%will only contain 10000 x
0.01= 100sequenced bases. If, from these, only one base is polymorphidsghe

for that window iscalculated froma single SNP, which defeats the purpose of
havng windowaveraged estimatesConsidering the importance dd and P in
estimating windowaveragel Fstfrom pooled datasets, | explored how varyipgth
parameters affects the amount of usable data and the qualitthefdata. | focus on

two of the sequenced pools (pools YP1 and MP4Table 3.1), but the results

presentedhere are similar for otheramparisons.

Firstly, | explored how manwindows from the totalacrossthe A. majusreference

genome (29387 slidingwindows of 10kb length and a step size of 5kpare left
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when setting different minimunD and Pthresholds.Increasing theéD thresholdhas
a considerablampact in the fractiorof usable windowgFigure3.3A). For example,
if D> 30xand Px1%only 40% othe total number of 10kb windowss usable and
this effect is worsened athe P threshold increasegFigure3.3A). This is possibly
related to the samples used hawg a medianD between 23 and 44 (Table3.1).
Indeed the window loss is less severe for thresholdDok 10x or evenD »x 20x
(Figure 3.3A). Therefore, the possibility osetting athreshold for D x 30x was

discarded as it eliminate®o largea proportion of the dataset.

Given these resultd considered using either a threshold ®f x (whichshould
improve allele frequency estimates) &r 2{x (which maximizes the number of
usable windows)lt isdifficult to define a canonical set of parameters that optimize
the balance between having a sufficient amount ofaland the accuracy dhe
data. For analysis of divergence, Ikk& one is mainly interested in regions of high
divergence, which are chacterised by polymorphisms where each population is
fixed for a different allele (for example, SNP %Figure3.1). Therefore it is useful to
calculate the probability of getting a fixed difference by chance. Let us assume two
alleles, A and T, at a fragncy of 0.5 in each of two samples (i.e., there is no
difference between allele frequencies within and between sampifest,= (. The
probability of obtaining a fixed difference by chance is given by the probalijity (

that in each sample only one of tladleles was sequenced, that is:

0 Ni wapa® Ni wagaYy i wapalY i warga
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Figure 3.3 - Exploring different sequencing criteria for analysis of whajenome
sequence datasetausing the empirical data from seanced DNA pools

A) Fraction of 18b genomic windows fulfilling certai® and P thresholds. The Jaxis plots
the fraction of windows in relation to the total in thA. majusreference genome. The
criteria used are: (i) every site within a window Haas indicated by the-axis; and (ii) the
window is covered to a minimumindicated by the coloured lines.

B) QuantileQuantile plots (Qé&plots) for 1&b-window-averaged Fst distributions using
sites withDx ™ Aakis) anBDx  H Aakis). dle Q@lot compares two distributions by
looking at the quantile values of each. If the distributions are sintit&r points fall on the
y=x line (black line). The three plots (i to iii) show the-@@ using different minimunP
thresholds.

C) Distributions of niber of SNPs pé for each pool. These distributions are for SNPs
with Dx  MTh&pbints above the boxplot wiskers are values above 1.5x the third quartile
of each distribution.

Plots inA) and B) are for 1&kb windows, but the same patterns are truerfékb and 5kb
windows.
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AssumingD = 10xthis is our sample sizejyen the probability olsamplingust one
of the alleles and migsg the other is 0.5°. Therefore, the above equation

becomes:
™® ® ® T™® X

The effect of false fixed polymorphisms is further ameliorated when using window
averaged statistics. For example, if there are two SNPs in a window, the probability
that both of them are fixed by chance 19 for three SNP40"® etc... These
probabilities are already quite low, and increasirig = 20xsimply reducesthem

further (doubling the exponent of each probability exemplified b= 10%

To empiricallyassess if usin§ » om51 Ex produées significantly different
estimates of Fst | canpared wholegenome Fst distributions under the two
conditions.To do this comparisor,used a quantilguantile plot (Q@®plot), which

is a graphical method for comparing distributions against each other. If two
distributions are exactly the same, theiugntiles match perfectly and this is seen
on a QQ®plot as pointslying alongon the y = xline. TheFstdistributions withD
10x and D x 20x are oveall well correlated, even when the window coverage is
ignored, that isP>»0%(Figure3.3Bi). Howeverin the upper tail of the distribution,
usingD x 10xresults ina lower estimate ofFstcompared withD »20x (see points
not overlayingy = x line in Figure3.3Bi). This discrepancy tisduced whenP »10%
and virtually disappears whelR»20% Indeed, the strength of theFstcorrelation
between5 x amdb E x iner@akes as more sites are included in the windows
(linear correlation ¥ = 0.61, 0.76 and 0.84 fdP x 0% P x 10% andP x 20%,

respectively).
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Considering this exploratory analysis, | settled the following criteria for the
remainder of mywindow-basedanalysisD »10xfor eachsite and P»20%for each
window. These criteria allow the inclusion 0f61% of all 1@b windows in the
genome 79,807 windows of size Kb, sliding across the genome kb steps).For
individual SNRnalysis(rather than window averageshe higher threshold o6 X

20xwas used

For D x Mtheke are, on average30-44 SNPsKb (Table 3.1; Figure 3.30).
Therefore, a 1kb window with P = 20%the minimum threshold)will have Xb of
sequenced bases andn average 60-88 SNPsIn fact, most windows are likely to
have moreSNPghan this, since most of them hawx20%(the medianwindow P
is 63%. Finally, sinceseveral poolsvere sequenceddivergence patterngan be
further confirmed bylooking atseveralFstpairwise comparisons between theras

shown in the next section.

3.2.2 Divergence around ROS locus

To explore the divergence across tR®©Jocus | used the genomeide data to
computewindow-averagedrstas implemented in th@opoolation2packaggKofler
et al. 2011b)and using the criteria defined in the previous sect(5 > amdRk
209 (section2.7in methods) | identified three scaffolds the A. majusreference
genomecontaining the ROSIgene andsome ofits known flanking sequence. To
close the gaps between tise scaffolds,a previously identified BAC clone
containingRO& wasfully sequenced and assembled into three con{ggction2.6

in methody. | used this assembly to bridge the gaps between the genome scaffolds
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and constructed a consensus assembly which now consists of a single scaffold
~927kb long, containindROS1n position~541kb. For the remaining of this chapter
| will focus my attentioron this scaffoldy I 'Y SRRSO | F FuhithRsdogated in

Linkage Group @.G6)

| firstly compared two pools fromoppositesides of the flower colour cline (YP1 and
MP4;Table3.1). One pool is located 1.8kaway from the centre of the hybrid zone
towards theA. m.striatum side (the yellow pool, YP1) and the other pool is located
1.4km towards theA. m. pseudomajuside (the magenta pool, MP4). These two
pools are close to the hybrid zone centre, but on the edges of the allelic cline
defined byROS1 Therefore, they represent two samples where the divergence
linked to ROS1can be investigatedThe extent of divergence arounBOS1lis
evidentin the variation ofFstalongLG6(Figure3.4A). Fstalong thslinkage group is
variable, but theROSscaffold containsclear outlierwindows, reaching a value of
Fst =0.43(this is the maximum value across the whole gendrmaéveen these two
samples Figure3.4B). The scaffolds containing the genB4CHand PALshow aFst
signal that is comparable to the genomade average (blue and cyan arrows in
Figure 3.4A), agreeing with previousvork that showed these genes doot to

exhibitan alleliccline across the hybrid zor(@hibleyet al.2006)

In more detail ROSIperfectly co-localizes with a main peak &t (pink arrow in
Figure3.40). This result strongly suggests that thastpeak is not due to random
processes (e.g. sampling bias, or incomplete mixing of neutral variation across the
hybrid zone cline), but rather dueotdivergent selection acting on flower colour.

The profile of divergence acrossigregion is quite heterogeneousith at least two
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other prominentpeaksoccurring downstream oROSJland interspersed by near

baseline levelgarrowsin Figure3.40).

Fstis a summarised measure piicleotidedivergence which may include several

kinds of SNRS herefore,| qualitatively classéd{ bt & Ay GKNBS gl e&ay | &
occurs when each population is fixed for a different allele (e.g. SNIFi§une3.1);

I G&BEBRE { bt 200dzNE 6KSY 020K LRLIMz I A2y & F N
SNP 2 in Figure 3.1); and I & LINAX & lodtusst whehdne population is

segregating for two alleles but the other population is fixed for one of the alleles

(e.g. SNPs-8inFigure310 ® G CAESR¢ {bta LRAY(G (G2 NBIA2YA
between populations, as would be expected for loci under divergent selection.

| 2y OSNRBR St &3 &aKl NB R ¢gere lilavbetweeNpopubatioBsias K S NI 1 K NP

would be expected for neutral &, or can be due tancestrallysharedvariation

| considered a SNP to ke ¥ A i $hR allele frequency difference between the
pools wask90% I Y R & & K| NdihBréalleld fFequéniyBasx 20% in both
samples To visualize the occurree of thesetwo kinds of SNPs across tiROS
scaffold, Icoloured each class Figure3.4B. Colocalizing with theFstpeaks there

Aa +y SEOSaa 2F GFAESRéE LRfEeY2ZNLIKA&AYEA |yR |
between these regions, notonljand FAESRé {bt & 065 Fto6aSyids odz

occur at frequencies comparable to those observed elsewhere in the genome.
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Figure3.4 (previous pagey; Divergence aroundROS1locus between MP4 and YP1 pools.

A) FstacrossA. majuslinkage group 6. Map intervals (blocks where no recombination
between scaffolds is available) are indicated as two intercalated shades of grey in the x
axis. Scaffolds within each map interval are ordered randomly. The valudestarie 10kb
window averages. The scaffolds containing the ggpdk DICHand ROSZare coloured as

in the legend. The position given in thexis is the cumulative size of the scaffolds in Kb.

B) Genomewide Fstdistribution. Notice the long narrow tail ofigher values, of which the
ROSXcaffold contains the maximum for the comparison between these two pools.

C)A zoomedin view ofA), showing the variation around tHiROSTegion. The-st(line) and
allele frequency difference (points) between the two pools is shown. The points are for

individual SNPs wit8 % ; HFIAEESRE YR &Kl NBRé {bta | NB O2fz2

respectively. The horizontal dashed line is the genamde Fstmedian Arrows point to
three prominentFstpeaks (pink arrow locatdROSTyene). The position given in theaxis
corresponds to the position within th®OSscaffold. Gaps in the plot line are windows
where the coverage was below the set thresholdPcf20%.

D) Nucleotide diversity™(, averaged over 10kb windows) across thgion shown irA). ~ is
shown for both pools being compared (MR4magenta line; YPZY yellow line). The
horizontal dashed line is the median for theROSscaffold(similar in both pools)Arrows
and xaxis as irC)

To investigate if the region of high divergence was associated weittuced
nucleotide diversity L f 22 {1 SR IRDSscaffold forNa@ehdpoolli KsS
mentioned in sectiorB3.1, recently selected alleles often result inreduction of
nucleotide diversity in and around the selected locded to aselective sweer
background selection The extent of redued - RSLISYyRa 2y GKS
generations it takes foselection to remove the variability around selected |obie
quicker it is, the fewer opportunities there are for the polymorphisms around the

selected locus to recombine with other haplotygeegregating in the population

and thusthe large the region of the genome with lower nucleotide diversity.

Across the whie genome, the two poolkave similar distributions of, which are

highly correlatedto each otherd t S I N 0.96QEhis is in accordance with the
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overall lowFstseen across the genommdicating that pools are largely similtr
each other (the naleotide diversity within populations is not very different from
that between populations, making-st approach 0) In the ROSscaffold, he
correlation betweenFstand ™ reveals that windowswith higher Fst have slightly
lower nucleotide diversitythan therest of the scaffoldpink points inFigure3.5);
however, these values of are not extreme outliers in the genome, all occurring
above the 10th quantile of the genomeide distributions Figure3.5). This is also
represented in the profile of across theROSscaffoldY G KSNB A& |
coincident with theFstpeaks, but these values are nektremely lower than the

genomewide median(Figure3.4D).

Fst (yp1 vs. mp4)

00 01 02 03 04 05

00 01 02 03 04 05

1T 1T T 1T T 1 1T 1T T 1T T 1
0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06

Pi (yp1) Pi (mp4)

Figure 3.5 ¢ Correlation betweenFstand -~ for YP1 and MP4 poolacross the whole
genome.

The dashed vertical line is the 10th quantile of eacHistribution (distributions shown
above each plot). The horizontal dashed line is the 99th quantifest{flistribution shown

on the right). The pink points asdl windows in theROScaffold. Notice that windows with
high Fstin the ROSscaffoldhave generally lower, but are not extremdower outliers of

the genomewide distributions.
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To examine iflie patterns of diversity observed between these two magenta and
yellow poolsare corroborated by comparisons made withe other sampledpools

| computedFstfor all pairs of those poolsSx DNA pools wereollected across the
flower colour clingTable3.1), allowing15 pairwise combinations for whidfstwas
calculated.Because the amples are located on either side of the flower colour
cline, his provides the opportunity to see howstpatterns changedependingon

the location of each pool being compareddivide comparisons in three broad
classes: (i) between pools from the yellmide of the flower colour cline; (ii)
between pools from the magenta side of the cline; and (iii) between pools from
different sides of the cline. For simplification | will refer to these classes,

respectively, as yellowellow, magentamagenta and yellownagenta.

In all yellow-magenta comparisondike the one detailed for pools YP1 and MP4)
the ROSscaffold is a clearoutlier (Figure 3.6), with the maximum value ofst
alwaysoccurring inthe top 0.2 of genomewide Fstdistributions However this is

no longer the casé yellowyellow and magentanagenta comparison\s before,
the scaffolds containing thBALand DICHgenes are not prominent outliers in any

of the comparisons.

Other outliersof highFstcan occur along the linkage group (and alkere in the
genome not showr), butmany oftheseare notassociatedvith any particular class
of comparisors defined (e.g grey arrowin Figure 3.6). This is likely due to a
correlation betweenthe divergencebetween poolsand their geographic distance
the median and 99th quantile afachFstdistribution correlates with the distance

between each poo(Figure3.7B). For example, anlyst comparison including the
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YP4 pool (the furthest from the hybrid zone centre) has overall higsgfhighest
boxplots n Figure3.7A). This increase in the meafstfor more distant pools may
occur in two ways: an increase le$toccurring homogeneously across all loci in the
genomeand/or an increase in the number gleaksof high divergence across the
genome. The firstxplanation results in a similar dispersionkgtaround the mean

for every comparison, whereas the second explanation results in different

dispersions. Thereford, calculated a standardized measure of disperdmneach

Fst distribution (¢ Q FAH@QG1 Q0 00—+ ). This dispersion

measure alsocorrelates with geographic distanc@igure 3.7B), indicating that

distant poolshave a more heterogeneousstacross the genome

These genomavide patternsof geographic correlatiomre no longer seerfor the
ROSscaffold.Several windows in tis scaffold are outliers of each distribution, but
only for yellowmagenta comparisons and not for yellexllow or magenta
magenta ones (osses inFigure 3.7A). Consequently, the correlation of this
a Ol T FuitiR@gedgraphic distances much weaker Figure3.7B). In particular,
the coefficient of variationof Fstacross this scaffold is much greater in yeHow
magenta comparisonwith a ron-significantcorrelation with geographic distance

(Figure3.7Bright).
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Figure3.6 - Fstbetween pools sampled across the flower colour cline #r majuslinkage
group 6.

All 15 pairwise comparisons are plotted forkbdwindow-averagedrFst(poolsused in the
comparison are indicated in each plof)he horizontal dashed lines represent the median
and 99h quantile of each distribution. The scaffolds containing B@S1, PAand DICH
genes are coloured as in the legerdotice how theFstsignal in he ROS1scaffold is
prominent only in yellow vs. magenta comparisons. As a contrast, the grey arrow points to
a scaffold that behaves as an outlier independently of the type of comparison.
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Figure 3.7 ¢ Whole-genome dstribution and patterns of geograplu correlation for all
pairwise Fst comparisons.
A) Boxplot ofFstdistributions for all pairwise comparisons ordered by Euclidian geographic
distancebetweenthe pook being comparedBoxes are coloured according to the type of
comparisonCrosses areutlier windows in theROScaffold(Fstabove the99th quantile of
the respective distributiop Notice that tley mostly occur inyellow-magenta comparisons.
Crosses are randomsghiftedon the xaxis todenotetheir density.
B) Correlation betweergeographic distance and distribution measures of dispersion (left:
median; middle: 99th quantile; right: coefficient of variation). The correlation (r) and p
value (p) of a Mantel test is reported above each graph for the whole genome ¢W¢(&3
or the ROS scaffoldlone (ROS crossels The coefficient of variation is a standardized

vel-EROE Lo

measure of dispersion calculated Tat Jf éachFstdistribution,
e
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3.3 Discussion

3.3.1 Patterns of divergence linked to ROS1

ROS1s known to be genetically involved in controlling flower col@echwinret al.
2006)and has a steep allelic cline across gisudomajus striatum hybrid zone
(Whibley et al. 2006) Therefore,ROS1lis a divergent locus between the two
populations formng the hybrid zone, but the extent of divergence around this gene
was unknown. Here, | characterized the divergence patterns linrR&Eland

contrasted them with the divergence seen across the rest of the genome.

When comparing=stbetween pools from diffeent sides of the hybrid zone cline,

the pattern of divergence across the linkage group where BR@Sscaffold is

located (LG6) is variable, blROShas the highestFst value (magentayellow
comparisons irFigure3.6). This pattern fits well with the prelent metaphor of
G3aASYy2YAO AaftlyRa 2F RAOSNHSYOS¢é¢> oKSNBoe@
divergencec G K S -fa3B& puéctuated by highly divergent regions the

G A &t IFiguRAL Turder et al. 2005; Feder and Nosil 2010; Via 2012)

The windavs with the highest divergence in tHeOSscaffold (for example, those
above 99th quantile) are limited to a continuous region -B3@kb long (depending

on the pairwise comparison), which corresponds to approximateyl(cM (he

map distance is basednoF2 mapping populations detailed in chapt&r which

RS T A Y S 20kb)aTher previous estimate of divergence linkedR®S1was
based on markers 16cM and 9cM away frdROS]1 which are nordivergent
between the hybrid zone population@Nhibley et al. 2006. This new analysis
narrows down this interval substantially. It is unreasonable to compare the size of
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this island with similar scans being published on other species, because this
depends on the particular population history of each system under stivthyre

useful, perhaps, would be to compare how the size of this region compares with

other high Fst regions across the genome. Although this analysis has not been
carried out systematically across the genome, thisrat least oneegionof highFst

substariially bigger (Mb sized) than the peaks described hemeund ROS1(Louis

. 2SffX LISNERP® O2YYDPOd | a2daidSYFGAO Iyl fe@
provide information on whetelROS1falls within aLJ- NIi A Odzf I N @ y I NNZE
RAODSNBSY OBET 22N AAAFO KMRY (GKS aAxatlyRé &ATS

genome.

A more detailed analysis of th&OS1lregion reveals that theFst profile is
heterogeneous around this gen€&igure3.4B). There is one prominent peak that
co-localizes withROSInd twoother peaks downstream of it. This could be due to
noisy data Howevertwo observations suggest that this is unlikely: (i) the result is
consistent between several pairwise yellomagenta comparisons and (ii) the peaks
are not present in comparisons betweeools from the same side of the cline,
which instead have a flatter profile d¥stin the ROSscaffold. If the observed
pattern was due to noise, yellomagentaFst comparisons should have variable
peaks, but instead they consistently have the three ma@aks shown irFigure
3.4B. Also, noisy data couldreate spurious peaks in the yelleyellow and
magentamagenta comparisons, which is not the caseRatpeaks inROSare gone

in such comparisons). Another source of noise could come from the facttibat

referencegenomeis of an inbredA. majusstock, which can be different from the
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populations being studied, leading to some sequencing gaps. To avoid such biases, |
only analysed windows witR 20% in the particular region under focud =23
89% which makes it unlikely that thEstprofile is due toan insufficient number of

SNPs included in each window.

To further dissect thd-stpattern aroundROS1 looked at the types of SNPs that
occur in the regionKigure3.4B). | considered that alleles agcing at a minimum
O 2F HmE: AY 020K Lk22ta o0SAy3a O2YLI N

FffSftSa GKIFIG KI ¢

(0p))

IKSYZ ¢gKSNBlIa GK2a
O2yaARSNBR (2 06S GFAESRED / f| #tehlFtRek y3I GKS {b
pattern of distribution along the scaffold. Several shared SNPs occur in the regions

of lower Fstand these are interspersed by the peaks of higher divergence, which

aK26 YIAyfte AaFAESRE 2NJ aLINAGI GS¢ gbtad ¢KS
between the highFstpeaks suggests either gene flow that restored diversity in the

region (through recombination in the hybrid zone) or shared ancestral

polymorphisms (predating the divergence @& m. pseudomajusand A. m.

striatum).

Recently, it haseen proposed thatabsolute measures of divergencthat are
independent from withirpopulation diversity () might help distinguish between
geneflow and ancestralhghared polymorphisms(Smith & Kronforst 2013;
Cruickshank & Hahn 2014Dne of thesemeasures,dyxy (which measures the
average number of pairwise differences between sequences from two populations)
has been advocated as a way to distinguish if a region of high relative divergence

(Fs) is due to a recent selective sweep (with no role fengflow) or erosion of
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divergence through genfiow (Cruickshank & Hahn 2014Ynfortunately, this
statistics could not be used in this work, because dalculationis not yet

implementdto pooledsequencealata

A comparison with a study made Hheliconus butterflies suggests that the fine
scale multipeak Fstlinked to ROSImay not be uncommorfNadeau et al. 2012)
This study compared populations &f. melpomenewith different wing pattern
phenotypes. It showed that regions containing loci controliinigg colour patterns
have higherstthan presumably neutral regionsh@ pattern of Fstis composed of
several peaks, resembling the pattern described for fR®S1region. These
patterns may have arisen through similar evolutionary processes, particldarly
these populations oHeliconiusare also known tdwybridize in naturgBaxteret al.
2010) A limitation when interpreting thesEstpeaks $ in knowing if each of them
corresponds to an individual locus controlling the selected traits. For example, the
Fstpeaks could alternatively be due to neutral loci hitchhiking along with a single
selected locus or simply due to noisy data. In the cdddameau et al. (2012) some

of the linkedFstpeaks relate to individual loci that are genetically characterized in
both the HmYb/Skand HmD/Bregions that control wing patter(Baxteret al. 2008;
Fergusoret al. 2010; PardeDiaz & Jiggins 2014)his indcates that these regions
remain distinct between races due to selection on wing colour polymorphisms,

despite gene flow and recombination occurring in hybrid zones.
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3.3.2 Nucleotide diversity in the ROS1region

BecauseFst measures the divergence between pdations relative to the mean

diversity within each population, it might be expected that the peaks inR@S1

NBIAZ2Y KI @S NBRIZOBHR2SE Iy24SHIME @A ARVEINIE || R
example, two populations may have a similar average numberobfmmporphisms,

but contain a different set of haplotypes (exampleigure 3.1). The nucleotide

diversityY S| 8 dzZNBR Ay GKS K@oNAR T2yS alyYLXSa gt a
across the genome has a median close to zero (0.009 for YP1 and MP4) withr a lowe

fat-tail (Figure3.5). Finding a signal of reduced nucleotide diversity linkeR@51s

thus complicated since thievels2 T aré alreadyquite low across the genome.

Indeed, theROSscaffold has no outlier values correlating with highstwindows

(Figure35)d +A adzZl ffex (K2dzaAKX GKSNB asSSvya G2 oS |
pool (YP1) ctocalizing with theROS1 Fgteak (pink arrow irFigure3.4GD). This

pattern also occurs in the other yellow poola is less obvious magenta pools),

but | cannot confidently say that this is a significant result as none of the values are

extreme low outliers of the genomeide distributions.

¢tKS FIFOG GKFrdG GKS YSHy - Aa t2¢ | ONRaa UGKS
features of the genome, in pacular variability in recombination rateCutter &

Payseur 2013) Regions of lower recombination (e.g. in centromeres or

chromosomal inversions) often have lower diversity and these might span several
megabasesf sequence. The recombination rate ROS1does not seem to be

particularly suppressed (@M ~ 200 kb, detailed in Chapté), thus it could be that

GKS f26SN -~ O PBslpgaksisRnJattisigndidanit. Kndded Bindows with

higherFstin theROSLOF FF2f R | f 42 KI GrfFighre3s)2 6 SNJ - 6 LA vV |
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Other phenomena, such as an abrupt reduction of population size (e.g. bottleneck),
can also result in a decrease in nucleotide diversity, but this should affect the entire
genome equally, rather than just a particular loctiierefore, asuming that the

NB RdzO U A 2 Yy R®Fs significadPitdzyull suggest that past selective events
were involved in generating the curreRstpeaks. For example, it could be that, in
the past, positive selection for certain mutations altering flowetoar, in either

one or both subspecies @&. majus fixed alternative haplotypes in each population
(selective sweep). Alternatively, purifying selection against deleterious mutations
altering the flower colour patterns might also lead to reduced divgrdiecause
any haplotypes carrying a less fit mutation are removed from the population by
selection. Intra-population diversity alone is insufficient toistinguish between
sdective and norselective eventsbut other population genetics measures such as
linkage disequilibrium and haplotype diverstdsn be used to clarify these scenarios
(Messer & Petrov 2013Neither of these latter statisticsould be obtained from

the pooled datausedin this work but future sequencing/genotypingvork using
individuals (rather than pools) frorthe hybrid zone population as well dom
allopatric populations oA. m. pseudomajuand A. m. striatummight provide some
clues to the evolution oROShaplotypesin this speciesAlso, it will be important to
invesigate how the recombination rates across the genom@.imajusrelate with
within-population diversity and betweepopulation divergence patterns seen
across the genome, as this might halpe to interpret the significane of the

signalsA y deScribed hee around theROSocus.
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3.3.3 Genomic divergence across a hybrid zone transect

The availability of six sampled pools at different distances frompgeudomajus
striatum hybrid zone allowed comparing hawstacross the genome correlates with
the geographic gtance between pools. The medistis highly correlated with the
geographic distanceF{gure 3.7), i.e. pools of samples furthest away are more
diverged than those closest by. Most likely this reflects population structure along
the cline, implying a roldéor gene flow in eroding differences between pools. A
similar pattern was described, for example, hteliconiusbutterflies, whereby a
significant and positive correlation was observed betwéenand the geographic
distance between populations of the sanspecies oHeliconius(Nadeau et al.

2013)

Theincreased divergence with geographic distance seems to be partially due to an
increased number dFstpeaks across the genome, rather than an equal increase of
Fstacross all loci in the genome. This was evidenced by the higdtdrspersion in
more distant poolsKigure3.7B), suggesting a role for gene flaeross the hybrid
zonein eroding somd-stpeaks. For example, if a locus has a very broad cline across
the hybrid zone (e.g. broader than tHOSZline) it may be detected as &stpeak

when comparing the furthest pools (YP4 and MP11) but not the closest ones.

An obvioususe of genomic scans of divergence is identifying loci under selection
rather than thoseloci that are established by random drift processes. The
divergencegeographic correlation described here shows the difficulty of
disentangling one from the other. Some of the high divergence regions found

between distant pools may reflect the incompleteix of neutral polymorphisms
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between the sampled demes. This can generate a high number of false positive hits,
leading to incorrectly interpreFst peaks as being linked to loci under selection
(Vasemagi & Primmer 2005; Via 2Q1Phis is a general limtian of genomic scans

based on outliebasedY SGK2R&a>X aAyO0OS GaSOSNE RAAUGNNOGdz
pers. comm.). In other words, loci falling in the tails of a distribution will always be

found, since having a tail is an inherent property of disttibns. An alternative to

using the empiricalFstRA &G NR o dziA2y G2 RSGSNNXYAYS |y
RSGSNXY¥AYS | GKNBakK2fR olFaSR 2y aAiAydz | (A2
against which the empirical datare compared (Vasemagi & Primmer 2860

However, setting up these simulations often requires assumptions not applicable to

the populations being studied and the parameters needed to run them can be
difficult to estimate empirically (e.g. effective population sizes, population
structure, geneflow and migration, recombination rates along the genome,
RSY23INI LIKAO S@Sydaved ¢KAA LINRPOfSY Aa LIS
approaches, that is, when phenotypes or candidate loci are unknown, which is not
entirely the case in the present studys(d am focusing attention on-g@riori

information about ROS)L Still, genomic scans of divergence are useful first
approaches at finding candidate loci under selection and can gain great power

when complemented with other data, such as QTL or associati@ppmg

(Beaumont 2005; Via 2012)
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3.3.4 Estimating nucleotide diversity and divergence from DNA pools

¢KS YSIFada2NBa 2F ydzOf S2 i ARPusdd ingnNtEaptdi @ 6~ 0
rely on estimating allele frequencies from populations (secttol). The datasets
used in this workconsist of wholegenome sequence data from DNA pools of
several individuals sampled across the hybrid zone population. Wkemaging
allele frequencies from pooled sequence datae power to detect every allele in
the pool is dependent on the sequencing depid, leadingto potential biases
(Andersonet al. 2014) Even so, some studies suggest that sequencing a large pool
of individuals is often more accurate than sequeng a few single individuals
(Futschik &Schlotterer 2010; Ferretet al. 2013) Usually these studies point to a
minimum D =30-100%x which is above the threshold being used in my anal{Zig
10X. The reason chose such a threshold is becauseat higher thresholds the
number of usable windes tremendously decrease&igure3.3A). Resequencing
these pools is always an optiom obtain higherD, although itis a rather costly one.
Another approach is to develomarkers for a sample o8NR, genotypethe
individual plants included in the pagland compare the allele frequencies obtained
with those from the pooled sequencingata. This is, in fact, underway: | have
selected 50 SNPdn the ROSscaffold for which markers will be designednd
individual plantdrom each poolwill be genotyped the Fstfor each SNP calculated
and compard with the estimatesfrom pooled sequencing. Hopefy] these
estimates should correlate, indicating that the pooled approased hereis

reliable.

The statistic usedhere Fstand ™) were calculated as windw averages which

reduces the influence of spurious errors, as discussed for the probability of
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obtaining wrongly fixed SNPs by chan¢#/illing et al. 2012) Indeed, the
distributions ofFstusing5 % ombn Bx ware ot very different, particularlfor
windowt > (Hguie3.3B). A strong point ofthis datasetis that it comprises
several pools, whicthave beencompared in multiple pairwise comparisons that
agreed in the patterns observed arourRIOS1This suggests that sequencing of
DNA pools can ba valuable and relatively affordable approach (compared to
sequencing of individuals) to obtain diversity measures across the genome in wild

populations.

In summary, this chapter demonstes that the region linked toROS1is highly
divergent betweensamples from opposite flanks of the hybrid zogwempared to

the remainder of the genome. At a fine-scale the profile of divergence is
heterogeneousaround ROS 1with at least 3individualFstpeakscharacterised by a
KAIKSNI ydzyo SNJ 2 F sdahbir it Ruérrouhdthd régioAsdhae A 3 Y
they are mostly absentA question arisg from this analysis isvhether the
individual peaks correspond to individual loci controlling the flower colour
differences seen between the twd\ntirrhinum subspecies This question is
addressed in the next chapter by genetic and molecular mapping of loci linked to

ROS1
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4 Genetic mapping of loci linked to divergence peaks

The peaks of higlirst linked to ROS1suggest that other loci may be divergent
between A. m. pseudomapiand A. m. striatum Previous genetic experiments
suggest that a locus linked ®OS1namedELUTAEL, controls other aspects of
flower colour, making it a likely candidate. Howevé&i, has never beerfine-
mapped, thus its location relative tROS1lis unknown.Using several genetic
strategiesto generate recombinantsl show thatROSand ELare two separate loci
~0.5 cMapart Using these recombinantsparrowed the location ofELto a ~50 kb
interval, located downstream of th®&OSIlgene. This inteval precicely coincides
with one of the divergenceFét) peaksdownstream of the peak containingOS1
(described in the previous chapter), supporting that this locus is under selection in
the pseudomajusx striatum hybrid zone Finally, |1 show that withithe ROSocus
itself, there are different regiondinked to ROS1that control the intensity of
magenta pigment in the flowers. Importantly, | show how a detailed genetic
analysis improves the interpretation of divergence patterns across genomes, which
in this case precisely pinpoint thieci involved in a reproductive barrier between

hybridizing populations

4.1 Introduction: g enetics of ROSand EL

The genetic and molecular characterization ROSwas based on several lines
available in theA. majuscollecton at the John Innes Centr&igure4.1). These
Ay Of dzZRS G KS Ol yi2with @ Fulf mageatad pighenti and J¥a lines
with reduced floral pigmentation resulting from mutations in tR®©S3ocus, named
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rosed°® and rosed°°?® (Figure 4.1A-C). In therosed°*®® line, the magenta
pigment is restricted to the outer epidermis of the dorsal part of the flower lobes.
In rose&®°? the pigment occurs in a ring at the base of the corolla tube and in the

inner epidermis of the lobes.

A B C D E
JI7 F1
("wild type") roseadorsea roseaColorata ELUTA ELUTA x JI7
! v v
= A
o T
/ X

\ ,
N

Figue 4.1 ¢ Phenotypes ofAntirrhinum majuslines available at the John Innes Centre.

The front (top), side (middle) andorsal (bottom) views of the flowers is shown. Thel7

ine(AM)A & GKS Ol y2y A0l t &6 Af Msed!E(BRadroge TR (CY I ISy Gl
eachhavea differentmutant allele in theROSocus;both mutations are recessive to thB7
ROSTheELUTAIine (D) carries a semilominant allele of theELlocus, which restricts the
pigmentation in the flowers; the heterozygotel UTA ¥I7(E)has a less severe phenotype

than the homozygous line.

TheROSocus includstwo tandemly duplicatedMYBlike genesROS1(focusedon
in the previous chapterand ROS2(Schwinnet al. 2006) These genes were
identified based on theisequence sintarity to other MYBIlike transcription factors
that regulaie anthocyaning production (namel€lin maize andAN2in petunia;

PazAres et al. 1987; Quattrocchio et al. 1998nhd the fact that theywere
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differentially expressed between the differenbsealines of A. majus (Figure4.l).
In the magentaJl7line, only ROS1is expressed, suggesting it is sufficient for the
production of pigment In rosea®™*®® ROS1has very low expressioand this
correlates with a reduction of pigment Finally,rosed®°*?has a los®f-function
allele ofROSDbut it expresseROS2Taken together, the analysis of these different
A. majudines suggests thd8OShas a major role in the production of the magenta
pigment of flowers (being sufficient for the floral phenotyp&JI7), but ROSZan

also have a minor contribution to this trait (as seerrase&®°? (Schwinnet al.

2006)

\4
ROS1 N EKIORGVRKGTWTKENDL RQCIEEY GEGKWHQERAGLNRCRKSCRLRWLNYLRPNIERRSEDH
ROS2 1 l\/EKNPRGVRKGTWTKEED=CIEKYGEGKWHQ\IE’AGLNRCRKSCRLRWLNYLRPNIKR [
ROS3 M EYNPRARKGTWTKEEDILHQQUEKY GEGKWHQVPLRAGLNRCRKSCRLRWLNYLRPNIK=0H

\4

SISV ARI/ DL |VRLHKLLGNKWSLIAGRIPGRTANDVKNFWNTHVG[ENGE(S Ll<ETNI JRPRAS
SRV AW/ DL IVRLHKLLGNKWSLIAGRIPGRTANDVKNFWNTHVGWNGE!S] EKETNIIRPRAR
SIS ISR/ DL IVRLHKLLGNKYLIAGREPERTANDVKNFWN TERNEEINBREINENMRTAK NAIEEN 1 BAGR
ROS1 141 [ETORANIGEEYTE - goEIP T S=(IBEV/=alil (8WWSKLLETTEDG(S
ROS2 141  UENEREVARVHERIND il EN W« ST ESIRWWRLLETTECgELS
ROS3 141  NLSKEGEHLENSIREANKGE-------- ADQKP----- [ SSQEeRLEN RWWSKLLETTRGHRY

ROS1 210 F A— AQQ | G} A——
ROS2 210 [ eKMSI“X --------
ROS3 195 [NQCLBDDDNTINGGHYESJDDLHDVVDMDDQX

Figure4.2 ¢ Proteinalignmentof ROS1, RO%hd ROS3

The protein sequencewere translated from the predicted CDS of each gene, base8l.on
majus JI7 genome sequence. Lines above the alignment denotetti® conservedMYB
DNAbinding domains. Triangles indicate theonservedposition of thetwo introns in the
genomic sequence.

ROSBAndROSare tightly linked: the first exon d®0S2s just5.5k downstream of
the last exon ofROS1 The two genes are ity similar (77% similarity at the

protein level) with most differences in thet€minus; in theMYBdomain of the
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protein there are only 9/99 aminacid differences (91% similarityjigure4.2). By
analysing theROScaffold, | found a thirdcROSike gene, with high similarity to both
ROSJand ROS2This gene is locate@l6kb downstream oROS2and was named
ROS3 Its function in regulating flower colour is, at this point, unknown. For
nomenclature purposes, | will use a number suffix to refer to eadhese genes
individually ROS1, ROS2, RQSthereas the entire locus will be referred to as

ROS

The described lines oA. majus allow the functionality of ROSin different
phenotypesto be looked at The ROSallele conferring full magentain JI7 is
dominant over the recessiveos™ and ros® alleles (Schwinn et al. 2006)
Therefore the rosea™**®mutant can be used imomplementation tess with A. m.
pseudomajusand A. m. striatum to find if they carry a functional allele &®OS
(Figure4.3; Whibley et al. 2006)The F1progenybetweenA. m. pseudomajuand
ros’ has full magenta flower§Figure4.3-iv), suggesting that this subspeciearries
a dominantfunctional allele of ROS similar toJI7 ConverselyA. m. striatumis

unable to complerant the rosed®*®*phenotype (Figure 4.3-) suggesting that it

carries a recessivess of functiorallele inROS

A cross between the full magenta lind7 andthe subspeciesreveals the effect of
an otherwisecrypticgenetic locus. While the F1 progeaiyA. m. pseudomajus JI7
results infull magenta progeny (identical to both parent&gure4.3v) that of A. m.
striatum x JI7results in a restricted pigmentation patteriigure4.3-i). This effect
isdueto ELUTAEL, a semidominant locus thaglters thepigmentationpattern in

the flowers(Schwinnet al. 2006; Whibleyet al. 2006) This phenotype (which | will
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which becomedargelyrestrictedto the base of thelower tube and theportion of
the ventral lobe where the ventral and lateral petals fudeiqure4.1D). This locus
was initially characterized based on a lineAofmajuswith this phenotype Figure
4.1E), but later Bown to also have functionally distinct alleles in different
Antirrhinum species (Schwinn et al. 2006; Whibleyet al. 2006) The semi
dominance effect of this locus is visible in tHE.UTAline of A. majus a
heterozygousELUTAx JI7 individual has a leseestricted pigmentation than the

homozygou€LUTAndividual(compareFigure4.1DandE).

Analysis ofphenotypic segregation in F2seveals thatROSand EL segregate

together. For example, the full magenta phenotyperarely recovered in F2&rom

an ELUTA rosed®** cross;instead a 1:3 proportion of whit€&lutaphenotypes is

observed indicating genetic linkage betweeROSand EL (Baur 1911, 1912;
Schwinnet al. 2006) ROSand EL also show genetic epistasis: the effect &L
dependson which ROSallele is present in the background-or example A. m.

striatum carriesa semidominant allele oEL(Figure4.3-ii), but theElutaphenotype

is not visible in te A. m. striatumparentbecause it carries a recessive alleldR@S
(Figure4.3-i). Theefore, the genotype in each locusannot be determined based

2y Yy AYRAGARdAZ f Qad LIKSy 2 (@& L)Sroskes ®ifilS > 0 dzi

majuslines of known genotypé-igure4.3).
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rosea®rsea JI7 stock A. m. pseudomajus

| %

rosr g|@r ROS’ el ROS? el

A. m. striatum | i ii iii

R - s >
W S | W <o |8
28 T -
T . A @y -
ros® EL®
iv
JI7 stock vi
ROS’ el’ x ‘

Figure4.3 ¢ Flphenotypes ofcomplementation testsinvolving A. m pseudomajusand A.

A. m. pseudomajus

¢

ROS? eP

m. pseudomajus

The matrix shows the F1 phenotype of crosses between each subspeciesithad
rosed®® or JI7 The cross torosed°***and to JI7is informative with regards to the
genotype inROSand EL, respectivelylf a plant carries a dominant allele BOS then the

F1 xrose&°***should be pigmented. If a plant carries a dominant allelElpthen the F1 x
JI7should have a restricted pigmeriDeduced genotypes of each plant are indicated, with
uppercase indiding dominant alleles and lowercase recessive ones. The superscript in
each genotype refers to the allele carried by each individuglggeudomajussc striatum;

7 ¢ JI7 d-rosed®*®. Adapted from Whibley (2006).

AnF1lcross betweemA. m. pseudomasandA. m. striatumreveals thephenotypic
consequenceof the ROSELgenetic interactionin the context of the hybrid zone
between these subspeciedVhile the parental species have magenta amuh-
magenta phenotyps respectively, the F1 individuals haw Eluta phenotype
(Figure4.3-iii), which is widely observed in thEseudomajux striatum hybrid zone
population. This is due to F1 hybrids between the subspebieing heterozygous

for ROSas well asEL The segregtion of phenotypes iran F2 progeny from this
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crossconfirms the linkage of # two loci in these subspecies (sectidr2, Whibley

2004)

ELhas yet to be cloned, andl has so far proven difficult to map due tts tight
linkage toROS Schwinn et al. @06) did not find recombinants betwedROSand
EL whereas Whibley et al. (2006) fou2decombinantsin a testcross progeny of
1300 plants (detailed below)he latter work suggests thROSand ELare separate
loci (rather than alleles of the same logubut also demonstrates thabbtaining
recombinants require analysis of largenumbers of progeny in mapping

populations

The extent of yellow colourin the lobes of the flowers, which isonferred by
aurone pigmens, is largely controlled by a locus namedSULFWhibley 2004;
Whibleyet al. 2006) This locus has yet to be cloned, but iuidinkedto ROSEL
Because the yellow colour is not the focus of this kydrwill not considerits
contribution tothe floral phenotypein this study Howerer it should be noted that
this is an important feature that, together with the magenta pigment, distinguishes

between the two subspecies éf. majusstudied here

In this chapter] will refer tothe phenotypesof the flowersas magenta (likdl7and
A. m. pseudomajus Eluta(like Flpseudomajus striatum and JI7x striatum) and
non-magenta (likerosed®**and A. m. striatun). For the genetic analysise need
to determinehaplotypesthat is, the combination of alleles in the two adjacé&®S
and ELloci. When referringto such haplotypes | use the notatioROS Elthe
underline denoes the physical linkage between them)Dominant (or semi
dominant) and recessive alleleare written in uppercase and lowercase letters
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respectively, with a superscripteferring to the origin of the alleleExamples

relevant throughout the work areROS el’ for a JI7 haplotype ROS ef for a
pseudomajushaplotype, ros’ EL for a striatum haplotype and ros™ el® for a

rosed°"*** haplotype. To simplify the notation, sometimesomit the superscript,

but the uppercase/lowercase notation always indicates which kinalefeis being

referred to.Because thel7and pseudomajudaplotypes are genetically equivalent

to each other (botrare ROS &) | may use the superscript in the formRO3S" el

meaning the haplotype originates from either one of those lines. Finally, to indicate

0KS RALIX2AR 3ASy203eLJS 2F |y AYRA@GARdzZ f L

character.For example, a heterogious Flpseudomajus striatumis RO8elP / ros

I~

4.2 Results

4.2.1 Mapping ELfrom an F2 of A. m. pseudomajusx A. m. striatum

As a first approach to find recombinants betwe&OSand EL, | looked for
discrepancies between thdROSlgenotype and the colour phenotype in F2
progenies ofA. m. pseudomajusA. m. striatum If no recombination betweeROS
and ELoccurs, then the genotype ®0SXkhould predict the phenotype as follows:

homozygotes for thepseudomajusallele (ROS el ROSel) should be magenta;

homozygotes for thestriatum allele (ros EL/ ros EL) should be nommagenta;

heterozygotedROS el ros E) should beEluta
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4.8km from 13km from
HZ centre HZ centre

N—J1428 J1324 —

Capsules collected
from the wild
‘ 3
1
Y134-1—'—Y134-2 Y134-3 —1—Y134-4 F1

E276 E277 F2

Figured.4 ¢ Crosses to generatd. m. pseudomajug A. m. striatumF2 families.
Capsuleswere collected from wild individuals distant from the hybrid zone centre
individual J1428was 4.8km on thepseudomajusside;individual J1324was 13km on the
striatum side Thesewere sown andtwo individuals with typical phenotypes of each
subspecies(shown in photos)were selected to generate an FIarhily Y133 Four
individuals from this F1 were interossed to produce segregating F2s (families E276 and
E277).

To generate segregating F2 families between the two subspecies, individuals
originating fom the wild were used. Capsules from wildm. pseudomajuand A.

m. striatum individuals were collected and the seeds grown in the glasshouse.
Individuals with typicapseudomajusand striatum phenotypes from each capsule
were intercrossed to produce Hirogeny Figure4.4). Because wild\. majusare
selfincompatible, the FZyenerationwas produced by crossing F1 siblingbwo
families were produced, of 96 individuals each. From these 192 plants, 161 were

successfully genotyped with two markers in tiR0OSlgene which, together,

RAAUGAY IdzA aK 0 Sl ¢S Sees(makers Fiaac6 imatded. B. LIS OA Sa Q
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Non-magenta Magenta
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Figure4.5 ¢ Resultsfrom A. m. pseudomajug A. m. striatumF2.

161 individuals from two families (E276 ariER77 inFigure4.4) were scored for their
magenta phenotype. The score, adapted from Whibley (2004), varies betweds) @ibh
increasing values corresponding to increasing pigmentafitwe. barplot shows the counts
of each phenotype score, with representative photograpbisdach shown above. Notice
that individuals with score 1 are distinguishable from those with score 0.5 by a subtle
presence of pigment in the base of the tube (arrow and insétje individuals were
genotyped forROS 1with markers that distinguish thewo subspecies allele§he numbers
of each genotype are shown below the barplot for the three phenotypic classes. T
superscript refers to the origin of the allele: ¢ pseudomajus s ¢ striatum). One
exceptional genotypén redfont and boxed)vas obseved with anElutaphenotype

The magenta phenotype of these F2 plants was visually scored using a system
similar to Whibley (2004). The score varies between 0.5 and 4.5, with increasing
values corresponding to increased pigmentation in the flow&igue 4.5). These

scores can be divided into the phenotype classes defined in the previous section:
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The respective segregation of these phenotypes in the F2 progeny was 323693

which is not significantly different from the 1 : 2 : 1 ratio expected for a single

Mendelian locus (Chiquare test.?=4.0807 d.f. = 2;p =0.13. However, this ratio

is also not significantly different (and in fact is a better fit) to the sggtion

expected for two unlinked loci with an epistatic interaction between them, which is

3: 9 : 4(Griffithset al. 1993)(magenta : Eluta : nemagenta; Chsquare test:.? =

0.6232d.f. = 2;p=0.73).

To distinguish between the twoypotheses that ROSand ELare linked or unlinked

- the F2 progeny was genotyped with molecular maskerthe ROSIgene. If the
two loci are unlinked, th&OSXenotype should noalwayspredict the phenotype.
For example, to have magenta flowers an individwaild either be homozygous or
heterozygous foROSH, in a proportion of 1:2 respective(gs long as it is recessive
effel®). Contrary to this, andampatible with tight linkage, the genotyping results
revealed an almost perfect association betweRB®SI1genotype and phenotype
(Figure4.5): individuals homozygous fdhe pseudomajusallele ROSAH/ ROSH)
had magenta flowers; individuals homozygous for geatum allele (os2®/ ros1®)
had nonmagenta flowers; and heterozygous individudROGH / ros1®) had Eluta
flowers. There wasonly one exception: individuagE27795 was homozygous for the
pseudomajus ROX1lallele, but had an Eluta phenotype characteristic of a
heterozygote. This was interpreted to be the consequence of recombination
betweenROSANd EL resulting in (ROSEL haplotype heterozygous with RO8el

haplotype This being true, there was 1 recombination event in 322 meiotic
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products analysed (two from each of the 161 plants genotyped), which gives an
estimate of— p T Tt T Useparaing the two loci. This confired the tight

linkage betweerROSandEL but for finemapping the two loci a larger collection of
recombinantswas required, as well as molecular markers linkedR®S1o map

the recombination points.

The Eluta phenotype inhese families is quite variable in comparison to the
majus ELUTAIline (Figure 4.1D). For example, some individuals witHuta
phenotype have almost no visible pigment in the flowers (score 1), only being
distinguished from nosmmagenta individuals by coloration at the base of the
flower tube Figure4.5). This is possibly due to the segregation of other modifiers of

pigment in the background of these subspecies (further discussed in ct@pter

4.2.2 Fine-mapping recombination points between ROSand EL

To produce larger numbers of recombinants betwedOSand EL two main
approacheswere used,one based on genotype and one based on phenotype
(Figure4.6). Inthe first approach, | genotyped an F2 population segregaforga
striatum haplotype fos’ EL) and a JI7haplotype ROSel’), with markers linked to
ROS1 These markers distinguish between tli7 and striatum alleles. | then
identified recombination pointsand associated them with changes in the
phenotype (genotypic screening Figure4.6). The otherapproach consisted of
screening testross progeries, which allowed identification of recombinants by
phenotype and these were later genotyped to identify recombination points

(phenotypic screen ifigure4.6).
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Figure4.6 ¢ Genetic strategies to screerecombinants.

HeterozygouROXl/ros Elindividuals carrying thé. m. striatumand either theJI7or A.

m. pseudomajusaplotypes were used to produce recombinants between the two loci.
One strategy consisted of sowing an F2 that was genotyped with several markers linked to
ROSXgenotypic screen, on the left). The other strategy consisted of sowing large numbers
of test-cross progenies which were screened based on phenotype (phenotypic screen, on
the right). The testross progeny consisted of crossing the heterozygote withraed®®?
mutant, which has a double recessive haplotyges(e), therefore not contributingo the
pigmenttion of the flowers.Magenta and normagentaphenotypesare expecteddue to
segregation of the parental haplotypes, whereas Bluta phenotype is expected if a
recombination occurs betweeROSand EL.The expected genotypes in each case are
indicated below the flower pictograms with uppercase letters denoting dominant alleles
and lowercase recessive onés KS (G ¢2 KI LJ 2 (& LIS & RdcawdBinadt S LI NI G SR
haplotypes are in redln the genotypic screen,ome individuals with recombinant
haplotypes havea phenotypeindistinguishabldrom that of anon-recombinant.
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4.2.2.1 Mapping recombination points associated with  ELUTA

To finemap EL | genotyped685 JI7 x striatumF2 individuals (genotypic screen
Figure4.6) with 4 markersthat span a distance of ~38B in the ROSscaffold This
interval extends~75%b upstream and~32%b downstream ofROS1A total of 25
recombinant haplotypes were detecte@ind these weresubsequentlygenotyped
with another set of 13 markers to narrow down theecombination points.For
reference, he results from this mapping are included i full panel of
recombinants(Figure4.15A), but here Iwill focus only on key recombinants that

allowed mappindgeL

Distance, kb 74.397 96.028 62.620 15.119 149.494

Marker Number

Nr recombinations 5 6 4 0 10

Map distance, cM

(1370 meiotic products) 0.36 0.44 0.29 NA 0.73

Kb/cM 207 218 216 NA 205

Figure4.7 ¢ Map distances between markers arouriRlOS1

An F2 family segregating fatriatum and JI7 ROSEL haplotypes was genotyped with
several markers arounBOS1The map distanceM) between each markewascalculated

as the percentage of recombination events in the total number of meiotic products (2
haplotypes obtained from each of 685 individuals). The number of -pass
corresponding taone map distancewvascalculated by using the distance between markers
in the A. majusreference genomeNo recombination was observed between markers 29
and 32,and therefore calculating a map distaneeasnot applicable (NAMarker numbers
correspond toTable 2.1

Before mappingeL| checked to see if recombination is homogeneous across the

region linked toROSJ. Therefore, | determined the physical distance corresponding
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to one map distance (1 cM) for this region. | calculated the percentage of
recombination between 6 consecutive markers and divided it by their distance in

the A. majusgenome Figure4.7). Ona$ NI} 3S wmOa F HmMm|{ 0o FyR (KS
rate is fairly constant across the region, with estimates varying betweer2285

kb/cM. This suggests that recombination is not suppressed arod@fland

therefore | use an approximation of 1cM = 200kb.

To identifywhich of the recombinant haplotypes found by the genotypic screen
resulted in a recombination point betweerROS and EL (as opposed to
recombination points that do not uncouple the parent8lOSand EL alleles), |
looked for discordances between tiROSgenotype and theexpectedphenotype

of the recombinantsFor example, if an individual is homozyg&®®S1i/ ROSibut

has anElutaphenotype then it must carry a dominant allé (i.e. aROSELI/ROS

|7

el’ instead of ROS el'/ROS el’). However some recombinants may have a

phenotype similar to nonrecombnants (Figure4.6). For example, a homozygote

with a striatum haplotype (os’ EL/ ros’ EL) will be normagenta, but so will a

heterozygotewith a striatum haplotypeand a ros’el’ recombinanthaplotype (ros’

el / roS’EL). This is becaudaoth of them lack theROSallele that allows producing
pigmentand thereforeELdoes not contributeto the pigmenation pattern of these
flowers. Because of this, some recombinants were eitbelfed to poduce anF2 or
crossed torosed®*or JI7stocks (see complementation tests fiigure4.3). One
recombinant never produced flowers, so it was excluded from this analysis. | thus
determined theROSand ELgenotypesfor 24 out of25 recombinantsThe interval

containingELcould be determined byelating the recombination points that result
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in the uncouplng of the parentalROSand ELalleles(i.e. resulting irros elor ROS EL

haplotypes) and those recombination poirtteat do not (explained inFigure 4.8).

Functional
v vvy genotypes
ROS
Parental haplotypes
ros EL
—— ROS EL Recombinants defining

e E—— g o left border of EL interval
|
|
] : ROS el Recombinants defining
: Ih ros EL right border of EL interval
! |

EL interval

Figure4.8 ¢ Schematic view ofthe strategy for determiningthe interval containingEL
Thehorizontal colouredinesrepresent a portion of a chromosomavith colours denoing

the origin of the genotypestriatumin yellow;JI7in red), which is determined by diagnostic
molecular markers (triangles). The grey interval represents a portion of the chromosome of
undetermined origin (flanked by two markers with different genotyp&s$je recombinants

can be used to determine an interval caiming EL First, he genotype irROSand ELof

each recombinantis determined genetically (e.g. from complementation tesfs
Recombination pointghat uncoupk the parentalROSnd ELalleles definghe left border

of an interval containingeL. Recombindbn points that do nbchange the parentdROSnd
ELcombination define the right border of that interval.

There were9 recombination eventgesulting in uncoupled parentdROSand EL
alleles mapping them— p 11 T @ @ Dapart. This figure is higher than the
previously estimated 0.3 cM, which is likely due to thi#erent sample sizeof the
two screers (322 vs 1370 meiotic products)Uncoupling of thetwo loci always
occurred with recombination pointsnappng downstream ofRO& (Figure4.9A).
The most distanof theserecombination poins (thus closest t&l) was111.150 kb

away from ROS1(marker 2 in Figure4.9A). This marker thus defined the left
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border of an interval containingL Recombination pointsl91.498kb downstream
of RO& no longeruncoupledROSand EL(marker 35 inFigure4.9A), thus defining a
right border for theELinterval Thisanalysis of recombinants allowemapping EL

to an80 kb intervaldownstream of theROShene

Key:

|:| A. m. striatum - JI7T |:| unknown

A

ros1 RS2 goss o

H 2 =
no. 17 e

dominant Dominant
ROS’ EL®
HI s
n no. 18
dominant ~ EL ! rece?sive
! H e
ROS! \ 80kb |
B “‘l i
- TR
no. 50 ,\\(/@};
dominant Dominant
ROS’ “E" ELS
47kb
[ I I T T [ ]
300 400 500 600 700 800 900

Position (Kb)

Figure4.9 ¢ Mappingthe Elocus

Recombinanhaplotypes around th&kOSocuswere genotyped wittmolecular markersn
the ROSscaffold Haplotypes are represented Wyorizontal lines colours arered - JI7,
yellow- A. m. striatum grey- undetermined originThe genotype oROSand ELis given on
the left and right respectively. Individuals are numberedcording tothe attached file
omapping_recombinants.xléxKey markers are indicated by vertical lines anchbered as

in Table2.1. Thelocation of theROS43 genes is indicated, with vertical lines denoting
exons and horizontal lines denoting introns (notice a big introR@S2which is16.4kb
long).
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(Figure4.9 continued)

A) Recombinants obtained by the genotypic screen stratiedyigure4.6. Individualno. 17
carries a dominant allele ®ROSthus derived fromJI7and a dominant allele oEL thus
derived fromstriatum. Therefore its recombination point after marker 21 determines the
leftmost border whereELis located. Individuato. 18 also carries @nROSallele, but it still
carries the parentaél’ allele. Thereforeits recombination point at marker 35 determines
the rightmost border wherdcLis located. The two markers define an interval of 80kb.

B) Recombinant obtained by the phenotigpscreen srategy inFigure4.6. This individual

(no. 50) defines a recombination point betweeROSand ELfurther then that defined by
individualno. 17 in A). Therefore the interval containiid.is reduced to47kb.| note that
GKS F LI NSyd FtoaSyosS 27 | GaANBeE LR2NIAZ2Y 2
recombination point was between two markers separated by only 196bp (markers 27 and
28 inTable2.1).

To further narrow theELinterval, a screening strategy to find recombinants by
phenotype was used (phenotypic screening Rigure 4.6). In this experiment,

heterozygousROS le/ ros ELindividuals were crossed to the doubtecessive

rosed°***mutant (os’ el’ / ros’ el’). Thehaplotypes of the heterozygote parent

originated fromA. m. striatum(ros’EL) and from eitherJI7or A. m. pseudomajys
which are indistinguishable by phenotyd®OS" el”?). In the F1 of these test
crosses, the two haplotypes from the heterozyggarent segregate resulting in

magenta RO el”” / ros el¥) or nonmagenta (os’ EE / ros el’) progeny. These

should be the commonest phenotypes observed in the F1 plants. However, if there

is recombination between the two haplotypes in the heteroaggROSP el / ros®

EL parent, this may generate a haplotype of the tyR©3" EL. When combined
with the rosed®™® haplotype, in the F1, individuals carrying this recombinant

haplotype will be detectable as having an Eluta phenotyR©$" EL / ros el).

This is because the dominant alleleR®®$Swhich allows the production of pigment,

becomes coupled with the serdominant allele ofEL, which restricts that pigment
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(Figure4.6). The caveat of this approach is that an individual carryingother

recombinant haplotyperos’ el / ros" el) is indistinguishable from the parental

striatum haplotype that is also found in sib F1 plafiss’ EL/ ros’ el). Therefore,

recombination rates between the two loci in this experiment are underestadat
by half. However, the phenotypic screen has the advantage of allowing sampling a
higher number of meiotic events, which would be impractical by the genotyping

screening described above.

One batch of this screening was conducted between 2004 and 200®nbgbel
Whibley and Lucy Copsey248plants) and a second batch screened by me in 2012
(5011 plants). In total there wer86 individuals with an Eluta phenotype (putative
ROS Ekecombinants) and 4 individuals with a pale but homogeneous magenta
phenotype (these are discussed in sectir2.2.2. To identify recombination points
associated witlEL the 36 Eluta individuals were genotyped with markers linked to
ROS1From the 36 putativédROS Etecombinants, 10 surprisingly carried three
parental alleles at each of the genotyped marke(a striatum, arosed°***and a
JI7/pseudomajusilleles). These individuals were deemed to have a chromosomal
abnormality (discussed in sectioh2.2.3, and were thusignored for mapping

purposes Therefore, this popation produced 26 putativROS Etecombinants.

The 26 recombinants providea new estimate of the map distance betwe®&0OS
and ELof—— p mm¢ 1@ & O(the multiplication by 2is to correct for the

fact that onlyhalf of therecombinans are detected). This figure is between the two
previous estimates of 0.3 cM and 0.66 chéhe furthestrecombination pointfrom

ROSI1in these recombinantsvas 144448 kb downstreamof it. Thisreduaes the
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previously determinedmap interval from 80kb to 47kb Figure 4.9B). As this
phenotypic screen depends on recombination events betwB&»Sand EL (since
recombination points beyoné&Ldo not result in changes of phenotype), tightening

the right border of theELinterval was not possible by this method.

The puttive recombinant found in theseudomajux striatum F2 (individual E27#7
95 in Figure4.5) was genotyped with a marker within the determinéd.interval
(marker 34,Table2.1) and indeed confirmed to be a recombinant. This individual
was homozygous for hROSImarkers ROS1/ ROSH) but heterozygous for the
marker in theELinterval P/ EL), thus confirming it has 808 EL haplotype

giving itsElutaphenotype.

4.2.2.2 Mapping recombination points in ROS

Although the ROSocus has been fairly well characteriz€&thwinret al. 2006) the
existence of severa”. majusalleles conferring different phenotypege.g. JI7,
rosed°"***and rosed®°"** Figure4.1) suggests that different regions in this locus
may control diffeent aspectsof the phenotype. Therefore, the recombinants
primarily used to magELwere also investigated with regards to changes associated

with the magenta phenotype conferred IROS

i) Mapping an interval associated with  strong magenta pigment

The recombinants from the genotypic screen were used to define an interval

associated with the production of magenta pigment by tROS allele A
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recombindion point 74.720kb upstreanof ROSHefined the left borderof such an
interval. an individual tha carried a JI7 marker upstream ofROSlwas still
genetically determined to beros’ (Figure 4.10A). On the other hand,a
recombination point93.341kb downstream oROSHefined the right border of the
magenta intervalKigure4.10A). This interval includes thROShs well as thdr0S2
andROS3jenes. The recombinants from the phenotypic screen further tighten this
interval. These all carry a dominant alleleRfDSsince all of them produce pigment
(although being restricted byEL). From these recombinants, the closest
recombination point toROS1was 22.902 kb downstrearof it, narrowing the
previous interval to 100kb~igure4.10B). The recombinant individual defining this
limit had a recombination between a marker in the third exohROSland a
marker in the third exon oROS2 Therefore, it is undetermined if the other two
exons ofROS2are from pseudomajusor striatum (notice they lie on grey area in
Figure4.10B), which does not allow excluding this gene as being necessaridor t
full magenta pigment. HoweverROS3falls outside of the mapped interval,

excluding it as necessary for the magenta phenotypthe flowers
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Figure 4.10 ¢ Mapping recombination points flanking an interval associated with the
production of strongmagenta pigment.

Haplotypes are represented @s Figure4.9, with the addition thatpseudomajusierived
haplotypes are represented in magenta (to distinguish it fromXtinaplotype, in red).

A) Recombinants from the genotypic scredqfigure 4.6). Individual no. 13 has a
recombination point upstream oROSIand carries a recessive allales’, thus defining a
leftmost limit where this locus is located. Conversely, indivicv@l14 has a dominant
allele of ROS% and a recombination downstream d®OS, which defines the rightmost
position of this locusThis interval spans 170kb and includes all tHr&€2S513 genes.

B) Recombinantfrom the phenotypc screen (Figure 4.6). This individuallnumber 25)
defines a recombination poirih the third exon ofROS2hat narrows the interval defined
by individualno. 14 in A).Thisreduces thdnterval to 100kb, which excludes thROS3ene
as necessary for producing pigment.
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i) The A. m. striatum ross allele confers pale pigment ation, which is

restricted by ELs

Although the A. m. striatumros® allele is unable to complement thepsed®*?
mutation (Figure4.3), it does not carry &nockout mutation in ROS since some
pigment is still observed in the dorsal region of the petals in homozypEgiEL /

ros’ EL individuals Figure4.11). The production of magenta pigment by tide m.

striatum ros’ allele is further clarifiedn homozygousos’ el/ros’ eP individuals

there is a very weakigmentation in thee flowers that is spread over theouter
lobes of theflower, in an almost mirrocimage of the typical Eluta phenotype
(Figure 4.11). This phenotype resembles the phenotype of these&®°? line
(Figure4.1C), which has a nefunctionalROSHllele but a functional allele OS2
which is expressed insitflowers. Threfore, a hypothesis ishat the pigment
observed inA. m. striatumplantsis due to the contribution of a functiondROS2

allelein this subspecies

The difference between the phenotype conferrediog EL andros’ el haplotypes

shows that theros’ allele is not only able to produce low amounts of pigment, but it
also responds to the pigment restriction determined by the dominEifitallele.

Therefore, the normagenta phenotype of. m. striatumplants ¢os’ EE/ ros’ EL)

is not only due to a weaker, recessive, allel&@i$but also due to the effect dEL

which reduces the pigmentation in the flowers conferred by the former.

Despite the visible pigmentation in homozygous® eP/ros’ el individuals, this

recombinant haplotype was not visually detected in the phenotypic screen (except

for unusual exceptions detailed in the next section). This is likely due to the fact

132



that, in the phenotypic screen, all screened plants are heterozygothsraged®?

and thereforeros’ eP/ros™" e’ individuals might be undetectable if thes’ is not

fully dominantoverthe ros allele.

Key:
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Figure4.11 ¢ Production of pigment by theA. m. striatumros®allele.

Individuals homozygous’ ELY ros’ EE are able to produce some pigment in the dorsal
region of the lobeqtop). This is likely due to some activity of tR®OSocusfrom A. m.
striatum. In a recombinant where this allele is coupled with a recessive allelé ©bs’ el’/
ros’ el'), a vey pale pigmentation becomes apparent in the lobes of the flowbottom).
The intervalorresponding tdROSand ELare indicated (frorf-igure4.9 andFigure4.10).

iif) Production of pigment by elements tightly linked to ROS

The involvement of elements tightly linked ROSIndROS2vas elucidated by the
analysis of recombinant plantgith an unusual flower pigmentatiodetectedin the
recombinant screensTheseindividualshad flowers paler than JI7, but darker than

the pherotype of ros’ el’/ros’ el individuals described abov@ will call this

LIK Sy 2 (i @ LISguréMNLP).arkeseTrosy individuals are generally characterized
by a pale tube (with pigmentatiorstronger atits base) and a pale magenta

pigmentation in the lobef the flowers. Whereas thé&luta phenotype confers
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stronger pigmentation in the central part of the lobes, the pigmentation in the rosy
phenotype isoverallpaler on thelobes, not being stronger magenta in the centre,

like Eluta(Figure4.12).

In terms of phenotype, theos®® allele is not fully dominant over theos™" allele,

since the pigmentation of heterozygouss® eP/ros’™ el is paler than the

homozygous recombinanbs®® el/ros®® eP (Figure4.12). Howeverros® seems

to be fully recessive to thROSallele, since heterozygouss®”eP/ROSel’ have a

strongmagenta phenotypdéFigure4.12).

non-recombinant siblings Eluta recombinant no. 31

ros® EL® / ros®" el®" ROSP eP / ros®" el®" ROSP ELS / ros®" el®"

& I8 1

ros™ el / ros”™ eP ros™ el / ros®" el®r ros”™¥ el / ROS el’

¥

heterozygote x JI7

rosy recombinant no. 53

dorsea

homozygote heterozygote x rosea

Figure 4.12 ¢ Phenotypes of recombinants and nerecombinant siblingsfrom the
phenotypic screen

Photographs are shown for nenecombinants (magenta and nemagenta phenotypes), a
recombinant betweenROSand EL (Eluta phenotype) anda recombinant within theROS
locus (rosy phenotype). Notice the difference between tBRita phenotype (stronger
pigmeniation in the central part of the lobes) and the rosy phenotype (weaker
pigmentation in the lobes, not pronounced in the centrdhe phenotype of arosy
haplotype heterozygais with the rosed®*®® haplotype has the same pattern of
pigmentation as the homaggote, but less intense. This suggests thatribe™ alleleis not
fully dominant over theos™ allele. Conversely, a heterozygote with tB& haplotype is
magenta, suggestings®”is recessive tRO%
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One of thesepaler rosy individualevas found in the genotypic screen, whereas four
otherswere foundin the phenotypic screerAll 5 individuals carried @sT marker,
and had recombination points between this gene and the third exorRGS2
(Figure 4.13). This suggests thahis componen of the colouris conferred by
pseudomajusor JI7 elements downstream oROS1The interval defined for this
element is126 kb, whichincludes theROSZand ROS3jenes Figure4.13). Despite
this large map intervalthe fact that all 5 of these individualsad recombination
points between markers irROSland the third exon ofROS3uggests that the
elements contributingto the darker tinge of magenta in rodlowers are tightly
linked to ROSZotherwise, bychance rosy individuals should have been detected

with recombination points downstream of this gene).

Even though the pattern of pigmentation was similar between the rosy
recombinants, lhere was visiblevariationin the intensity of magenta pigment each

of them had. This could be due to particular differences in the exact recombination
point between each haplotype (which remains to be narrowed down with the

addition of more markers).

In summary, three main components of the magenta phenotype were mapped by
the analysis of recombinants: a 46kb interval containilg a component ofROS
associated with the strong magenta phenotype (likely involg@S}, and amther
component ofROSassociated with the production of small amounts of pigment

(likely involvingRO& or regulatory elements 0ROS) This reveals thahe ROSEL
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region includesa tight cluster of loci that, together, determine the final magenta

pigmentation of the flowers.

Key:
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Figure4.13 ¢ Mappingrecombinationpoints associated withd N2 8 & ¢ LK Sy 2 (i & LIS @
Haplotypes represented ds Figure4.9 and Figure4.10. A photograph of a flower from

individuals homozygous for each haplotype is shown, if available (individual numbers given

for reference). Individuals with pale magenta phenotype ¢ NR a4 &£ 0 KIF @S NBO2YoAYyY
points just downstream ofROS1They define the left border of an interval containing

elements that contributeto the partial production of magenta pigment in the flowers. A

recombination point downstram of RO2 no longer prodges the rosy phenotype

(recombinantno. 7 discussed iffigure4.1)s RSTAYAYy 3 F NRIKG 62NRSNI F2NJ
Although themapped interval is largehe fact that all Srosyindividuals had recombination

points nearROSXkuggest this is due to ardleanent close to this genghe partially dashed

arrow denotes this), possibly relatéd ROS2
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4.2.2.3 Characterization of tri -allelic genotypes

Some of the putative recombinants obtained from the phenotypic screen had three
allelesfor some of the markers used to map recombination points. In any given
test-cross three haplotypes aren the parents two haplotypes from the

heterozygote parentROSP el””/ rosELY) and one haplotype from theosed®s®

parent (ros’™ e’/ ros™ el?"). We usually expect thaany F1 progeny from such

crosses should have only two of tbe haplotypes. However, 10/10261 individuals
from the phenotypic screercontained three haplotypes, based dh markers

(example inFigure4.14).

03_C3794 _ros-inked M3_016 fsa

390 400 410 420 430 440 450 460 470 480 490 500 510

10,000
5,000 \
I M N S
4294 461.0] 4758
03_C368-1_ros-finked-M3_011.fsa
0 0 0 0 0 5 470 30 90 0
15,000
10,000
$,000 \
A
. AL ] (! | e
461.3 476.1
02_C3652_tos-inkedM3_013fsa
390 400 410 420 430 440 450 460 470 480 490 500 510
15,000
10,000 ﬂ
5,000 | \
0 Al AR
[4308 477.2

Figure4.14 - Example of individuals with trallelic genotypes.

A snapshot of anicrosatelliteelectropherogramis shown for two individuals with three
alleles (toptwo) and one individual with a normal diploid genotyfmttom). All individuals
are derived from ghenotypic screen foROSELrecombinants. Photos of each individual
are shown on the right (the ID of each is given for reference).
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The consistency betweethe 5 markers excluded the possibility dhe triple
haplotypes beinglue to a spurious genotypig error. However,they could be due

to contamination of the DNA samples, resulting in DNA of mixed origin. | excluded
this by repeating the DNA extraction from a single leaf angjerotyping the
individuals. The result did not change: thrémplotypes were present for all
informative markers. Thee markers span a region 6400 kb which suggests that

these individuals have three copies of at least this portion of the genome.

Three hypotheseswere consideredo explain this resultOne is that thigegionis
tandemly duplicated due, for examplé&y an unequal crossingver between the
parental haplotyes. Another hypothesis is that these individuals have saniy of

the ROShromosome due, for example, to a failure in the chromosome separation
during meiais. Finally, the region could be dupteé elsewhere in the genome
dueto a translocation of a portion of thROSchromosome to a nomomologous
chromosome. The first hypothesis (tandem duplication) can be distinguished from
the latter two (trisomy or norhomologous translocation) by looking at segregation
of markers inselfprogenyFZ from these individualsA tancem duplicationshould
result in the non-independent segregation ofome alleles since the duplicated
regions are linked in the same chromosome arm. Conversely, a trisamy o

translocationshouldresult inthe independent segregation of the marker alleles

| analysed 96elfprogenyfrom one of these individualsROS eP/ ros’EL / ros™
el”) and looked at the segregation of the 5 polymorphic markers that distinguished
the three parental alleles. The three alleles in all markers segregated independentl

(Table4.1), excluding a tandem duplication as explanation for this result.
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Table4.1 ¢ Segregation of alleles in seffrogeny of an individual with three copies of the
ROSELregion.
The genotype is given for a markeR®S Lbut 4 other markerdéinked to it agreed with
this genotype. The observed and expected (for a trisomy) humbers are given for each
genotype. The family used in this experiment was E350.

GeRn?)i/:)e Phenotype Observed Expected
RO%/ ROS Magenta 6 3
ros’/ ros’ Non-magenta 13 3
ros'/ rog’ Non-magenta 6 3
RO$8/ ros Eluta 22 19
RO/ ros’ Magenta 22 19
ros’/ ros’ Non-magenta 26 19
RO%/ ros’/ ros’  Did not flower 1 30

total 96

The distinction between a translocation and a trisomy was possible due to a crucial
difference between these two hypothesdsora translocationthere areli 6 2 G NB | £ ¢
ROSOKNR Y2a2YSa FyR 2yS aNBORASlafofyfieewasd K NR Y 2
translocatedtoAy @ Il YSGS gAGK GKS & NiBagstardiofe/ (1 ¢ OK
2T ( KSRO&MIBrhosaimes. Therefore, one of thROShaplotypes (the
translocated oneyhouldnever occur in a homozygous statender this hypothesis

In opposition, in a trisomy eachf ahe three chromosome copies can segregate
independently, and therefore all haplotypes may potentially occur in a homozygous

state. In the 96 selprogeny analysedhomozygous individuals were found for all

three haplotypes Table4.1), supporting in favor of a trisomy in the parent that

gave origin to this family.

The genotype ratio in the analysed family does not fit with the expected
independent segregation of the three alleles in the trisomic par@rdable 4.1),

likely due to severe segregation disions in trisomic individualsOnly one
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individual in the 96 selprogeny was recovered with three copies of the haplotype,
and it had a phenotype distinct from its sibs: it had rounder leagbsrtened
height, a fragile structure (thin stems) and it did not produce flowers. Further
confirmation of the trisomycould be aided by analysing the karyotypetbése

individuals and loakgto see if there is an ésa chromosome

Whichever chromosoml aberrationexplainsthis result, it is a relatively rare event
occurring at a frequency of 0.1%. The reason it was picked in 10 individuals is that
screening for Eluta phenotype in the testcrossesidentifies recombinants as
described in sectiod.2.2.1 as well aghese chromosomal aberrations which bring
together a dominant allele oROSfrom the pseudomajus/Jihaplotype with a

dominant allele oELfrom the striatum haplotype.

These rare occurrences could confuse future screens of this kind, byttieecasily
resolved by genotyping individuals with several polymorphic markers that
distinguish all haplotypes involved. As these cases do not contribiuttee mapping

of the colour loci, their characterization was not carried further.
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Figure 4.15 (previous page)c Full panel of recombinantsused to map recombination
points around ROS

Horizontal oloured lines represent a haplotype determined from molecular markers used
to genotype the plantsMagentag¢ A. m. pseudomajused ¢ A. majus Ji7yellow¢ A. m.
striatum; grey ¢ unknown Each individuahaplotypeis numbered as in the attached file
émapping_recombinants.xlsx® Y Se& YIFINJ SNAR FtlFy{Ay3a YILLSR f20A
lines and numbereds inTable2.1. TheROSnd ELgenotypes a indicated on the left and
right, respectively.The location of theROS1, ROS&hd ROS3genes is indicated, with
vertical lines denoting exons and horizontal lines denoting introns (notice a big intron in
ROS2which is16.4kblong). The mapped intervalsorrespond toEL and two regions of
ROYproducing the stronger magenta and the weaker rosy). Thesaetaled inFigure

4.9, Figure4.10andFigure4.13 respectively.

A) Recombinants from genotypic screen.

B) Recombinants from phenotypic screen.

C)Recombinants with rosy phenotype.

4.3 Discussion

4.3.1 Mapping EL

Different strategies have been used to m&OSand EL The earliest evidence of

recombination between these loci comes from the early 20th century work done by

Baur (Baur 1911, 1912)This work waseing carriedout before the concept of

genetic linkage and the chromosome theowere established in the field of
3SySiA0ad ¢ KSNBT2NSB I piondeimhaempt ®EMIENIY Sy & 6 S NI
the phenomenon of nofindependent segregation of loci, which had been

previously reported by Bateson, Punnett and Saunders in sweet(Badssoret al.

1905) Through a series of crosses between several linesA.ofmajus Baur

demorstrated thatROSand EL(in his notation they wer® t f SR FIF Ot 2NB GCé¢ |
respectively did not segregate independently. However, he extended his
SELINAYSyi(la (2 aKz2g¢ (K|asitwak Galle kag hat IS 62 NI & |

absolute, and that some wersions of phenotype could be observed (which can
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now be interpreted as recombination between the Ihdi revisited hisresultsand

collected the numbers of segregating progeny from his crosses, which are
schematized inFigure 4.16. His strategyallows recombinants with magenta
phenotypeto be identifiedfrom the selfprogeny of a heterozygouBOS ELros™

el® plant. The magenta individuals aROS &f", which are equivalent tdI7and
pseudomajushaplotypes Although this is the first evidence of recombination
between the two loci,. I dzKeBudts are hard to explain. According to his
segregation ratios, the distance betwe&OSand ELis around 24cM éxplained in
Figure4.16), a distancemuch higher than theé).5cM reported in this chaptein

fact,.  dzZNDR& &GNJF §S3& F2NJ FAYRAYy3I NBO2YoAyl
(2006), but they failed to find any recombinangédtbioughthe size of the progenig
notreported® L Ol yy2id &l & ¢ K &gruent vdiNiaie reddhtn dzf (0 &
mapping efforts, but it could be relatetb some specific characteristics of the

particularA. majudines he used in his crosses (which are unknown to me).

More recent evidence of recombination betwe®0OSand ELcomes fromWhibley

et al. (2006), who found two recombinants out of 1300 progeny from adests
(phenotypic screen iffigure4.6), giving a map distance f— ¢ p T 7T T®® O

betweenROSand EL This figure agrees with the results in this chapter. | obtained
three estimates from three independent experimentie pseudomaju striatum
F2(section4.2); the JI7x striatum F2(genotypic screen ifrigure4.6); and the test
crosses (phenotypic sa@a inFigure4.6). The estimates were 0.3cM, 0.66¢cM and
0.5cM, respectively. The different estimates are likely due to the sample size being

different between them, respectively 322, 1370 and 10261 meiotic products
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analysed. | consider the most accuratéimsite to be the one with highest sample

size, thus | consideROSELas being 0.5cM apart.

Using several polymorphic molecular markers, | was able to identify recombination
points surrounding theELlocus, identifying a 47kb regioril44kb downstream of
ROSthat contairs this locus. This provides a relatively narrow interval where

candidate genes foELcan be screened (discussed in chagger

e PR
& X ¥y
A N A

ROS EL /ros EL ros el/ros el
)
(M/’L
ROS EL /ros el
magenta =73 white =410 Eluta = 748
n m W :
Goad ﬂ
ROS el /ros el ros el /ros el ROS EL /ros el
ros EL /ros el ROS EL/ROS EL
ROS el /ROS EL
ros EL /ROS EL

Figure4.16 ¢ Results fromBaurtQd & SINB I GA2YyROSHELISNAYSy ia 6AGK
His crossing strategy &hematizedand the numbers of each phenotype obtained in the
segregating population are shown (numbedrom Table | inBaur 1912) The possible
genotypes are givefor each phenotypewith the recombinant haplotypesighlightedin
red. Only ROS elrecombinants prodaing magenta flowers can be distinguished by
phenotype. The frequency of magenta plants is 73/1231 =B#¥¢ausdROS alecombinant
haplotypes are only distinguishedvhen combined with the parentabs elhaplotype,their
frequency can be approximated bgoubling this value i.e. 12%.The other type of
recombinant fos E) is always indistinguishable by phenotype, which means Hrat
estimate ofthe total recombinationfrequency should doublethe last value giving a&
approximatedistance betweerROSand ELof 24cM.
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4.3.2 Mapping flower colour phenotypes within the ROSocus

The recombinants obtained for mappingL were further used to characterize
phenotypes associated with tfieOSocus.Although this locus has been cloned, the
occurrence of at least three tandemly duplicatR®DSike genes suggests that they
may regulate different aspects of the colour. | have identified an intesf/4l00kb
associated withstrong production ofmagentapigment, whichcontains theROS1
andROSZenes This intervakxcludesROS3suggesting this gene is nimivolved in
producing pigment in the flowersf JI7 and A. m. psedomajus The work of
Schwinn et al. (2006) suggests thDS1s sufficient for the ppduction of pigment

in JI7magenta plantand my mapped interval is compatible with thiypothesis

It should be noted thafll7and A. m. pseudomajuilowers differ in the intensity of

the magenta pigment (e.g. iRigure4.3). Generally, A. m. pseudomagiflowers
have less intense pigmentation thail7Z Moreover, in the F2 progeny @&. m.
pseudomajusx A. m. striatumthere is variation in the intensity of magenta, both
within the Elutaand magenta phenotype classes (see variation in scoré&sgime

4.5). This suggests that modifier loci may be involved in some of the differences in
pigmentation, which may not be controlled BROS My mapping experiments did

not account for this variation, as they were all focused ROSEL and most
recombinant screensazurred in crosses withl7or rosed**®lines, thus masking

the contribution of unlinked modifier loci.

An unexpected phenotype appeared in the recombinant screens, characterized by a
paler YIF3ASy Gl LIAIAYSYyd Ay (GKS TFt2gSMasd ¢ KA 3

associated with recombination points between the third exorR@Skandthe third
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exon ofROS2This suggests that elements downstreanR@SXan beinvolved in

producing some pigment in the flowers. Indeed, flosed®°™*®mutant (Figure4.1)

has asimilar phenotype to these plants. This mutant carries a-tdfsnction ROS1

allele but expresseROS2t higher levels than eithedl7or rosed®***(Schwinnet

al. 2006) This suggests thd®OSZould be involved in producing some pigment,

perhaps béng somewhat redundant witlROS1 The mappd interval associated

GAUK GKS daNRaeé¢ LISy 2résalt d8ggesting tiapitcaldber 6 £ S 6 A (0 K

due to aROSPallele carried by these recombinan(igure4.13).

The mostparsimonious explanatiofor these resultss that ROSland ROS2Doth
contribute to the magenta pigmentseen inA. m. pseudomajuflowers (Figure
4.17). In these flowers, the pigment is spread on the corolla due to the presence of
a recessiveeP allele in the backgroundOn the d¢her hand,A. m. striatumhas a
partially functional ROSlocus, but its effect ismasked by the presence of a
dominant allele ofEL in the backgroundthis is apparent in recombinant®sl

rosZ eP).

It still remains to clarify if theros® allele carried by rosy recombinants is
contributingto the phenotype, perhaps by interacting wifseudomajuslements
downstream of it. Also, | cannot say which parts of tR€©S2gene these
recombinants carry. Currently, the marker used to genotype tiveas located on
the third exon ofROS2therefore | cannot assess the origin of the other two exons.
This should be improved in the future by finding new markers within this redfion.
could be the case that some of the variation in the rosy phenotypelaseetto the

particular location of the recombination point in each of them. For example, if
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multiple polymorphisms in this region interact (additively or epistatically) to
produce the final colour of the flowers, it could be that the differences in
phenotype intensity conferred by different rosy haplotypes is due to the particular

combination of functional polymorphisms that each carry.

ROS1° ROS2° el
I N .
A181-13
ROS1° ROS2° EL®
| .
A170-8

ROS1° ros2° EL® no homozygous
| | I available

ros1° ROS2° elP

. [

A177 5
ros1® ros2° elP
l | |

D143-10

ros1° ros2° EL® L
e s s A (. 9 "ﬂ“ﬁ )

— ‘-
“' - E230-8

Figure 4.17 ¢ Hypothesis to explain different phenotypes observed in recombinant

analysis.
Six possible allelic amgements are given foROS]1 ROS2and EL Photographs of
homozygous individuals with each haplotype are shown.

The ros®® allele seems tobe haploinsufficient, that is, a single copy of this allale

ros®ros™ is not enough toproduce the phenotype seen in homozygotes
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ros°ros®® (Figure4.12). | did not cross this recombinant haplotype with@s EL
haplotype, thus | cannot confirm that a dominaBL also restricts the pigment
conferred by theros® allele. If this were the case, it would mean th&Lis also

able to interact with the elements that produce the pigmentasy recombinants

In summary, the dissection of phenotypic changes associated with the broadly
definedROSocus, reveageneticinteractions within this locus. The genetic analysis
presented in this study reveals that multiple polymorphisms within this region may
interact with each other, and this could be relevant in the context of ghem.
pseudomajusand A. m. striatumhybrid zone Partcularly, some of the variation in
magentaintensity seen in hybrid zone individuals (and in F2 families, as discussed
above)could also be relatetb different ROSalleles segregating in the populations.
These may not only interact in hybrid individuaggpducing darker or lighter
phenotypes, but also with modifiers in the background (being more or less

influenced by them).

The ROSELlocus may not be unique téntirrhinum. For example, irMimulus
there is a likely homologous region to tAetirrhinumROSEL namedplal locus (in
scaffold 11 ofM. guttatus Cooley et al. 2011)This region contains several
duplicatedMYBIlike genes (one of them found through homology WRBS) and it
co-segregates with several traits relatéal anthocyanin pigmentatiorfLowryet al.
2012) Theplallocus is polymorphic in wild populations i guttatus, being both
variable within populations as well as fixed between other populations. In the sister
species M. aurantiacusthe homologous gene t&ROS1(called MaMYB32 is dso
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responsible for the magentdifference betweenwo morphs that occur in nature.
Further, this gene shows an allelic cline in a hybrid zone between the two morphs

suggesting it is under selecti¢Btreisfeldet al. 2013)

In Petunig the homologous gee to ROS1(called AN2 was also shown to be
responsible for the phenotypic difference in flower colour between the speRies
integrifolia and P. axillaris(Quattrocchioet al. 1999; Hoballahet al. 2007) In
another pair of specie®;. axillarisand P. exsertg a cluster of loci regulating several
aspects of floral morphology (including flower colour) was identified as distinct
between the two speciegHermannet al. 2013) Similarly, this cluster includes

severalMYBIlike genes homologous to known pigntation genes.

A good example of how multiple independent mutations influence different
components of a selected traiis the determination of coat colour in deer mice
Peromyscus maniculaty&innenet al. 2013) Different populations of ltis species
have distinct coat colour phenotypes, adapted to particular environments. This
difference in phenotype is due tegeral independent mutations within thagouti
locus which are associated with different components of the coat coldarg.
brightness, vetral colour, tail stripes)ln another species of this genus, oldfield
mice @. polionotuy the sameagoutigene is involved in the coat colour difference
between different populationgSteineret al. 2007) Howevera secondlocus,Mclr,
interacts epistéically withagouti by changing the pigmentation in céle hairs only

in certain genetic backgrounds (similarly to the effect &Lbeing only visible in

when dominantROSis in thebackground).
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Generally, these examples illustrate that traits thoughtbt® under selection (like
flower colour) may often involve clusters of several loci (e.g. genesegigatory
elements, point mutations, etc.), wase allelic combinationsiay be maintained by
selection. Particularly, mutations that may be neutral in orsekground may not
be so in another background. For example, if R@SH allele is enough to produce
the full magenta pigment in flowers, the contribution BOS2o0 the phenotype is
redundant and therefore mutations that affect its expression may be raduirA.
m. pseudomajusHowever, in a\. m. striatumindividual, activity oROSZnay not
be neutral (if some jgment is produced, as seen in ragcombinants), therefore

mutations that reduce its activity may be positively seledtethis background

4.3.3 Relating mapped loci with divergence between A. m. pseudomajus
and A. m. striatum
The genetically mapped intervals associated wiifferent aspectsof flower colour
can be compared with the divergendeetween A. m. pseudomajusnd A. m.
striatum discussed in ChapteB (Figure 4.18). The three prominentFst peaks
emphasizedn the ROSscaffoldlie within the mapped intervals. In particular, the
first peak cdlocalizes withROSland the first two exons oROS2 suggesting
divergencebetween A. m. peudomajusand A. m. striatumin the locus (or loci)
conferring the full magenta pigment of the flowers. The second pealkocalizes
with the third exon ofROSZand, marginally, wittROS3ROS3s at the edge of the

peak).Finally, thefurthest peak downtream of ROSco-localizes with the interval
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where ELwas mapped, suggesting it is also divergent between the two populations

in the A. m. pseudomajuandA. m. striaturmhybrid zone.

rosy
interval Eluta
RGN interval

magenta
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R 2 &
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Figure4.18 ¢ Relating Fst withgeneticintervals associated with flower colour loci
10kb-window-averagedFstacross theROSscaffold between samples from different sides
of the pseudomajus x striatum hybrid zofgools YP1 and MPZable3.1). The horizontal
dashed line is the genomeide Fstmedian. The location of theROSlo ROS genes is
indicated (vertical lines correspond to exons and horizontal lines to introns). The genetic
intervals mapped in this chapter are indicated as coloured boxes above the plot.

Broadly speaking, there is a clear sigoiadivergence; high Fst¢ in both ROSwith
its putative subcomponents) ancEL, whereas regions between them hal@ver
divergenceg nearaverageFst ¢ indicating that they are more similar between
pseudomajusand striatum. Because bottROSand ELhave similar levels oFst it
could bethat they areunder similarselectivepressures, which is further supported
by theirinvolvement in regulating the same trait (flower colauin particular, the

fact that there is genetic epistasis between thgfor example, the dominanELis
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only visible when a dominaROSs present in the background) suggests that these
loci might occur as ceadapted allelic combinations in each specipseudomajus
with ROS eland striatum with ros EL If selection acts tomaintain these
combinationg(even if there iggene flow as in the hybrid zongjhen the divergence
between the two subspecids expected to be similar in both lp@s seen withFst

(Figure4.18).

In Heliconiusbutterflies, a very similar case tntirrhinum is observed relatedo

the control of wing colour polymorphism$:or example, achromosomeregion
associated with the control of red pigmentation in the wings is highly divergent
betweenmorphs ofH. melpomenand between morphs ofl. erato(Nadeauet al.
2012; Suppleet al. 2013) The profile of divergence(Fs) across the regionis
heterogeneous, with at least two majaub-regions highly associated with wing
colour phenotypes. Thesetwo subregions ceocalize with two genesoptix and
kinesin both associated withthe productionof red pigment in the wing¢Pardo

Diaz & Jiggins 2014)

These parallels witntirrhinum suggest that clusters of loci regulating divergent
traits may often baesponsible for thgolymorphictraits seenin wild populdions.
Moreover, signals of selection across the genome (as with genestgcans)may
preciselypinpoint thelocation ofindividualloci within these clusters that regulate

different components of the selected traits
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In summary, the results from thishapter identify three intervals associated with
different aspects of the flower colour intirrhinum Moreover, these intervals eo
localize with the divergencpeaks inFstbetween samples from the hybrid zone. It
is thus desirable to identify candidatgenes in these regionsvhich may be
involved in regulating the pigment. TheROSland ROS2genes are obvious
candidates in theROSregion, but nothing is known about thELinterval. This is
approachedn the next chapterby usinggeneexpression data from differerROS

ELhaplotypes
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5 Analysis of gene expression in the ROSELregion

The detailed genetic analysis BOSELrevealed that different components of the
flower colour phenotype can be mapped to separate genetic elements ig th
region. These regionsmight be under selection, sincghere is a significant
nucleotidedivergence betweerA. m. pseudomajuand A. m. striatumspecifically
co-localizing with the mapped loca pattern that is not observed in neighbouring
regions linkel to these loci.This raises the question of which particular genes
regulate flower colourto produce the different phenotypes ithe two A. majus
subspecies. Some candidate genes exist forREocus, nameh)ROSIand ROS2
but not for the newly mappecELregion.To find candidate genes controlling flower
colour within the mappedntervals inROSEL | explored how gene expression
differed between flower buds from differergenotypes | approached this by high
throughput RNA sequencing (RNAseq), aslawal sampling the transcripts in a
tissuewhen no prior information about them is availableidentified a MYBlike
transcription factor (from the same family &0S) that hashigher expression in
samples with a dominanEL allele compared to samplekomozygous for the
recessiveallele This gene, denote@#l-MYRB falls within theElutainterval mapped

in the previous chapterf-urthermore, gene expression recombinants within the
ROS 2 Odza 0 & NP & eréveahdbttatNB Azl H iR NE ROBKeRSYy Ga oQ 21
influence its expression. Finallygnalysis of polymorphisms betweenA. m.
pseudomajusand A. m. striatumrevealedfixed codingdifferencesin the flower
colour genesTheseresults not only provide with a candidate gene fly but also
highlight that both regulatory and coding changes might be responsible for the

flower colourdifferences betweerA. m. pseudomajuand A. m. striatum
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5.1 Introduction : RNAseq datasets

Highthroughput RNA sequencing (RNAseq) uses next generation sequence
technology to provide a snapshot of the RNA levels of (ideally) all genes expressed
in a sampleln this techniquecDNA is obtained by reverse transcription of the RNA
sample and sequared using nexgeneration platforms (in this worlljluming). The
sequencing procedure and raw sequencing data similar to that obtained from
genomic DNAdetailed in sectiorB.2). However, the nature of RNAseq data differs
from that of genomic DNA dataequiring an explanation of how this affects the

analysis steps.

Next generation sequencing technologies produce large amountshoft reads
more or less randomly obtained from the DX&x cDNAsample being sequenced
In genomicDNAsequencinga paricular base in the genomean besequenced
multiple times (the sequencing deptb; Figure3.2). In that case,D is expected to
be more or less homogeneous across the gendafiebases are equally likely to be
sequencedassuming sequencing is randomdpwever, in RNAseq, only the regions
corresponding to gene exons are sequencBaerefore, when reads are mapped to
a reference genome, there imequalD, with some regions having no reads at 8ll (
= (Q introns and intergenic regions) and other regions Iy several read<(> 0,
exons) Figure 5.1). Moreover, ®me reads will originate from exeexon
boundaries, that is, when mapped to a genome reference, they will be split across
introns (this requires the use of mapping softwardhat supports splitting of reads;
methods 2.7.2.9. The highD in the exons together with the split reads across

introns, allows the structure of transcript® be identified without any apriori
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information. Therefore, a daovo assembly of transcriptsan be produced from
this type of datasetlt is important to perform arassemblystep beforecomparing
gene expression between different samplesnce such comparison can only be

made if aconsensus gene setéemmon between them

Besides providing auglitative overview of the transcripts present in a sample,
RNAseq also provides quantitative information abthe# expression level of those
transcripts. This relies on the fact thdd in a particular transcript will be
proportional to its abundance in thsample. In other words, a highly expressed
gene is more likely to be sequenced than a lowly expressed one, resulting in a
difference inD between the transcriptsof those genes The consensus way of
guantifying expression data from RNAseq is to count moany reads align to a
particular transcript However, a raw measure of read count per transcript is a

biased estimate of expression, reguaiga normalization step.

The normalization of read counts per transcript is necessary to account for variable
gene length and variable sizeetween sequencing dataset Let us start by
consideringtwo genes,A and Bwithin a sample(Figure5.1). The read courd of

genes A and Bre expected to begproportional totheir abundance. For example, if
geneA has 16 reads and gene B has 8 reads, then one might expect that gene A is
expressed twice as much as geneHBwever, i geneA s twicethe length ofgene

B, it will have twice agnany readsnot because it is expressed motfeut simply

because it is longerTherefore, a first step in normalizing read count data is

accounting for the length of the transcript, that is;
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Figureb.1 ¢ Properties of RNAseq data and an illustration of transcript normalization.

Two sequenced samples (1 and 2) are depicted. The grey bar represents the reference
genome and theggreen and blueboxes representhe exons of two genes (A and B). The
black lbxesare the sequencingeads mapped to the reference genon@nly the exons are
sequenced, resulting in abrupt changes in the sequencing d&ptpink histogram). @ne

reads cross exemxon boundariesand aretherefore split across intron junctions (lige
connecting eads). The number of reads mapped to each transcript is expected to be
proportional to its expression. Howevexnormalization procedure idesirableto account

for differences in gene size and total number of reads in each sample. One method of
normalization is known aBRPKM which stands fod aadsPer Kilobase perMillion read€
(formula given irfigure andtext). For example, in sample 1, gene A ltaice the number

of reads as gene B, but it is also twiorger, therefore both genes can be considered to be
expressed at the same level. On the other hand, gene A has the same number of reads in
both samples but sample 2 was sequenced twice as mustsample Lltherefore gene A

has half the expression levgtPKM)n sample 2 compared to sample 1.
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Another normalizing procedure is required when compgrithe expression of
genesbetween samples. For example, if one gene has 8 reads in sample 1 and 16
reads insample 2 gene B inFigure5.1), then we may expect that its expression is
doubled in sample 2 in relation to sample 1. However, the two samples might not
have been sequenced equally, that is, the total amount of reads may détereen
samples If, for example, sample 1 has a total of0D@reads and sample 2 a total of
20000reads, then genes not differentially expressed between samples will have

twice as many reads in sample 2 compared to sample 1. Therefore, normalizing for

the total read numbein each sample is required, that 15—

The two normalizing steps for gene expression, accounting for variable gene length
and variable number of total reads in each sample, can be put together in a
normalizing eqation known asRPKNL g KA OK aidlyRa T2NJ awSl Ra

a A f f(Ma2tazaviet al. 2008) andcan be written as:

0
YOO U —— T
U Yp

Whereo is the read count for the transcripd, is the length of that transcript (in kb)
and”Vis the total number of reads in the sampRPKMcan therefore be used to

compare expression between genes and between samples.

In this chapterl will use RPKMas a normalization methodfor RNAseq data
However, there are lernative normalization methost asRPKMmay give biased
estimates under certain conditiongDillieset al. 2013) In particular, this method is
sensitive if severatjeneshave avery highread-count in some samples and not

others. Therefore, RPKMis not suitable for statistical analgs of differential

158



expressionn such caseHowever, | have chosen to use this normalization method
due to its intuitive interpretation and to the fact that | do not perform any
statisticaltests ofdifferential expression. Thanalysespresented here arenainly
exploratory, as | do not haweat this pointc replicaes which are necessary ftre
statisticaltests of thesekinds of data. It should be noted that, even thougRPKM
can be affected by certain aspects of the samples, assuming that most genoss a
the genome are not differentially expressed between samplesimilar genotypes

the biaseshouldnot be extreme(Zhenget al.2011; Dillie®t al.2013)

The RPKMvalues will be logransformed (due to the high skewlaess ofRPKM

distributions) and will thus be plotted as Ig(RPKNL. The logo transformation has

an intuitive interpretation: a log(RPKNMI difference o between two genes means
that one gene is 1Bfold higher than the other geneOnly genes with a minimum
read count of 10 in at least one of the samplewill be considered forRPKM

calculation,since thereis greater variance on estimated expression g@meswith

low counts tharthosewith high countgZhenget al.2011; Dilliest al.2013)

5.2 Origin of samples and nomenclature
| analysed 1 RNAseq samples from individuals of differ&®SEl genotypes. It is
thus important to clarify the origin of these individuals and establish the

nomenclatue used throughout the chapter.

I will maintain the nomenclature of the pvious chapter to refer toROSEL

haplotypes. Generally, uppercase letters denote a dominant (or -s@minant)
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allele and lowercase letters a recessive allele (for exanipBS ¢l When relevant,

a superscript is used to denote the origin of each allges examplea A. m.
pseudomajushaplotype isROS eP). This nomenclature refers to theubspecies
origin of the haplotype itself, whether it in the original wild genetic background
or crossed to another background. Because this chapter deals witexpeession

of genes (rather than genetically defined loci, which may include several genes), it is
important to define the notation for those cases. | will use a similar notation as for
genetic loci, for exampleROSA is a dominantpseudomajusallele andros?T is a
recessivestriatum allele of the geneROS1 Because of the genetic interactions
between ROSand EL,|I will often specify theROSELhaplotypethat the particular
allele of the gene is in. For exampRQOSH from a ROS EE haplotype andROSA
from aRO&eP haplotype refer to the same allele ®&OSipseudomaju} but it is

in different ROSEL haplotypes.Becausell7 and pseudomajusare identical with
regards to theiROSELhaplotypes, | sometimes use the superscript in the form of
& T Kk LHenote €ases where both alleles behave similgflyr exampledROSTP¢

Ay & i SROS1oeRDSH).

None of the samples analysed in this chapter are from individdia¢ctly grown
from wild capsulesinstead, they are derived froerosses ofA. m. stridum and A.

m. pseudomajusto JI7 and rosed®*®® lines Figure 5.2). These crosses were
performed over three generations to establish lines used for the mapping
experiments described ichapter 4. Using these individualsas the advantage of
allowing comparisons between samplesbe maden a similar genetic background,

avoiding potential effects of other loci in the genome that may affect the
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expression of genes in thROSEL region. For example, if one compares two
sampes harvested fromwild species ofA. majusand sees a difference in the
expression oROSit is impossible to tell if that is due to a difference in ROS
locusby itselfor due to an unlinked transactinglocus in the genomeThe use of
individuals karing a common pedigree should therefore make gene expression

comparisons less influenced by modifiers unlinke@RSEL

There aretwo exceptional samplesused in this work thatdo not share the

genealogical historgescribed One is a homozygow0Sel’ / ROSel’ individual,

which is the actuall7inbred line (not crossed to anything else). The other is a

heterozygousos’ ELE/ ROSel’, which results from a thirgieneration backcross of

an A. m. striatumROSELhaplotype to theJI7background. Howeer, all samples
usedhave the commonality that most of their genome should be composedl Hf

since they have all been crossed to this line several times.

One of the samples was removed from the analysis due to mislabelling. Sample
A1823 (Figure5.2), thought to be homozygous for ak. m. striatumhaplotype

(ros® ELmyb’ / rosT ELmyb’), was found to carry SNP alleles fronrased®s®

haplotype (ike sample A18432 in Figureb.2). This samplavasthus excluded from
the analyses and isot consideed in the following sections. In summary, | present

expression data for three types of haplotyp&0S efkos elandROS EL
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Originated from a

crossing program to JI7
and rosea™™* lines
Legend
. 7 ROS-EL region from
Family L114 i i i
B pseudomajus y Family L112 wild A. m. striatum
. backcrossed to JI7
striatum ROS7 el” / ROSP elP rosS ELS / rosS ELS background
roseadorsea e
I
rosS ELS / ros® ELS ROS” el” /ROST el
roseadorsea
ros9 e/ ros9 erd —
| .. ]
F1 3x
——
— T I s S =}
R360-39 R360-45 R179-10 R360-58 R163-111 R359-29 R368-155
rec. nr. 53 rec. nr. 43 rec. nr. 49 rec. nr. 50 rec. nr. 45
not analysed ros"OSY elP / rosoSY elP ROS” ELS /ROST ELS ROS” ELS /ROST ELS
ROSP elP /ROSP elP  ros9 e/ /rosd el ROSP elP /ros? el |rosS ELS /rosS ELS ROSP ELS /ROSP ELS Ros” ELS /ROST ELS ROS? el / rosS ELS
I I [ E— [ sove—] | —— R ————————
[ || |—— EE— T E—
A181-28 A181-32 A181-7 A182-3 A177-9 A174-28 A987-19 A172-6 A171-26 C104-1

¥ o o %

magenta non-magenta magenta non-magenta rosy

Figure5.2 ¢ Pedigree of individuals used for RNAseq analysis.
The samples were from the individualstite bottom-most families grefix & ! £y R ). @He §¢ecombinants used for mappitchapter4) were from the
generation withprefix @ wé T G KS NBO2YoAY Il yi ydzY o Bduledld Photgsroh apén fIGVErE frod 2aiNdbthelib@liyidvasdd G 2
for RNAseq are shown, with thesgective phenotype indicated b®v. The genotypes foROSand ELare indicatedfor each individualColoured ihes
depict the two haplotypes dROSEL as indicated in the legen@ample A183 (boxed) was removed frothe analysis due to mislabelling (see text).
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5.3 Results

5.3.1 Criteria for identifying candidate pigmentation genes from RNAseq
Ignoring the mislabelled sample, there wet® RNA samplefom individuals with
different ROSELgenotypes. Bchsample wasobtained from the corolla of a single
flower bud 510mm long(Figure2.1). At this stage, the magenta pigmentation of
the flowers is already visibleut ROSIhashigh expres®n, which continues until
the flowers open(Schwinn 1999; Schwiret al. 2006) Therefore, 510mm seered

a suitable stage to screefor other regulatory genes involved in controlling the
pigment of the flowers. The sequencing reads were mapped toAhenajus JI7
reference genome using a mapping softwatet allows the spliihg of reads
across introndmethods2.7.2.9, resulting in atotal of mapped reads that varied
between9.96:97.72million (Table5.1). The normalize@RPKMexpressiorpresented

herewas computed using theuffdiff software (Robertset al. 2011)

Table5.1 ¢ Summary of RNAseq samples.

Total no. of No. of expressed

Sample  ROSEL genotype g (x 16) genes RPKM> 0)
A181-28 RO8elP/ RO&eP 26.56 23429
A181-32  ros el / rog el 9.96 23278
A1817 ROS&elf/ ros el 22.49 23316
A1779 ros®el/ rod*¥eP 25.64 22311
A17428 ROSEL/ROSEL 20.26 23686
A987-19 ROSEL/ROSEL 22.78 23406
Al1726 ROSEL/ROSEL 39.55 24138
A17126 ROSEL/ROSEL 34.31 23254
C1041 ROSel'/ rosEL 97.72 23356
B7-7 ROSel’/ ROSel’ 40.55 22874
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Coumaroyl-CoA

l CHS (NIV)

Chalcone

l CHI (CHI)

Naringenin
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Dihydrokaempferol
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! and
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Figure5.3 ¢ Schematic of the anthocyanin biosynthetic pathway.

The enzymescatalyzingthe reactions ineach step of the pathwagre indicated. The gene
names(from Antirrhinum) encoding each enzyme are given between parenthédigative
regulatory targets oROSHre indicated by arrows pointing away from this gene (according
to Schwinnet al. 2006) Enzyme Bbbreviations: CHS, chalcone synthase; CHI, chalcone
isomerase; F3H, flavonol -18/droxylase; DFR, dihydroflawn 4-reductase; ANS,
anthocyandin synthaseGene abbreviationaNIV, NIVEAING INCOLORATA; PAL, PALLIDA;
CAN, CANDICA; ROS1, RO$#ahivay adapted fronMartin et al. (1991).

The mapped reads were used to generate a transcript assembly (usirogiftliaks
software; Robets et al. 2011) resulting in a set 085267 assembled genes across
all samples. Different genes can be expressed in different samples, and therefore

the total number of expressed genes in each sample does not reach this number
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(Table5.1). 93 of the assenbled geneswere located in theROSscaffold, which
includedROSkANd ROS2R0OS3vas not assembled due to its lack of expression in
any of the samples. Other known pigmentation gemese also assembled, namely
those encoding for enzymes involved in anthocyanin biosynth@detin et al.
1985, 1991; Sommer & Saedler 1986)alcone synthase\(\), chalcone isomerase
(CH), flavanone 3hydroxylase INQ, dihydroflavonol 4eductase PA) and
anthocyanidin synthaseCAN (Figure 5.3). This suggests that the samples are
representative of a stage where anthocyamelated gene expression is taking

place.

The distribution ofRPKMor all expressed genes was similar acrosd@8amples,
suggesting that the normalization method worked reliably, with no sample having
overall differentRPKMn relation to the othersKigure5.4). The mean expression
level across all samples wa&PKM= 9.5 and the mode was RPKM= 14.0. The
number ofgenes expressed in each sample was similar (~23 thouJaide5.1).
Geneby-gene, the correlation oRPKMbetween every pair of samples was high
6t SI NA 2y Q3a0.88x2 ANB), fsliggeitiBgymost genes are not differentially

expressed between samples.

Due to the lack of biological replicates, | did not perform any statistical tests for
differential expression. Instead, | screened candidate genes in the genetically
mapped intervés by considering cases where a gene is reasonably expressed in
certain samplesRPKMclose to or above the average for all genes) but negligibly
expressed in othersRPKM< 1). This should represent an extreme and significant

change of expression, even i no replicates are used. Subtle differences of
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expression will not be identified with this approach, biitthe genes of interest
have major expression differences between genotypes, then they should be

successfuy identified

Mean RPKM = 9.5 \[ Mode RPKM = 14.0

0.7 4
0.6
0.5+

0.4 4

density

0.3 4

0.2

0.1

0.0 -

log.o(RPKM)

Figure5.4 ¢ RPKMdistribution for all genes irthe 11 samples analysed.

¢CKS RAAGONAROGdzAA2Y A FTNBE GSNE aAYATI NI o0oSisSSy al YL
with similar mean and mod@ndicated by vertical dashed lines in reBPKMvalues were

log-transformed to atenuate the effect of extremely high and loRPKMvalues and

GKSNBF2NBE day2NXYIfATSé GKS RAAGNROdzIAZ2Y ®

Totest if this approach was reliable first focused ore-priori expectations about
ROS1This gene is expressed tine magentall7 which hasa dominantROSHllele,
but lowly expressedn the nonmagentarosed®®®® which has a recessiverosl
allele (Schwinn 1999; Schwinet al. 2006) Therefore, Iconsidered how the
expression ofROSIchanges between samples with differegenotypesfor this
locus but all carrying arecessiveel allele JI7and A. m. pseudomajuROSIROS)
and rosed®™** (ros1/ros]) (Figure5.5). Both JI7and pseudomajusampleshave a
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similarexpresson level ofROSlabove the genomavide mode(RPKM= 38 and 49,
respectively. Converselyrosed®*®® has comparativelyvery low levels of ROS1
expression(RPKM= 1.13. Thisrepresenst at least a30-fold differenceof ROS1

RPKMoetweenthese samplegFigureb.5).

JI7
ROS1/ROS1

LS
T T T T |

pseudomajus
ROS1/R0OS1

N
T T T I |

logo(RPKM)

rose adorsea

ros1/ros1

ROS1 NIV CHI INC PAL CAN

Figure 5.5 ¢ Expression levels oROSland genes encoding enzymes involved in
anthocyanin biosynthesis.

Each barplot panel refers to a particular sample,oshgenotype is indicated orhe right.
The various genes analysed are indicated on the bottom panel and correspdfiguie
5.3

Tofind further supportfor this approactof screening candidate gengsalso looked
at the expression oenzymatic genes involved in the anthocyanin pathwiaigyre
5.3). ROSXegulates genes in the later steps of the pathwafNC, PAnd CANC

but not those from earlier stepg NIVand CHI(Schwinret al. 2006) Therefore, the

expression ofING PALand CANshould be modified like that oROS]1 but the
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expression oNIVand CHIshould be similar between all samples (theseserve as

I & O2 y i NReh-sampk Variadtichs).o S

Theenzymatic genes from the earlier steps of the anthocyanin pathway hare
RPKMin all three samples NIV and CHI ifrigure5.5). Although there issome
variation inRPKMvalues 2130 < RPKM< 3529), thedifferences observed do not
correlate with having pigment in the flowers. For examptesed®*®® (rosl/rosl)
hashighe RPKMhan eitherJi7or pseudomajugROSAROS) for both NIVand CHI
genes This fits with the expectation thaROSlexpression doesiot affect the

expression of these genes.

Conversely, th enzymatic genes iownstreamsteps of the pathway behave more
like ROS] having higler expression value;n ROS1/ROSielative to rosl/rosl
genotypes(INC, PAand CANgenes inFigure5.5). INCshows the leaspronounced
change with only a 26fold difference in RPKM between rosed®*** and
pseudomajussamples PALand CANhave more extreme differencs, with higher
RPKMin ROS1/ROSdenotypes(PAL RPKM 1000 CANRPKM> 385) than in the

rosed°***ros1/roslgenotype(PALRPKM:= 1; CAN RPKM19).

Overall, these results providgoodsupportfor the approach of detecting candidate
pigmentation genes wittmajor RPKMdifferences between samplesmportantly,
ROS1showed large (~30 fold)expressdn differences between samples carrying
recessive and dominant alleles in this gene. This-¢ast suggests that the
approach can be reasonably extended to find other candidate genes iR@®EL
region. In particularjt can be extended to find candidate genes associated with
different EL genotypes (ROS Elrecombinants compared to JI7 and A. m.
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pseudomajus The caveat of this approach is that subtle (but biologically
significant) differences of expression will not be captyjras was the case in the
INC gene, which would have been discarded a®t being different between

genotypes.

5.3.2 A candidate gene for EL

In the region defined by the mapped intervals relating to the flower phenotype,
there were23 genesassembled from thedO RNAsegamples.Using the approach
described in the previous sectiphlooked forcandidateELgenesby comparinghe
gene expressionin samples with recessive alleles eff (JI7, pseudomajusand
rosed®®® with that of samples with dominant alleleso(ff homozygous
recombinantsROS BL(Figure 5.6). These recombinants are not true biological
replicates, as each of them originates from a different recombination event.
However, the phenotypic consequence of the recombination in all four is similar
all have Eluta flowers;, implying that similar pattars of ROSland EI-MYB
expression may be expected in all four of them. These four individuals carry a
dominant allele ofROS; three of them with aJl7allele and one of them with a
pseudomajusllele ¢ together with a dominant allele dELfrom striatum (I refer to

them asROSP EL).
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Figure5.6 (previous page); Expression level of genes ithe ROSELregion in samples

with dominant and recessivé&Lalleles.

The top panel shows the windeaveragedFst, reprinted from chapter3. The location of
genesis indicated along the-axis (vertical lines are exons and horizontal lines intrass)

well as the mapped intervals corresponding to colour fepresentedas boxes @e Figure

4.18). The bottom panel shows barplots of lg¢RPKNM for each gene locatedetween the

mapped intervaldor severalsampleswith different genotypesSome genes are coloured
because they are referred to in the text KS A Y RA @A Rudzhd rig of yeaaly 6 S NJ
barplotcorresponddo Figure5.2 and theirROSELgenotype is indicad.

As mentioned previouslfROSIshowed a larglRPKMdifference when comparing
JI7and pseudomajusamples with theosed®**sample (transcript 6 ifFigures.6).
All recombinant samples witROS Ehaplotypes expresseBROSHht similar leveldo
JI7 and pseudomajussamples (54 RPKM< 107), as expected from thesimilar
dominant allele ofROS1ROS2showed low expression levels in thresed®s®
sample RPKM= 3), and was also detected, at very low levels, ingbeudomajus

sample RPKM< 1) (transcript 7 inFigure5.6). This suggests that the pigmentation

in rosed°***flowers might be due to some activity of this gene.

Several genes showed high expression in some samples while being absent in
others, but none of these were clearly grouped actog to the ELUTAgenotype

(e.g. transcripts 8, 16, 19 Kigure5.6). Within the mapped Eluta interval, there was

one gene with a large expression difference betwdel/ELand el/el samples
(transcript 18 inFigure5.60 @ ¢ KA &4 ISy SQa eeadiNSagaidlzy O f
(RPKM= 12) andpseudomajugRPKM= 8), absent imosed®*®? but expressed at

higher levels in all recombinant samples (2RRKM< 39). Structuraly, the gene

consists othree exons and the predicted protein contains tM¥ Bdomains, being

from the family of R2ZR3VIYB transcription factors, the same family &0S1A
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proteins, some of them involved in regulating anthocyanin pigmémt ¢xample
TT2in ArabidopsigNesiet al. 2001)and GMYB11n Gerbera(Laitinenet al. 2008).
No other genes in the region fulfiled suéPKMdifferences for being suitable
candidate EL genes. ThigVYBIlike gene found within the Eluta interval will be

referred to asEl-MYB

| took advantage of SNPs in the different alleleR&fSIand ELMYBto distinguish
which alleles are expressed aheterozygae with A. m. pseudomajuand A. m.
striatum haplotypes(individual C104 in Figure5.2). In this sample, oly the A. m.
pseudomajusROSH allele is detected, confirming thak. m. striatumhas a weak
rosT allele. Conversly, both alleles oEL-MYBare expressedwhich is expected
from the results presented for homozygous genotypékwever, i might be
expected that the wo alleles are not expressed at the same level, siimce
homozygoteshe expression oEMYB was~3 times highethan that of el-myl’
(Figure5.6). The presence of SNPs between the two alleles might allow future

analysis of allelspecific expressioto be made and confirm if this is true

In summarythe data presented here suggestat the magenta phenotype ok. m.
pseudomajusresults from a high expression dROS1(to promote pigment
production) and low expression oELMYB Conversely, the noemagenta
phenotype ofA. m. striatumseems to be due to bbw expression oROSZnd high
expression ofEMYB which presumably inhibits pigment production by any

remainingROS Activity Figureb.7).

172

9.

L Q¢



ROS1 EL-MYB

Haplotype Phenotype expression expression
pseudomajus ROS" eP ! J x
magenta
4 X X
non-magenta
recombinants (e
ROS? EL® bl J J
“eluta
striatum ros” EL* *ﬂ\/ x J

non-magenta

Key:

 highly expressed ¥ lowly expressed

Figure 5.7 ¢ Hypothesis for the expression oROSland ELMYB genesin A. m.
pseudomajusA. m. striatumand recombinantROSELhaplotypes

Based on the results from this work, high expressiolR@Sleads to the production of
anthocyanin pigment, whereas high expression EfMYB leads to its repressionin
particular regions of the flowers

5.3.3 RNAseq of an individual with rosy phenotype

To find if the paler magenta phenotype of the rosy recombinants was associated
with changes in gene expression, | compared the RNAseq data fromogfiéeP /
ros®” eP recombinant (individual A17%; Figure 5.2) with nonrecombinant
individuals. The rosy haplotype has a recombination point between a marker in the
third exon of ROSland the third exon olROS2It carries a recessiveosT allele

from striatum and a recssiveel’ from pseudomajusTherefore ROSIshould have
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very low expression (similarly tmsed°**®individual) andthe same should occur

for ELMYB(similarly topseudomajusndividual).

¢tKS SELINB&aaAzy NBadzZ Ga LI NIHGAFfEfte FALGGSR GK
recombinant expresse®EL-MYB at low levels RPKM= 6, comparable with the
pseudomajusample withRPKM= 8), it expressedROSIat higher levelsRPKM=

28, much larger than theosed°"*sample withRPKMF  iifigure$.8). Based on

SNPs present in the RNAseq reads, the allelR@$1hat is expressed is the one

from striatum, suggesting that the expression of this alleleR@SXkhanged in the

recombinant (as mentioned, in thieeterozygoteROSAel-myl’ / rosT ELmyb’ the

striatum copy ofros® was not detectedl This could be due to an enhanceR®S1
expression located downstream of its coding sequence. As expected from the
recombination points, th&el-MYBallele being expressed is fropseudomajusThe
paler magenta phenotype characteristic of the rosy individual was in agreement
with a lower expression of botROSland the enzymatic genes that it regulates:

ING PALand CAN(Table5.2).

Table5.2 ¢ Normalized expression values &OSIand enzymatic genes in the
anthocyanin pathway.
The values presented here are the same usdeigure5.5, except that the rosy sample is
now added inNotice that the expression d80S1, INC, PAhd CANis intermaliate in
rosy, comparedto rosed****andJ17/pseudomajusamples

Sample| JI7  pseudomajus rosy rosed°se?
Gene
ROS1 38 49 28 1
NIV 2130 3363 4005 3530
CHI 277 335 759 452
INC 472 373 361 139
PAL 104 134 45 1
CAN 386 717 328 19
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Figure 5.8 ¢ Expression level of genes iROSELregion in ros®”el’ and other non
recombinant haplotypes.
Captionasin Figure5.6.

The ros®? el / ros®®eP individual also expresseROS2 although at low levels

(RPKM= 2).ROS2s also expressed at similar levelgased®***(RPKM =2.8), and
marginallydetected inpseudomajugRPKM= 0.8). This suggests thRIOSZould
have a role in the production of low amounts of pigmenthese flowers (notice
that althoughrosed°®%s classified as nemangenta phenotype, it produces some

pigment in the upper part of the dorsal petalSigure4.1). The molecular markers
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that defined the recombination in theosy recombinant used for RNAseq are
located in the third exon o0ROSZknd the third exon oROSZmarkers 8 and 11 in
Table2.1). Therefore, the exact recombination point should lie between these two
markers and cannot be determined without further markers. BecaR€Shas a
large second intron1.4kb, it is unknown if his individual carries pseudomajus

a striatum, or even a recombinarROS2llele. Also, the lack of reads mapping to
the pseudomajusample did not allowthe determination ofthe origin of theROS2

copy being expressed in this individual based on SNPs.

CAYylftfées GKSNB ¢l & 2yS 3SyS y2i SELINBaaSR Ay
in all other 10 samples analysed (RRPKM< 83; transcript 9 irFigure5.8). This

3SyS ¢6Fa t20FGSR AUGKAY (GKS YIFLIWSR AYyiSNDI €
The asembled gene was composed of four exons, and its predicted protein

contains a Bet_v_1 domain. This domain is named after the Bet v 1 protein from

birch, which is an allergen that causes hay fever in hun{&ckenket al. 2009)

Despite the conserved domaithere were no highly significant alignments with

sequences in public databases. Most alignnsegtSNE GA G K BXt 88N € GS
proteins, which are proteins with an unknown function, although they have been

associated with plant defence and fruit ripenind@Rupertiet al. 2002; Lytleet al.

2009) It is therefore not clear if this gene could be involved in regulating flower

colour inAntirrhinum

Ly adzYYrNEBE>X (GKS LIKSy2GeL)JS 27F tiHora AaNRaeé

observations in the RNAseq dataset: mmate expression of atriatum ROSHhllele;
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low expression of gpseudomajusEMYB low expression of &ROS2allele of

undetermined origin; and the lack of expression of a gene of unknown function.

5.3.4 Screening putative functional mutations in colour genes

One hypothesis for théunction of ELMYBis that it acts as a repressor of magenta
pigment.However, he fact that bothJI7and pseudomajusamples expressl-MYB
(albeit at lower levels than dominaiiiLalleles)but are nonetheless magenta, raises
the question of whether certain mutations alter the function of their proteiis
investigated if this is a plausible explanationdnalysingSNPs and indeltsbtained
from the RNAseq sequencesf the ELMYB transcript of striatum (which is

expressed iIrROS ELROS Etamples)and pseudomajusand compared bottwith

the reference sequence frodi7

In the coding sequencef ELMYB (spread over three exons) | founseveral
nucleotide difference between JI7 pseudomajusand striatum, some of which
resulted in amino acid differences at the protein level (Figure 5.9A). Several
polymorphisms wersstriatum-specific, and mostly located in thet€minus of the
protein, downstream of the MYB domain®ne exceptionwas a change from a
Methionine (M) to aThreonineg(T)in the second MYB domaiiihere was also a 3bp
nucleotideinsertionin the coding sequenceavhich resulted in an extraLysine K),
located justbefore the start of the first MYB domairFinally, a 1bp insertionear

the Gterminusresulted in aframe-shift with a premature stop codonTheJl7and
pseudomajugprotein sequences were very similar, with two polymorphisms being

specific to each of those sequenc&sgure5.9A). Whilein JI7, both polymorphisms
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were located downstream of th®1YBdomains, inpseudomajushe two amincacid

differences were located in thklYBdomains.

v v v

JI7 1 MKKRSCSTEGK@KGAWSLQEDQKLIDCVNTHERMRTIAQAAGLHRSGKSCMLRWKNYLKPVH
pseudomajus 1 MKKRSCSTEGK@RGAWSLQEDQKLIDCVNTHCRMTIAQAAGLHRSGKSCMLRWKNYLKPVX

striatum R\ K KRSCSTEGK MK GAWSLQEDQKLIDCYNTHGEERTIAQAAGLHRSGKSCMLRWKNYLKPVH
v i

JI7 F{OBDEEDLIIRLHALLGNRWSLIAGRLPG®DEVKNHWNSHLKRKLINMGVDRNKHETLQPTNVCED]
pseudomajus FAOIDEEDLIIRLHALLGNRWSLIAGRLPG®WDEVKNHWNSHLKRKLINMGVDPRKNHE TLOPTNVCSBD
striatum V4D EEDLIIRLHALLGNRWSLIAGRLPQRDEVKNHWNSHLKRKLINMGVDPRINETUEPTNVCS D
JI7 MO DD TTLS VSKSKRTRSDNHSSESISSPVDPEEAISDLTASAKQDLSANHVKDENDEAd
pseudomajus O OD TTLS VSKSKRTRSDNHSSESISSPVDPEEATCDLTASAKQDLSANHVKDENDEAd
striatum JV% D 7715 BSKSKRTRSDNHSSESISSPVDPEEATEDLTASA SRR L )
B

v
JI7 IRKCICIVNK(GT--- ACATGTAGAGATAAA
striatum LRKCICIOINSMG TCG TCTCTGTAGAGATAAA

Figure5.9 ¢ Sequencalignments of EL-MYBfrom JI7, pseudomajusand striatum.

A) Protein alignment translated from the coding sequenceE&MYB Brown lines above

the alignment indicate the position of the two MYB domains. Arrow heads point to the
location of introns in the genomic sequenddumbered arrows point to polymorphisms
found in the MYB domains (numbers correspondrable5.3). The misabnment in the €
terminus of the protein is due to a frarshift in the striatum allele. Polymorphic amine

acids are coloured as: yellogwstriatum specific; magentg pseudomajuspecific; redg JI7
specific.

B)b dzOf S2GARS I f A3y YS yjunctich Kf2the ’setchd idtirSoEUMEB & LI A OS
Sequences in black denote the exon and those in grey the intron. Arrow head points to the
splice site. Nucleotides underlined in rgmbint to a GGT duplication in thstriatum allele
Notice that this duplicationoriginates a new GT sequence (in bold font), which is a
conserved sequence for intracp Splice sites.
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Some RNAseq reads ROS EROS Ekamples mapped to whatere predicted to

be the introns of ELMYB in the A. m. striatum sample This could suggest
alternative splicing of th&eLMYBMRNA, resulting in the expression of different
isoforms of this gene. Unfortunately, the number of reads covering the introns was
low, precluding any conclusions about its relative expression in different
haplotypes. Howeer, based on those few reads, | was able to detect a

polymorphism in the splice junction of the second intronEdMY B (Figure5.9B).

(@p))
oY

ladz- f e GKSNB Aa | O2yaSNWSR D¢ &aSljdsSy
4S1jdzSyO0S | (AbetsetXal. 202 SYR GKS pQ SyR 2F (KS
the striatum EMYB the GT sequence is present, but immediately followed by a
GGTCTC sequence instead of ACA foundlif(Figure5.9B). It could be that this
OKIy3aS | R2lOSyld G2 I kkion peflurbl the/mRNA splichgh OS &

of this gene, resulting in alternativel-MY Btranscripts.

To investigate if the observed amuawid differences in thé'YBdomains, could
affect the function of the protein, | aligned the protein sequences Jbf,
pseudomajusand striatum with homologous proteins obtained from a BLAST
search. My assumption is that changes that do not affect the function of the protein
should be shared with other homologous proteins, whereas changes that disrupt
0§KS LINZ (0 Sh sheuid ndE. dzyakgaedl zhe MYB domains wiy three
sequences with the MYB domains 50 homologous proteingonly MYB domains
were used because the proteins are highly divergent elsewherepcused
attention on the three amineacid polymorphisms that we found betweenJlI7,

pseudomajusand striatum (hnumberedin Figure5.9A). The first tvo polymorphisms
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are pseudomajusspecific that is,JI7andstriatum sharedthe same amineacid. One

of them (a tyrosine [Y] in the first MYB domain) was not found in aogher
homologousprotein, and the other (dysine K] in the second MYB domain) was
found in only 3 other proteingTable5.3). In both cases, the amiracids fromJI7
and striatum were the most commonly found in the 50 homologous sequences
(Table5.3). Tre third polymorphism wastriatum-specific (athreonine [T] in the
second MYB domain)ut it was absolutely conserved in all 50 homologous
sequences, whereadl7 and pseudomajugboth with a methionine M]) differed
from all others. This suggests that te&iatum sequence is in fact more similar to

other homologous sequences, and thHTand pseudomajusliffer the most.

Table5.3 ¢ Comparison of amineacid composition ofll7, pseudomajusand striatum with

50 homologous proteingor three polymorphisms found in the MYB domains B:EMYB

The three polymorphisms correspond to those highlighted Figure 5.9A. For each
polymorphism, all aminacids found amongst theomparedproteins(50 from BLASPlus

3 from A. maju3 are shown, with their respective count. Cells in magenta in
polymorphisms 1 and 2 refer to theseudomajusmino-acid and cells in grey to thH7and
striatum amino-acid. The cell in yellowin polymorphism 3 refers to the aminracid in
striatum and the cell in grey to the amiracid inJI7and pseudomajus

Polymorphism 1 Polymorphism 2 Polymorphism 3
amino-acid Count aminc-acid Count amino-acid Count
C 16 E 14 T 51
G 7 P 11 M 2
N 7 S 6
K 6 D 5
R 5 A 4
\% 4 Q 3
s 2 | |e—
H 2 K 3
Q 2 L 2
N 1
L 1 H 1
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Based on these results, | explored if these putative functional mutatiobEd-=MYB
occurred as fixed differences betweeh. m. pseudomajusnd A. m. striatum
populations from the hybrid zoneThe pooled sequencinglata of hybrid zone
samples (Chapte8) were used to findall nearlyfixed kp > 08) SNPs between the
two furthest sequencedoools (YP4 and MP1Table3.1). More than half of hese
SNPs were located in the vicinity of the colour gei9Sto ROS and E-MYB
coincident withthe Fst peaks Figure5.10). From those SNPs that were located in
the coding sequence (CDS) of these genes, | further characterized them as
synonymous (if they did not result in an amiaoid change) or nesynonymous (if
they did result inan aminoeacid change)Rigure5.10B). Nonearlyfixed SNPs were
found in the CDS ®®OS3In the other genes, several changes in the CDS were non
synonymous between populations, suggesting sgpnetein divergence between

the two subspeciesin ROS 1the two nearlyfixed amino-acid changes occurred in

i K Sregmmof the protein, downstream of thlYBdomains; inROS2there were

two nonsynonymous changes in each of tMYBdomains and three changes
further downstream; finally, ifELMYB there wasonemii F 6 A2y Ay -0KS

most)MYBdomain and three mutations further downstream.

Two of theaminoacid differencesn the MYBdomains analysed in the RNAseq
data jumbered 1 and 2 ikigure5.9 and Table5.3) were notdiagnostic differences
between the hybrid zonepools However, loth of them werefixed in theA. m.
striatum sample while being polymorphic in th&. m. pseudomajusample (at a
frequency of 0.3 and 0,lrespectively. Conversely, he amino-acid difference

specific toA. m. striatum(number 3 inin Figure5.9 and Table 5.3) was fixed
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between samplegkp > 0.99) Thus, theallelesanalysed in the RNAseq daiee not
shared betweerA. m. striatumand A. m. pseudomajysnd thus might have some

functional significance for the productiorf anthocyanin pigment.

A
0.6 4 N(Ap=20.8) = 234 50kb
—_—
o 047 N /s
i
. N
p—— —
0.0 - - - e » oo
. T T T T T T 1
ROS 1 2 3 EL-MYB
B
1 kb N(Ap 2 0.8) = 47 N(Ap 2 0.8) = 40 N(Ap 2 0.8) = 36
' i
i 7 | i’ !
! i gvgv % § AR D%% i ! \% }
‘i}] V‘? gV w gWV ‘VVV VVWS Il V&V“’W Hgv VW vy T v n V% v
ROS1 ROS2 ROS3 EL-MYB
[Key: 1synonymous 1non-synonymous  § non-coding|

Figure5.10¢ Location of fixed polymorphisms around putative flower colour genes.

A) Fst (averaged acros&Okb windows) between the two furthest pools sequencefiom

the hybrid zone (Yand MPRL.1). The points along the-axisdenote the location of nedy-

fixed polymorphisms between the two samples (defined as SNPs with an allele frequency
differencekpx ndy o0 d t 2Ay & FNBE O2f 2dzZNBR 4. AlieK GNJ yaLl N
dashed line is th&9.5th quantile of the wholggerome Fst distribution. Theposition of the
colour genes focused on in this wagkindicated bdow the plot. The total number ohearly

-fixed polymorphisms in the region is given above the plot.

B) Location ofnearly-fixed polymorphisms (triangles) in réilan to the coding sequens®f
ROS1ROS2ROSANdEL-MYBgenes. Coding sequences are shown as boxes and introns as
lines.The number ohearly-fixed polymorphisms is given in each b&NPs are coloured as
indicated in the key.
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5.4 Discussion

5.4.1 EL-MYBis alikely candidate for EL

The comparison oflene expression betweesamples with recessive and dominant
alleles ofEL revealed a candidate gene f&lwithin the genetically mappeéluta
interval. This geng E-MYB was found to encode a protein with aBRZR3MYB
domain, the same type é8OS1which made it a candidate for being involved in the
Elutaphenotype ofAntirrhinum ELMYBshares similarity with other genes involved
in anthocyanin biosynthesisiamely in fruits (e.gMYB4in Vitis vinifera Matus et

al. 2009) seeds (e.gAtTT2in Arabidopsis thalianaNesi et al. 2001and flowers

(e.g.GMYB11n Gerberahybrid Laitinen et al. 2008)

The magentgphenotypeof Antirrhinumflowers seems toinvolvethe expression of
ROSat relatively high levels ¢enpared torosed®®) and EMYBat lower levels
(compared to ROS Elrecombinants) (Figure 5.6). Conversely, inROS EL
recombinants bothROSland EI-MYB are expressed at high leveland this
correlates with the restricted pigment observed in th#8owers. This suggests that
the EEMYB protein might act as a repressor of pigment production promoted by
ROS1Indeed, some of the homologs &l-MYBhave a repressor activity in the
production of phenolic compounds, including anthocyanins (8ig.et al 2000;
Aharoni et al. 2001)giving some support to this hypothesidie mechanism for this
repression remains to be clarifiedyut it does not seem to involve a direct
regulation ofROSIexpressionotherwise its expression would be lower ROS EL
reconmbinants which was not observedAnother hypothesids that the EtMYB

protein competes with the ROS1 protein IONA targets and/or in the formation of
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protein complexes necessary for downstream activation of target géRamsay &
Glover 2005) Indeed, he maizeC1gene ROSlhomolog) is known to bind to a
bHLH transcriptions factoB), and the formation of this complex is necessary for
anthocyanin productior{Goffet al. 1992) Thus,EL-MYBmight compete with ROS1
in the formation of regulatory proteircomplexes, leaidg to the repression of
pigment in particular parts of the flower where it is expressékhis hypothesis
could be investigated in the future, for example, by doing y#asthybrid assays
to investigate if ROS1 and-ELYB proteins interacwith the sameset ofproteinsor

with each other

The observation thafl7and A. m. pseudomajusamplesexpressel-myb (although
at lower levels than iROS Etecombinanty and yet have anagentaphenotype
requires an explanatiarOne hypothesis is thahe striatum and pseudomajusl-
MYB proteins are functionally differentl found several polymorphismisetween
JI7 pseudomajusand striatum, which could be candidates for altering the function
of the EEMYB protein(Figure5.9). | focused attention on three polymorphisms in
the MYB domains oE-MYB since these contain the DN#Anding motifs of the
protein (Dubos et al. 2010) Three aminoeacid polymorphisms in iB region
revealed thatJI7 and pseudomajusare more distinct from bmologous proteins
available inprotein databases thanstriatum is (Table 5.3). In particular, a
polymorphism in the second MYB domain (polymorphismBigire5.9A andTable
5.3) was found to be conserved in all 50 homologous sequenoasidered but
different in JI7 and pseudomajusThis polymorphism was also found to bred

between samples in the hybrid zonEigure5.10). Together, heseresults suggest
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that JI7and pseudomajugproteins might be nonfunctional, despitesome E-MYB

expressiorn the flowers

All of the functional hypotheses discussed here are of a speculative nature, since
they are based on limitedholeculardata. However, they point the way for future
work on EL For example, the role d&LMYBin regulating pigment produatn in
flowers may be elucidated by its expression pattern in the floral tissue, namaty by
situ hybridization.If the dominantEl-MYBallele represses the pigment in the outer
lobes and tube of the flowers, then it might have an expression pattern within
those regions of the flower budCurrently, ann situ probe for theJI7EI-MYBallele
hasbeen developed and a preliminary-&itu trial tested on JI7flower buds, but the
results are still inconclusive @Raimundo, pers. commButhermore, it would be
useful to obtain knoclout alleles of thestriatum EL-MYB allele in ROS EL

recombinants, which should result in magenta flowers.

5.4.2 Analysis of rosy phenotype reveals complexity of ROSocus

Many of the nearlyffixed polymorphisms inthe ROSscaffold betweenA. m.
pseudomajusandA. m. striatumn the hybrid zone were found within the vicinity of
the ROSyenes Figure5.10). Some of these polymorphisms cause fsynonymous
changes in the predicted proteins of the genes and thus migha$sociated with
functional differences between the encoded proteins. However, most of these
polymorphisms occur in neooding regions of the colour geneBidure 5.10B),
suggesting that the phenotypic difference between the subspecies is also due to cis

regulatory mutationsThe analysis of RNAseq data from an individual with the rosy
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phenotype fos°® eP/rog°® el) revealeda uniqueprofile of gene expression in the

ROSocus which provided support to this hypothesi&lthough thisrosyindividual

carries a rosT allele (which is notdetected in ROSHA elFmyl® / ros EE

heterozygote, this gene is expressed at a lemehrto that of JI7and pseudomajus
samples figure5.8). Therefore, the recombination in this individuabetween the

third exon ofROSJand the third exon oROSZ; modified the expression of the
rosT allele. This suggests theggulatoryelements downstream of thROSToding
sequence influence the expresaiof this geneCisregulatory mutations are often
argued to be major contributors for phenotypic differences between species,
because they have the potential to avoid functional tre®ld Fa RdzS G2 | ISy
pleiotropic activity (Carroll 2005; Wray 2007)Fa example, ifROSgenes are
involved in regulating anthocyanin production in other tissues besides petals (this is
currently unknown), then changes in floral pigmentation can be accomplished by
regulatory changes that do not affect the synthesis of antlamays in other tissues
(such as leaves, as is often observed in bBatim. striatumand A. m. pseudomajus
plants). Dissecting how coding and-@gulatory mutations contribute to functional

and phenotypic divergence is challenging, particularly in-madel organisms
where certain molecular tools (such as transgene expression) are not available.
However, ths work shows how combining informatidinom naturaly-occurring
polymorphisms, gene expression and recombinant mapping allows tackliag

guestion.

The rosy recombinantlso expresses th®OSZyene, although with loweRPKM

than ROSXFigureb.8). This siggests thaROS2nay also contributdo the pigment
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seen in rosy flowersROS2vas also found to be expressedrimsed°*®? which has
low amounts of pigment in the outer epidermis of the dorsal pet&gre4.1).
AlthoughROS2vas previously found nab be expressed inosed°*®?(Schwinnet

al. 2006) the RNAseqlata suggest that it may be expressed at low levels and
perhapscontribute to the phenotype of these flowerg.his suggests that bofROS1
andROSZ3enes may be involved in regulating antiianin production in flowers of
Antirrhinum To understand how these different genes contribute to the final
phenotype of the flowers, it would be desirable to see when (in developmental
time) and where they are expressed. As WiEkMYB two probes forROSland
ROShave been constructed to perforin situhybridizations inJI7flowers, but this

is still underway. It would also be interesting to know if R@S3)ene is functional

or is a norfunctional pseudogene.

Finally, he ROSocus may provide amieresting case for studying the evolution of
gene function in duplicated gene&hang 2003) The high sequence similarity
betweenROSIROS2nd ROS&nd their close location in the genome suggest that
these genes are paralogues resulting from gene dafiio events. This provides
the opportunity to seeif they evolved toregulate pigment indifferent tissues, if
their expression differs betweespecies oAntirrhinumwith distinct flower colours

or even if they occurin closelyrelated species, such akinaria or Mimulus
Extending the analysis to other species might hédp determine when this
duplication occurred and what the role of tHiROShomologsis in regulating floral

pigmentin those species
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5.4.3 Effectiveness of RNAseq to find candidate genes inv olved in flower

colour
RNAseq is a powerful method for accessing the pool of transcripts present in a
particular tissue, when little knowledge about those transcripts is available. This is
the case inAntirrhinum the genome sequencing project is in itsrlgadays, and
information about gene location and its functional annotation (i.e. biological
knowledge about those genes, such as conserved domains, homology to other
genes, etc.) is scarce. Therefore, RNAseq seemed a suitable approach to explore
changesn gene expression associated with the mapped genetic components of
flower colour (chapter4), allowing the identification of candidate genes within
those mapped regions. The RNAseq dataset used in this study, was obtained from
10 samples Table5.1) and adlowed the assembly 085267 genes. This number is
slightly lower than the predicted number of genes in themajusgenome 47555
genes Yongbiaoet al, unpublished. However, the assembly obtained from my
dataset is likely to be incomplete, since ithased on RNA from a single tissue

(corolla of flowers).

| have opted to use RNA samples extracted from corollas of a single flower bud and
from a single developmental window-®mm long buds). The choice of stage was
based onROSIlexpression, which is kmm to be significant at this developmental
stage(Schwinret al. 2006) However, other genes controlling flower colour may be
expressed at different stages of development and therefore this strategy may not
capture all of the gene expression variation asated with the phenotypes studied
here. Several buds of different sizes could have been pooled for each individual to

make the RNA extraction. One potential caveat of this approach is that it may
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introduce stages of development where the genes associatgd flower colour

I NB y2i SELINBaaSR |G Fffd ¢KA& ¢2df R NB2
interest, potentially hindering their detection in the RNAseq data. Although | cannot
confidently say which would have been the optimal strategy, theeawly of

several known genes involved in anthocyanin biosynthesis (includi@§land

ROSY is indicative that the sampled tissues represent a stage in development

suitable to screen for other regulatory genes controlling flower colour.

One clear limitéion of this dataset is that no biological replicates were sequenced
for each of theROSEL genotypes analysed, which is essential for conducting
statistical analysis of differential expressi(iillieset al. 2013) Replicates were not
included in this wek, because it constituted frst attempt to apply thismethod to
screen candidate genes associated with flower colchaingesrelated to the ROS

EL genotype. Given the promising results presented here, two extra biological
replicates are now being sequesd for some of the samples describes well as

for a sample homozygous fan A. m. striatumhaplotype This should consolidate
some of the results obtained, allowing a more quantitative description of changes

in gene expression.

Due to the lack of replates, | opted to use an exploratory analysis that only
considered extreme changes of normalized gene expresdRiPK{ between
samples of differenROSELgenotypes. This approach is limited, since significant
changes in expression associated with flovemlour might be dismissed (false
negatives) and others might be wrongly considered (false positives). To see if the

I LILIN2F OK ¢l a NBlFIazylotSzs L t221SR G GKS
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¢ ROSLINC, PAland CAN(Figure5.3) ¢ whose expressio is expected to differ

between differentROSIgenotypes(Schwinnet al. 2006) The results largely fitted

with the expectation thatROS1is expressed ilROS1/ROSihdividuals but not in

rosl/rosl(except in a rosy individual, discussearlier) (Figure5.5). Furthermore,

the genes regulated biROS1showed expression levels that correlated with the

expression of this gend-igure5.5). This indicates that my exploratory approach

could correctly pinpoint genes involved in flower colour, as long as the eliféers

Ay 3ISyS SELINB&aaArzy NB I NBHS ctNE@MGhtSE YLI S ;

have been dismissed as involved in flower colour if not already known).

Althoughmany questions remain unanswered, the results reported in thepter

and the previous one revealthat intricate interactions between loci in th®@OSEL
region are involvedin the regulaton of flower colour. This chapteranalysed the
expression othree genegy ROS1ROSaNnd ELMYBC¢ that are likelyimportant for

the flower colour differences seen betwedén m. pseudomajuand A. m. striatum

The consequences of recombination betwettie A. m. pseudomajuROS éland

A. m. striatum(ros_El haplotypesare clear both at the phenotyic and gene
expression levels. HEse recombination events are relatively easy tosefdve in
controlled crosses made in the glasshou$berefore, thisraises the question of
whether natural recombinants occur in the hybrid zone where the two subspecies
haplotypes ceoccur. If that is the case, whatare the consequence for the
phenotype of the flowers? | approach this question in the next chapter, focusing

attention on the three genestudiedin this chapter ROS1IROS2nd ELMYB.
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6 Characterization of natural ROSEL recombinants in the

pseudomajus x striatum hybrid zone

Genetic analysis of flower colour IA. m. pseudomajuand A. m. striatumhas
shown that theROSELregionis responsible for thenajor difference inthe floral
magenta pigmentatiorbetween these subspecie$Whibley 2004; Whiblet al.
2006) In particular,A. m. pseudomajuis characterized by ROS ehaplotype and
A. m. striatumby aros Elhaplotype.Thegeneticmapping experiments in this work
allowed the identification of an interval containirgLand the dissection of sub
regions within theROSocus controlling different aspects of floral pigmation.
Additionally, the geneexpression experiments allowedentification ofthree genes
that control the pigmentation differences betweeA. m. pseudomajuand A. m.
striatum: ROSland ROS2at the ROSlocus andEL-MYB at the ELlocus At the
population level, hese loci (and their corresponding genes) are highly divergent
(highFsbh between samples collected from the flanks of fleeudomajux striatum
hybrid zone This suggests that theubspeciesallelic combinationof the ROSEL

region ROS ehndros E) ismaintainedby selectionin the parapatric populations

However,in the central region of the hybrid zone, where the tvgobspecies
haplotypes can occur in a heterozygous formthere are opportunities for

recombinationto occurbetweenthe ROS ehndros Elhaplotypes| used molecular

markers inROSknd E-MYBto genotype samples across the hybrid zone transect,

and show that recombinant haplotypgROS E&andros e) occur at ~5% frequency

in the population Usingcontrolled crossesthese recombinants wereonfirmedto
change the phenotype of the floweras expectedrom the genetic experiments in

previous chaptersThesecrossesalsorevealed that other modifiers of pigmentation
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might be segregating in the hybrid zon€inally, ELwas shown tointeract with

another component ofpetal coloration: vein-specific pigmentation enation.

Dominant alleles ofELrestrict the venation pattern in the dorsal petals of the

flowers, whereas irel/el individuals the venation is spread those petals. These

results reveal how particular patterns of colour An m. pseudomajuand A. m.

striatum require the interactionbetween theROSand ELloci. This is discussed in

GASE 2F (GKS RAFTFSNBYy(d FT2N¥a 2F asStSOlirzy
haplotypes ROS eland ros El, namely ceadaptation (epistatic selection) or

frequencydependent selection.

6.1 Introduction
Using controlled crosses the glasshousketween A. m. pseudomajuand A. m.

striatum, | was able to show thatecombination between ROS eland ros EL

haplotypesis not suppresseth these subspeciesiowever,the two loci are tightly
linked (~0.5cMapart), whichrequired sowingseveral hundreds ahdividualsfrom
controlled crosses orderto observe a significant number of recombination events
betweenROSNdEL In the context othe pseudomajux striatum hybrid zong one
could hypothesisethat recombination between ROSand EL is so rare that it
precludes the accumulation of a significant number of recombindiplotypesin
the population However, this expectation might balse as the accumulation of
recombinants in a population isot only afunction of the recombination rate
between the loci, but alsa function of time (number of generations)Tight

physical linkagdowers the probability offorming a recombinant in any given
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generation, but there is no griori reason why such recombinantsannot

accumulate over many generatiof@ssuming they areot selected againt

At the population level, it is convenient to think about the association between
alleles in two loci in terms of linkage disequilibriumnkage disequilibriumis
defined agshe difference in frequency between nenecombinant and recombinant

haplotypes which forROSnd ELcanbe written as:
o n N n

Wheren refers to the frequency of each subscripted haplotype in the population.
Linkage disequilibriuncan reacha maximum valu®© 1@& v when the two
parental haplotypes have an equal frequencye.(n N ™) and a
minimum valuéO Ttwhen all four haplotypes occur at the same frequeniog. (

n n n n & ). Given acertain recomhnation rate
between two locig(which can be approximated to the genetic distance in cM) and

an initial valie of linkage disequilibriun® , we can calculat® after “Ygenerations

using the equatiorfHedrick 2011)

0O p w O
From thisequation it becomes immediately evident that the decay of linkage
disequilibrium is not only determined by the @mubination rate &) between the
two linked loci, but also by the number of generatipihy during which
recombination can ocau(Figure6.1). In other words, given sufficient time, any

allelicassociationbetween linked loctan be broken down by recombination until

the population reaches linkage equilibri@ ).
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Figure6.1 ¢ Theoretical decay of linkage disequilibrium over time
Different recombination rates between two linked loaie considered (coloured linedh
ead case, the populations start at the maximum valugrof 8

This model for linkage disequilibrium decay assumes that individuals in the
population mate randomly and that there is no selection against recombinants.
These assumptions may not be triar real populationsbut nonetheless thenodel
allowsusto intuitively see that the accumulation of recombinants in a population is
not only dependent on the recombination rate between two loci, but also depends
upon how many opportunities (i.e., generatis) thereis for recombination to take

place.

Considering that tight linkage is not an absolute impediment for the accumulation
of recombinants in a population, it is reasonable to ask if recombiRE$ Edr ros

el haplotypes can be found in the hybrizbne population.On the one hand,
recombinants might not be foundf the hybrid zoneis young (not enough time to

accumulate recombinants) and/or recombinant haplotypm® strongly selected
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against. On the other hand, if selection is not too strong andihere was enough
time of contact between populations, recombina®ROSEL haplotypes might be
found segregating in the populatio.o screen forrecombinantsbetweenROSand
ELin the hybrid zone populationit is necessary to determine the genotype of
individualsfor those loci So far, the genotype d20OSand ELcould be determined
from crossing plants té\. majuslines of known genotypesliapter 4). However,
this isnot feasible for a large sample size of individu&sich an approach would
involve cdlecting pollen from wild individuals and use it in crossesJiéand
rosed°**® Not only would this be extremely laborious for thousands of individuals,
but technically challenging, as pollen would have to be kept fresh until ready for
use, and individals in the wild would have to be flowering so that pollen was

available for collection

One possibilityto determine the ROSand EL genotypes of individuals from the
hybrid zonewould be to use the phenotype of the flowers to infer the genotype at
the two loci. To see if this would work, it is useful to see what the expected
phenotypes are, based on tlk@own genetic interactions betweeROSnd ELfrom
controlled crosses Higure 6.2). In summary, individuals that are homozygous
ros/ros are expected to benon-magenta, regardless of their genotype L
Conversely, individuals with at least one dominR@Sllele ROS/roor ROS/ROS

are expected tgoroduce pigment, which is either restricte&l(ta phenotype) or
spread (magenta phenotype), depending on the presence or absence of a dominant
ELallele in the background~{gure6.2). From this prediction, it becomes clear that

inferring the ROSELgenotypes from the phenotype is not possibsince diferent
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genotypes can produce the same phenotyfer example, ROS éfos eland ROS

el/ROS edre both magenta)

Key
ROS el ros EL ros el ROS EL n magenta
M(\ e L Elta
{ )
ROS el \{@< }(@)\/\ @ heterozygous
Y < -
{, » Eluta
TN IR e N < homozygous
ros EL Y Y Gy
WS U D) F /Y non-magenta
ros el Y "
T T
j/\—.,«lf’ ~\
ROS EL Vias g
T :_3

Figure6.2 ¢ Expected phenotypes from all diploiROSELhaplotype combinations.

The phenotypes in each caaee representedy a drawingthat conveys the pigmentation
pattern in the faceview of the flowers. In summary, plants with a dominant alleld&R@¥S

are expected to produce pigment in the flowers. These can have an Eluta phenotype if
together with a dominant allele dEL, or magenta phenotype if coupled with a recessle
allele. In opposition, individuals with recessive allelessfare always expected to be nen
magenta. Notice that becaudeLis semidominant, the Eluta phenotype of homozygotes
EL/ELis more pronouned than that of heterozygote€lL/el Also notice that some
genotypes have theasne phenotype: for exampleROS éROSlis indistinguishable from
aROS élosel (both magentaps is aos Elros Elfrom aros ELros el(both nonmagenta)

A third solution for the determination of th&kOSELgenotypes in the hybrid zone is

to use polymorphic molecular markers linked to the two loci, which allow alleles of
the two subspecies to be distinguished. In particular, by taking advantage of the
results fromthe mapping experiments, it is known thROSland EL-MYBare part

of the ROSand ELloci, respectively. Therefore, markers in these genes can be used
to infer the genotype ofROSand ELin individuals from the hybrid zone. This

approach has successfullgdn used previously to genotype individuals from the
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hybrid zone(Whibley 2004; Whiblegt al. 2006; Elleouet 2012and was thus the

approach chosen for this work.

6.2 Results

6.2.1 Molecular markers in ROSand EL

To identify theROSand ELgenotype of plants from thg@seudomajusx striatum
hybrid zone, | usegolymorphicmolecular markers linked to theOSJand E-MYB
genes.For each gene, usedtwo tightly-linked markers one markerfor an indel
polymorphismand another marker for a singe nucleotide polymorphismSNP
(Figure6.3A). A. m. pseudomajuand A. m. striatumindividuals from the flanks of
the hybrid zone carry distinct diagnostic molecular alleles for these molecular
markers(Whibley 2004; Elleouet 201Zfherefore, thse markes can be used to

distinguish betweemseudomajusnd striatum ROSBnd E-MYBalleles.

The indel markefor ROS1s located in the promoter regior®4bp upstream of the
start codon of this geneA PCRreaction produces three fragmentswo that are
typically found inA. m. pseudomajumdividualsand one that is typical fromA. m.
striatum (Figure6.3B). The SNP markes located in thefirst intron of ROS1only
356bp downstream of the indel markefhe genotype for thismarker is obtained
by using KASRechnology(LGC Genomicgind each of e two allelesfrom this
marker is specific to one subspecies Higure 6.3B). Therefore the genotype
obtained from one marker can be used to confirm the genotype of the other
markerand, together,provide a consensus genotype for tROSIyene(i.e.,ROSA

or ros®P).
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Figure6.3 ¢ Markers forgenotypingROSInd E-MYBin hybrid zone samples

A) Location of indel and SNP markers in tR®Sland EL-MYB genes(red boxes and
triangles) The marker nmbers correspond toTable2.1. For each gene, the exons are
indicated as boxes and the introns as lines connecting them.

B) Example potograph of an agarose gelectrophoresisfor the PCRoroducts obtained
with the indel marker inROSI(marker #5) Three alleles were distinguished by size and
arbitrarily numbered 13. The allelefrom the SNP markerorresponding to each of these
PCR fragments is indicatess is the consensus subspecies allpte(gdomaju®r striatum)

that they identify.

C) Same asB) but forthe indel marker inELMYB (marker #34). Four alleles could be
distinguished by size and weagbitrarily numbered 14. Notice that allele Visibly includes
differently sized fragments; however, because these cannot be confidently resolved in a
agarose electrophoresis, they were scored as a single aldé®. notice that the SNP
marker is not fully diagnostic between the two subspecies alleles, but can be used together
with the PCR marker to determine a consensus genotype.
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The indel marker foE-MYBIis located in the promoter region of the gene, being
2287bpupstream of its start codon. This marker is obtained by PCR and produces
four fragments: three of them typically correspond A0 m.pseudomajusand one

of them to A. m. striatum(Figure6.3C) The SNP marker (also obtained BASP
technology) is located within the PCR fragment of the indel marker. This marker is
not fully diagnostic between the two subspecies, but has a consistent association
with certain alleles of the indel markeFigue 6.3C). Therefore, the two markers
can be used together to determine a consensus genotyp&lMYB(i.e., el-myb’

or EMYB).

Using these markerdhaplotypes can be determined by considering the diploid
genotype of an individual inRROSland ELMYB (Figure 6.4). In particular,
recombinants can be found by finding discrepanadreshe genotypes of the two
genes For example, if an individual is determined to be heterozyd®0SH rost

but homozygousl-mylP/el-mybk’, it suggests that it carries one parahhaplotype

¢ ROSAel-myb’ ¢ and one recombinant haplotype ros® el-myb’. Theone caveat

to this method is that heterozygous individuals with the two subspecies haplotypes

(ROSA el-myk® / rosf ELLMYB) cannot be distinguished from heterozygous

individuals with two reciprocal recombinant haplotypgdQdSH E-MYE / rosT el

myb”) as both will be heterozygous for the markers in both gefeestral panel in
Figure6.4). However, if the frequency of recombinant haplotypes in the population
is notvery high, the occurrence of the latter genotype should be sufficiently rare to

be ignoredwhen calculating haplotype frequencies
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Figure6.4 ¢ Determination of ROSELhaplotypes from genotypes iiROSnd ELMYB
Haplotypes can be determined from tlyenotypes in each gene. The coloured bars denote
the A. m.pseudomajugmagenta) andA. m. striatum(yellow) alleles in each gene. Notice
that in one case (central panel) the haplotypes are ambigudiusin individual is
heterozygous for both genes, & impossible to distinguishiif carries the two subspecies
haplotypes or two reciprocal recombinant haplotypes. Because the latter should be rare in
the population, individuals heterozygous for both genes are always assumed to carry non
recombinant hapltypes.

In terms of nomenclature for this chaptdrwill refer to themolecularlydetermined
alleles in each gene aROSH, rost, el-myl’ and EI-MYE. Haplotypes will be

denoted using the usual notationfor example ROSA elmyl® for an A. m.

pseudomajushaplaype. It is important to clarify the distinction between a
molecular genotype and a functional genotype. In the context of this work, a
molecular genotype is determined by the markers located near a gene, whereas the
functional genoype is determined by crosses o majuslines of known genotype

(as inFigure 4.3). Therefore, the functional genotypeefers to the genetically
defined ROSand ELloci, which may include several genes or functional sitésin

them (as discussed in themapping experiments of chapte4). The molecular
genotype is expected tpredict the functional genotypbut, as shall be seethis is

not always the caselrhe nolecular genotypesvill alwaysrefer to a geneallele (in
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this chapterfor ROS1ROSZnd EL-MYB, whereas the functional genotypes refer

to the generalgeneticlocus (ROSndEL.

6.2.2 Screening ROSELrecombinants in anatural hybrid zone population
Themarkers inROSTnd E-MYBwere used to genotyp2393 individualssampled
from the hybrid zoneThe geographic location of these individuals is spreawss
the population, although the number of individuals genotyped wasot similar
across thdlower colourcline(Table6.1). Since the main aim of this experiment was
to find recombinants betweeROSand ELin the natural population, the sampling
effort was concentrated nearer the centre of the clinghis is because of the
expectation that recombinants should be commonest where the two pardR@$

ELhaplotypes occur asimilarf NB1lj dzSy OA Saz GKI G A& Ay

Table6.1 ¢ Number of genotyped individuals at different distances from centre of the
flower colour cline.

The number of genotyped individuals is given within a cer&iclidian distance from the
canonical centre of the flower colour cline. From the total number of genotyped
individuals,a very highfraction (9695%) was successfully genotyped at all four markers
used iNROSANAELMYB

Distance from
hybrid zonecentre

Number of samples
(successfully genotyped

(km)

0.5 1359(1295
0.5t0 2 659(629)

>2 375 (339)

Out of the23R8 individuals genotyped2263 (~%%) were successfyllgenotyped

with all four markerqFigure6.3). Some individuals had a discrepancy between the
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expected association of the indel and SNP allelelbcated in eitherROSIor EL=

MYB From a total of 4530 haplotypes (two from each of the 22@notyped
individuals), 90% were unambiguouslgtermined fran the molecular markeras
beingpseudomajusstriatum or recombinant. Th@bserveddiscrepancies between

the indel and SNRharkers within each gene can be due to several reasoasely:
technical errors during the genotyping; null PCR alleles (case®ulineprimers do

not work well for certain alleles, therefore a homozygous individual for a molecular
marker may actually be heterozygous with an allele that was not amplified); rare
haplotypes segregating in the population. These cases were not investigat
thoroughlyand, since the sample size used was large and there was no geographic

bias in their occurrencehey were removed from the analysis

There are four possible haplotypes that can theoretically form: two subspecies

haplotypes¢ ROSH el-myl® and rosf EI-MYB ¢ and two recombinant oneg,

ROSAELMYE andros?T el-myl’. All these haplotypes were observed in the hybrid

zone (Table 6.2). The majority of haplotypes consisted of the two subspecies
combinations, but around 5% of them were recombinamiplotypes. These
haplotypes do not occur at a homogenous frequency across the geographic range
of this population. The parental haplotypes show a gradual change in frequency
across the hybrid zone, which is correlated with the change in flower cdioguré

6.5). Thepseudomajushaplotype declines in frequency from East to West, as the
magenta phenotype becomes rarer. In opposition, gteatum haplotype declines

in frequency from West to East, as the noragenta phenotype becomes rarer. The

recombinant haplotypes show an increased frequency near the centre of the hybrid
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zone and a reduced frequency in its flankgy(re6.5B). Although the fregency of
the recombinant haplotypes is ~5% in the total samflable6.2), their frequency

can reach up to 12.5% in local clusters of plants within a 200m radius.

Table6.2 ¢ Number of recombinanteand parentalhaplotypes
observedin the hybrid zone popution.

Haplotype Number observed
(percentage of total)
ROSH el-myb’ 2047(50%)
rosl® EEMYB 1845(45%)
ROSAELMYE 134(3%)
ros2’ el-myb’ 67 (2%)

There is a signal of introgression of both recombinant pedudomajusaplotyes

into the A. m.striatum flank Figure6.5B). Considering samples further than 500m
EastWest from the centre of the flower colour cline, there are 31 in 812 (3.8%)
recombinant haplotypes on thé\. m. striatumside, and only 5 in 508 (1%)
recombinant haplotypes on th&. m. pseudomajust A RS 6L ¢ nodnmz
test). The same trend is observed for the introgression of each parental haplotype
56 in 812 (6.9%pseudomajuhaplotypes occur in thé. m. striatumside, versus
only 15 in 508 (3%sgtriatum haplotypesbeingfound in theA. m. pseudomajuside
OLF ndamI CA &ThB NBuli suyests tére isi Sgeneraldntrogression of
non-striatum haplotypes to theA. m. striatumflank of the hybrid zonePossible
reasons for the introgression of recombinant haglees are revisited in the

discussion.
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Figure6.5 ¢ Variation of phenotypes and haplotypes across the hybrid zone.

A) Frequency of phenotypes represented as pie charts. Eachhaig represents a cluster

of plants within a 200m radiuand isplotted on the geographic locatio? ¥ §( KI & Of dza G SND a
centre The area okach chartis proportional to the number of samples in the cluster

(between 6 and 577 individuals). Eakhy’ R A @ floRelzivds Qcbredn the field for the

magenta phenotype and scores weariassified as: nomagenta (score <1 dzii I o m X & 02 NB
f o0 YR YIF3ASyidl 0a02NB x o0L®

B) Frequency of haplotypeslong the WesEast direction. Each point is the mean

frequency in a cluster of plants within a 200m radius (same clusters as shown in4)anel

The Ines are a fit to the datausing a 4parameter sigmoidal function for the parental

haplotypes and a Gaussian functiorfor the recombinant haplotypesséction 2.8 in

methods.
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