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Abstract

Adaptive radiations are fantastic systems to study the origin of biodiversity as they
generate considerablphenotygcand genetic diversity when givetological opportunity
Alcolapia are small subgenus offour cichlids species eachwith considerable eco
morphological diversityChapter one provides background on adaptive radiations, the
history and ecology oAlcolapiaand describes polymorphisswithin the species flock.
Chapter two investigat the phylogenomic relationshipf site 14, a population of
individuals in the east of Lake Natrtimat have unusual dental morphologies but mimic
A.alcalicaandA. latilabrishead morphology. RAxMitedicts site 14 to be the sister lineage
to Lake Natron taxa (100 bs). Furthermore, a genetic P@At, measurements,
fineRADstructure, RAXML amsuite analysis givevidencesite 14contains two morphs
which correspond to field categorisatien Furthermore,a GWASon the two morphs
identifies a candidate geneOSR2,which affects mouse craniofacial and dental
development so mayalso cause the morphologicdifferenceswithin the head region of
site 14 morphs Further phenotyping ofite 14teeth is neededas previous research
indicates they are atypicalnd reassessment of the size of tAkolapiaflock is required.
Chapterthree investigates the genetic basisugiturned and terminal morphologiesithin

A. alcalicaA GWA®N mouth orientation identifiestwo genes ANKMY2and SOSTDC1a
which are related to craniofacial developmeim cichlids All extremely upturned
individuals were female, indicating sexualbass for this trait and could berelated to
mouth brooding ability Further investigation othe ecology ofupturned A. alcalicais
needed as upturnedA. alcalicahave been shown to consumigsh scaleshinting at
cannibalisticbehaviour Chapter fourpresent conclusiongnd outlinesthe direction of
further research includingvider sampling testing sexual selectiofior mouth orientation,

KO experiments of candidate geras investigding other polymorphisms
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Chapter 1 Introduction

Adaptiveradiations and speciation

Adaptive radiations generate biodiversity and occur when multiple species diverge rapidly
from a common ancestor, each with distinct tretivironment correlationgJgnsson et al.,
2012) Changes in abiotic or biotfactors due to extinctions, colonisation or following the
evolution of key innovations can provide organisms with ecological release and the
opportunity to exploit vacant niche&Stroud and Loses, 2016jollowing this, different
populations may be exposed to various selection pressures and over generations they may
gradually become more genetically distinct to one another as certain alleles are favoured
or purged by selection, gained byutation, or lost/fixed by genetic driftwWell documented
examples int dzZRS 51 ¢ A YAtdbs liz&rds (L &&SZDT1and the Lake Victorian
Cichlids, the latter of which is the most speciose clade krtovdate, with up to 500 species
emerging in 15,00@50,000 years (Verheyen et al., 2003; Stiassny and Meyer, 1999;
Johnson et al., 2000iowever not all clades radiate, and some do so at much faster rates

than others(Tao et al., 2021)

Several factors are linked with the ability to radiate, includiigpersal ability (Tao et al.,
2021)and capacity tohybridize in naturg Seehausen, 2004lRecent evidence finds that

the propensity and speed of a clade to radiate is related to the recycling of ancient
polymorphisms that arose in the ancestral species of extant taxa, leading to genetic and
phenotypic diversity for selection to act upon (Jaeygp Choi et al., 2021; Marques et al.,
2019).Moreover, tybridisation between divergent lineages drove the explosive speciation
of Lake Victoria cichlids as gene flow reintroduced lost alleles, intrabhee variants and
generatel novel allelic combinaties for selection to act upon (Meier et al., 2023).
Hybridisation can also have beneficial impacts in by breaking down gene incompatibilities

by recombination (Aguillon et al., 2022yomoting speciation.

Adaptive radiations provide us with useful models for understanding the complexity of
speciation, especially in the face of gene flow adrhdisation can have different
evolutionary outcomes. As most species are exposed to a combination of allopatric and

sympatric conditions(Butlin et al., 2008) secondary contact often occurs between



diverging species. Hybridisation is particularly common in incipient species as reproductive
barriers are often weak (Lawson et al., 2023). This can cause two species to collapse into
one forming hybrid swarm@aylor et al., 2005itiate hybrid speciatioriBarreraGuzman

et al., 2017)or it can reinforce species boundaries as hybrids suffer a fitness cost relative
to conspecifics and are selected against (Butlin et al., 2@80®pugh gene flow can reduce
genetic differences between two populationspportantly, if a hybrid is reproductively
viable, adaptive genes can also cross the species boundary via horizontal gene transfer and
become selected fo(Burgarella et al., 2019). Patterns of adaptive introgression are
LINB Gt Syd FONRaa YdzZ GALX S NIRAFGAZ2YA FTNRY
Grant, 2015) to mimicry inHeliconius butterflies (Thawornwattana et al., 2023),
highlighting the importance of interspecific breeding in maintaining biodiversity.
Therefore, hybridisation plays an impartt role in transferring adaptive genes (Burgarella

et al., 2019), initiating speciation and adaptive radiations (Seehausen, 2004).

Due to mutation, drift and selection, peand postzygotic reproductive barriers can emerge
over time and accumulate between separated populations, causing speciation. Speciation
can evolve in allopatrywherebypopulationsbecomereproductivelyisolated due to non
overlapping geographical rangButlin et al., 2008)Alternatively, new species can emerge

in sympatry when populationexist in the sameerritory but divergedue to ecological
niche partitioning, differences in pheromones, reproductive cycles, courtship behaviours
and/or mechanical isolatiofButlin et al., 2008 Duringsympatic and allopatricspeciation
prezygotic factors have been shown to play a largerirolsolating emerging lineagésan
postzygotic factor§Widmer, Lexer and Cozzolino, 20@8f are thought to emerge more
quicklyin animalgCoyne and Orr, 198%owever post zygotic barrierare alsoextremely
important for maintaining species boundaries apcbliferate nonlinearly over timegOrr,

1995)
Cichlids

Cichlidaeare a species rich family of teleost fishes, with up to 1,600 known species which
inhabit lakes and rivers in Africa, South and Central Americas, Sri Lanka, India and
Madagascar (Stiassny and Meyer, 1999). Although contested in literature, increasing

evidence suggests that the cichlid family emerged after Gondwana separated (Matschiner
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et al., 2020; Friedman et al., 2013). The East of Africa is exceptionally species rich for
Cichlidae, with certain Tribes, such as the haplochromines being famous for explosive
speciation (Elmer et al., 2009)herefore as this cladeeadily speciats, it providesa good

model for understanding the origin of biodiversity.

Cichlids are famous for sexual selectiand male nuptial colouration is a common
mechanism for causing reproductive isolation in Lake Victoria cigt8elshausen et al.,
1997) The presence of sexual dichromatitims beerattributed to why certain clades are
more speciose than other®ortik et al., 2019) as seen in cichlfd¢agner et al., 2012)n

some species, it is so important for maintaining species boundaries, that a reduction in
water clarityobscures visual clues that are required for assortative mating, leading to non

discriminatebreeding between species (Seehausen et al., 1997).

Within cichlids from the African Great Lakes Tanganika, Victoria and Malaxai)eb
evolution has emerged independently multiple times for several life history traits, including
brood and egg siz@uponchelle et al., 2008). For pelagic spedeger butlarger eggsire
selected forwhich may be a strategy to avoid predation young fry(Duponchelle et al.,
2008) Meanwhile, benthic specieshave evolvaed guarding like behaviours, enablirey
greater number osmaller fry to be raise(@uponchelle et al., 2008yarallel evolution has
also occurred in cichlids frobrakes poyo andXilodin Nicaragua, Central Amed whereby
pelagic species haveconvergently and independently evolveelongated bodies in
comparison tdoenthic species which haweeperbodies(Elmer et al., 2014}urthermore,
melanic stripe patterning has convergently evolved independently within the Lake Victoria
and Malawi cichlid radiations due to two different de novo mutations at the same locus

(Urban et al., 2020)

Variation in diversification rates between cichlid lineagesorrelated tolake depth and
agebut not to lake areqWagner et al., 2012Deeper lakes are associated witdrger
adaptive radiations in cichlidas different depths provide more availableeterogenous
niches which can facilitate ecological speciaidfagneret al.,2012) Older lakes may also
contribute to adaptiveradiationsin cichlids asthere ismore time for mutations to arise

and persist, which can then generate new spe¢Wagneret al.,2012)



IntroducingAlcolapia a small diverse species flock

The Lake Victoria radiation is often used to understand speciation in the face of gene flow
as many of the sister species are at the early stages of the speciation cont{iaaomer,
2004) However, the large size of this radiation makes understanding evolutionary
processes complex as there are multiple interactions between species. Meanwhile, this
paper will study a smaller species flock with considerable polymorphism, ideal for

understandng the emergence of biodiversity.

Situated in the Gregory Rift Valley of East Africa are three endorheic basins; Lake Natron
found in northern Tanzania and nearby Lakes Magadi and Little Magadi which are in south
Kenya. These lakes are inhabited by @reochromi\lcolapiaspecies flock, also known as
0KS Waz2RI GAf I LA 3Rolapiahé& Daeibriclassified as® Subdeiu®@d H A H AN O ®
OreochromigFord et al., 2015), the latter of which contains 37 species (Ford et al., 2019).
There is evidence for widespread ancient gene flmross the Oreochromis phylogeny
(Ciezarek et al., 2023RIcolapiaare a small, young radiation that exhibit considerable
phenotypic diversity, most noticeably in their feeding apparatus including tematie
nuptialcolourationand craniofacial morphology (Ford et al., 2036ggers and Tichy, 1999;
Seegers et al., 2001)his species flock consists of four species as young as 10,000 years
(Williamsonet al. 1993 Tichyand Seegerd 999 Roberts et al., 1993Alcolapia grahamis

the only species to inhabit the margins of the smaller Lake Magadi and its satellite Lake
Little Magadi, whilelcolapidatilabris, Alcolapiandalalaniand Alcolapiaalcalicaare found

at high densities inhabiting various lagoons around the perimeter of Lake Natron (Julia Day
field notes, 2019; Figure 1, Ford 2015). Lake Natron species differ in their distribution with
A. alcalicafound universally around the lake, whik. latilabrisand A. ndalalaniare
restricted to the south of Lake NatroA. ndalalanihas the smallest known distribution
(Chapter 4, Lawson, 2023).
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they enable this subgenus to inhabit some of the most hostile soda lakes in the Woed.

ability totolerate highly alkaline conditions evolved once in African cichlids (Ford et al., 2019)

at least 1013Mya in the Tungen Hills, Central Kenya. This unique trait is shared between
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Alcolapiaspecies andreochromisamphimelas the latter being the closest extant sister
taxon to Alcolapia(Kevrekidis et al., 2020; Ford et al., 20¥8)ich inhabitsLakes Eyas,
Manyara, Singida, Kitangiri and the Yaeda béayona, 2006 During hypoxic conditions,
A. grahamihave been observed to air breatl{flarahara et al., 1996). Furthermore, to be
able to feed in alkaline watersA. grahamihave evolved arifurcating oesophagusand
intestine that minimises alkaline water from neutralising stomaaid which is essential
during digestion(Bergman et al., 2003)n addition,to survive the caustic conditions within
Lakes Magadi. grahamionly excretes ure@/WNood et al., 1989)Similarmechanismsiave
evolvedin A. atalica(White et al., 2022)Furthermore A. grahamisurvivevastfluctuations

in temperature, dissolved @ salinity, CQ concentrationand has the greatesability to
tolerate alkalinityfluctuationsof any fishspeciesknown (Reite et al., 1974 Duringfurther
experiments,O. niloticusdied within 1 hour of being exposed to Lakkagadiconditions
(Wright et al., 1990)Given thaiAlcolapiaare the only fish to survive and persistire hostile
Lakes Natron and Magadi (White, 2021), this highlights the uregakitionary mechanisms

Alcolapiahave evolvegdwhich may have contributed to its success at radiating.

Lake geology and climate

Around 700 Ka a paleolake called Orolonga existed which subsequently split &Qkeal
forming Lakes Magadi and Natrhichy and Seegers, 19%eegers et al., 20QIThis was
due to major climatic shift towards more arid conditions followsupstantial changes in
global hydrological cycles which is knowntlas Younger Bras Event (Williamson et al.,
1993 (Garcin et al2007). As East Africa received less rainfall (Williamson et al., 1993),
water levels diminished inakes Natron and Magadio around 12m deepand the
conditions within the lakes intensifie@videncedby increased salinity in sediment levels
7,000 years agdRpberts et al., 1993Butzer et al.1972, cited by Seegers et al., 1999). This
likely increased theselectve pressures o the Alcolapiaspecies inhabiting these lakes.
Today Lake Natrois reported to have a pHf 9-11.5 highammoniaemissionsmoderate
salinity, and hypoxic conditions during the night and an excess of oxygen during the day
(Clarisse et al., 2018ergman et al., 2003/ood et al., 1989(Lameck, et al., 2023)ake
Magadi has similar conditions to Lake Nat(@ablel, Getenet et al., 202®jth dissolved

CQ of 180 mmolHt, and recordedosmolality of 525 mOsm/k@Vood et al., 198%nddaily

fluctuations in temperatures of 280°C (Narahara et al., 1996)
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LakeMagadihas a muctsmallerareathan Lake Natron108.8 km(Coe, 1966fompared

to 1059 knt (Dawson, 2008)The depth of the water in Lake Natron g (Dawson, 2008)
and koth lakes are separated by a taller land bari(éfilliamson et al., 1993prevening
Alcolapiafrom migrating betweenthem. Lake Natron is fed by water from volcanic springs
and streams, the latter of which are found at the edges of the lake, while Lake Magadi is
solely dependent on volcanic springs and rainfall for water influx (Coe, 1Pé6).rivers
continuouslysupply Lake Natron with water, Tl#ngare Nyiro from the norttthe Peninj

and Moinik rivers to the west and The Engare Sero in sbathwest(Dawson, 2008).
Springs are also found dhe west and easbf Lake Natror{Dawson, 2008)xnd together
these water sarces at theperimeters of the Lakes Natron and Magadi form pockets
Alcolapiacan inhabit.The rivers vary in the sediment in which they transport, River Engare
Sero carries volcanic materiadile the other rivers carryDawson, 2008)Due to past
eruptions, the chemical compositions of the sediments of Lake Natrond@irt Research
Centre, 2013 Williamson et al., 1993 with magnesite found in the east of the lake and
high natrocarborte concentrations found towards the soutfbawson et al., 2008)
Together, his may createariationin habitatsand water clarityacross the zonealcolapia
inhabit.

Given the proximity of Lake Magadi, ~20km from Lake Natron (Google Maps, 2024), it is
likely both lakes experience similar patterns in precipitation and lake area change
throughout the year. Within the catchment of Lake Natron, there is seasonal variation in
precipitation, with the least amount of rainfall in July, followed by a lag when lake levels
are lowest in September and October (Clarisse et al., 2019). Large egpaitsin both
lakes are frequently covered by a thick laydrtrona, a mineral depds consisting of
sodium carbonatite, sodium bicarbonate and hali@&etenet et al., 2023 Certain lagoons
remain during dry periods such as in the south, north and west of Lake Natcbthese
provide a refuge foAlcdapia populations(Clarisse et al., 2019During dry periodshe
lagoons become disconnectedausing habitat fragmentatio(Geegers and Tichy, 1999).
Migration between the lagoons likely exists following periodfagh flooding(Coe, 1966;
Zaccara et al., 2014). However, after periods of extensive rainfall, higher mortality rates

have also been reported which may be related to deoxygenation caused by algal blooms
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(Coe, 1963, cited by Tichy and Seegers, 1999). Therefayestion between lakes may be

costly,preventing different populations from being completely panmictic

Ecology ofAlcolapia

Within Lakes Magadi and Natrpspecies richness is loa thereare few species that can
survive in such hostile conditior(®Vhite, 2021).In fact, Alcolapiaare the only fish to
populatethesesodalakes and theidiet consistgoredominately ofcyanobacteriavhichis
found at high abundaoies (Lawson et al., 2023By modelling the average traitsof
descendanspeciesthe ancestor oflcolapiaspredictedto be ageneralist herbivoréFord

et al., 2016)A. alcalicdiving in sympatryngest considerably more cellulose (43%) than
other Alcolapiaspecies (b6%)(Figure 2D, Ford et a., 201&5they consumemore Poales

an order of vascular plantFigure 3.3Lawson, 2023)A. alcalicahave also been found to
prey onmore juvenilefish than any otheRlcolapia indicating ithas a more cannibalistic
nature (Figure 2D, Ford et a., 2018)though there $ similarity between the diets athe
benthic specief\. ndalalani and A. latilabribving in sympatrythe mechanism by which
each species obtains their food varies, avoiding competitive exclusion (Lawson et gl., 2023
Ford et al., 2016 A. latilabrisusesits enlarged lipsexposed teethand ability to from
suction to graze on thalgaecoveringrock surfacesvhile A. ndalalaniprefers to nibble
picking at algaepatcheson rocks (Ford et al., 2016; Lawson, 20Z@)ese foraging
strategies are reflected in grit consumption As latilabris engulfsmore and largergrit
particlesin its stomachthan A. ndalalani(Figure 2D, Ford et al., 201@he tropic web is
relatively simple in Lake Natraonsisting of four leveld-ord et al., 2016) bueseral avian
predators have been reported to eat grahamiincludingthe African Greatvhite and pink
backed pelicanglohannsson et al., 2014ljhe presence of predators negatively decreases

speciation rate in cichlids (McGee et al., 2020).

Bvolutionary history ofAlcolapia

Alcolapiais a monophyletic clade, withllopatric A. grahami predictedto be the sister
species to Lake Natroalcolapiawhich are evolvingn sympatry(Ford et &, 2015) The

divergence of Lake Natron species is predicted to predate the formatidakef Natron
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(~10,000 years) (Chapter 4, Lawson, 2083yrahamare most closely related to northern
A. alcalicgpopulations as they have the lowesir(Ford et al., 2015~ord et al., 201pand
share more allelewhen compared to other populations and speci€sépter four, Lawsgn
2023. Fstremains low across most of the genome flcolapiaspecies comparisons,
indicating shallow divergence between taxa (Figure 4, Ford et al., 20dBhskve gene
flow within Lake Natron spees (Zaccara et al., 201dakesit harder to discern between
incomplete lineage sorting and introgressignawson et al., 2023Ford et al., 20156
However,it is suggested thaf. ndalalaniand A. latilabrisare sister species based on
maximum likelihood analysis (Ford et al., 200&apter Four, Lawson, 2023There is also
distinctive population structurdbetween northern and southeri\. alcalica(Ford et al.,

2015)

According to Nevado et al., (2019), species with spalulation sizes are more likely to
radiate as alleles are fixed or lost at a faster rate due to genetic drift and selection. Frequent
habitat contraction and expansion from water level change within Lakes Natron and
Magadilikely placeintense selection pressures and population bottlenecks Algolapia
species. From demographic modelliig,alcalicais predicted to have the largest known
population size (Ne) of 79,000, followedAygrahami4,857 andA. latilabrisbeing 24,985
(Chapter 4, Lawson, 2023). The population size estimatién nflalalanis unknown but
given that is has the smallest distributig@hapter 4, Lawson, 2023) may havea smaller
effectivepopulation sizehan A. latilabris Furthermore asinterspecific breeding becomes
more common when mating opportunitieare limited (Seifert et al., 201,0Rieseberg,
1997, habitat fragmentationwithin Lake Natrorduring the dry season may encourage
hybridisationand subsequent introgressiosene flow btween species is prevalent within
Alcolapia(Ford et al., 2015and hybridisations a known driver of adaptive radiations in
Lake Victoria cichliddVigier et al., 2023 Therefore, the smallfrequently fragmented
populatiors of Alcolapiamay have contributed to the relatively high speciation rate within

this species flock.

Polymorphisms and aims

It is important to investigate the genetic basis of morphological polymorphisms to increase

our understanding of how ecological guilds are filled and whether these adaptations are
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convergent, giving us greater knowledge of the mechanisms of diversification. Within
Alcolapiaseveralmorphologicapolymorphismgersist with unknown function In the East

of Lake Natrorexists a sit€Figue 1.1A, site 15)whereA. alcalicgpossesdoth extremely
upturned and terminal mouths the absence gbopulation structure at this location (Ford

et al.,2015. More subtle upturned phenotypes also existAngrahamifrom Little Magadi

as opposed to terminal morphs inhabiting Lake Magadi (Figéreog Kavembe et al.,
2016). No candidate genes have been identified with a connection to upturned phenotypes
in Alcolapia(Kavembe et al., 2018)ikewisethere isno population structure between blue
and yellowmaleA. alcalicghat coexist ai location in the south of Lake Natron (Figure 2.4
A,site 11 Ford et al., 2015 which makes understanding the genetic basis of this phenotype
easier with fewer sampleshis is ashe vast majority of the genome will be highly similar
between the two groups so that any genomic difference will likely due to the
polymorphisms which is especially useful when performing GWAgere is high
population structure, then you need many samples to reduce the noise of yourtaaia

able to identify the genomic regions which are associated with the trait of interest.
Furthermore, blueyellow colour morphs havelso been found within A. latilabris
populations(Julia Day field trip photographs, 201B% a&sortative mating has been found
betweenAlcolapialiving in sympatry (Lawson et al., 2028yould be interesting to know
whether male colouration mawffect this. Melanism has also been found within Lake

Natron populationgSeegers et al., 1999 and 2001; Julia Day field notes, 2015).
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Blueyellow colour polymorphism has not yet been quantified to see if it is continuous.
There is also an additional site ihe east of Lake NatrofFigure 1.A, site 14)which
contairs Alcolapiathat are phenotypically similao A. alcalicaandA. latilabris particularly

in regard totheir similar head shape morphologput with notable differences in lip
thickness, colouration and mouth orientatiofhis maymply that they are of hybrid origin

or are a population under divergence. Currentlize genetic identity of these individuals is

unknown.

This thesisaims to investigate the origin of novel morphological traits within a young
emerging adaptive radiation that has been shown to have considerable gene flow between
species (Ford et al., 2015). Chaptero will explorethe phylogeneticand evolutionary
relationship ofa populationof Alcolapiainhabiting the eastern shores of Lake Natron
(Figure 1.1, site 14) whiakxhibit unusual morphotypesnost similar toA. alcalicaor A.
latilabris. Meanwhile Chaptethree aims toinvestigatethe genetic basis of upturned and

terminal mouth orientation within A. alcalica establish whether this is a discrete or
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continuous trait andidentify regions within the genomewhich are related to this
polymorphism.Together thisstudy will increaseour understanding of thesvolutionary
history of theAlcolapiaflock, theorigin of newor sharedphenotypesin the presence of
gene flowand the generation of novelbiodiversity. Furthermore, ths study will also
provide greater understanding of the genetic basis of crammdrphology within
vertebrates particularly in cichlids which exhibit extraordinary diversity this trat

(Powder and Albertson, 2016).
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Chapter 2 Discovering and categorising new species of

Alcolapiawithin Lake Natron.

Abstract

Adaptiveradiationshelp us understand the processes by whitbdiversity isgenerated
Oreochromig\lcobpiaprovides a simplified model for studying the emergence of traits and
speciation in action asisa young genus (~10,000 yeaitst is relatively simplegonsisting

of four known species. Within this species flock there is considerable phenotypic diversity
in male coloration, denture morphology and head morpholoffyisstudy investigates a
morphologcally unusual population oAlcolapiafrom a previously sampled site (site 14)
that are endemic tdLake NatronDental abnormalities have beeeported at this site.
ddRAD sequence data wabtained from sitescattered aroundhe perimeters of hkes
Natron and MagadiWhen collected specimensat site 14 were categorised as eithar
alcalicaor A. latilabris due to their close morphological resemblanétowever,RAXML,
genetic PCéand fineRadtructure analysisstrongly contradict this theory angrovide
evidence for a new species Afcolapia consisting of two morphs. Maximum likelihood
trees predict that this taxon from site 14 is theister taxa to Lake Natron species with
maximum supportIn addition, population structurewithin site 14corresponds almost
exactly to morphological phenotyping, providing evidence for two morg@igen thathe

site 14 population exhibits relatively high nucleotide diversity, isuggestsa wider
distribution of this specig Finallya GWASn site 14 morphg&lentified two SNB~25,000

bp from a candidate gen®SR2a transcription factoinvolved in dentahnd craniofacial
development in miceTherefore,this genemaybe causing phenotypic differences within
the head region betweesite 14 morphsFurther phenotyping othe teeth of each site 14

morphis needed and KO experimemBOSRare requiredto confirm its role.
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Introduction

Adaptiveradiationsare driven by ecological opportunityvhich can arise whenichesare
vacant otbecome availabléllowingthe extinction ofcompetitorspeciesand/or predators
(Stroud and Losos, 201@he emergence abiotic resourcessuch as plant or animedxa,
can also promotebiodiversity by providing newecologicalniches During the Early
Cretaceous,he arrivalof angiospermgprovided newopportunitiesfor multiple groups of
organismgespecially th@rder Coleopterajo exploit, radiate ancco-evolve(Bentonet al,
2021; Wilson et al., 2012)In turn this series of eventspurredthe growth of terrestrial
species richnes¢Benton et al, 2021) Likewise,the spread of grassland habitats in
Northern America is believed to have facilitatét rapid radiation anddiversificationin
dental morphology of Equidae species (horses), most of which are now extinct
(MacFadden, 2005Relaxed evolutionary constraint from expanding habitats, colonisation
of new territories, emergence aiovelbiota or absence of competitors therefore promotes
phenotypic and genetic diversity for selection to act upon whithurn can generate

adaptiveradiations

The evolutionof newphenotypescan enable a species éxploitanexisting nichen a novel

way, which can lead to ecological release if there is an absence of species that perform a
similar function in the ecosystem. In turn, these key innovations can initiate adaptive
radiations due to the monopoly of resourcéstroud and Losos, 2016n cichlids, a large

and highly speciose family of fest) the evolution of a second set of jawsassociated with

their high diversity rategBurress et al.,, 2020)The pharyngeal jaws decouple food
processing and transport from the frontal set of jafreeing these to perform alternative
tasks including food acquisitiofhiem, 1973)Likewise the evolution ofelongated digits

and awinged membrandas facilitated flight ifChiroptera(bats), allowing them to occupy

a previously vacant nichehich in turn has enabled a large adaptregliationof thisorder

(Amador et al., 2019; Sadier et al., 2021)

The colonisation of vacant territories such as islantsyly formedmountain ranges or
landlocked lakes caslsopromote adaptive radiationsT hesetypes ofsystemsareinvaded

less often and smaylack competitoror predators. Hencegsources areeadily available
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which facilitatesecological releaséStroud and Losos, 2016-or example, the Gbagos

(and Cocos) islandgere founded by amncestral speciesf finchthat originated from the
mainland Thisadaptively radiatedo form 184 LISOA S&a> gA RSt & (y2sYy
(Rubin et al., 2021)Across this species flock there is hdjversityin beak morphology

This allowsthe birds to avoid competitive exclusiaas they carexploit different food
resources from cracking large nuts, to piercing and drinking the blood of large sea birds
(Abzhanov, 2010)Meanwhile, wthin cichlids,colonisationof Lake Victoriawhich had
habitat heterogeneityhas promotedexplosive speciatiofNgoepe et al., 2023yith up to

16 different trophic levelsgeported by members of tis radiation (Feller and Seehausen,
2022) Both theGakpagosislands and Lakéictoriaarerelatively youngestimated to be 5

Mya andLake Victoria cichlidevere void of competitor speciewhich providedthem

ecological opportunityo speciate(Ngoepe et al., 2023

It is still not clear why certain lineages are more speciose than others, but this could be
linked to the ability of a species to hybridise. Interspecies hybridisation is a known driver of
diversification as it increases genetic diversity within lineagesuigh horizontal gene flow
from other lineages (Meier et al., 2023; Patton et al., 2020). In cichlids, interspecific
breeding has driven numerous adaptive radiations, particularly in Lake Victoria, where 500
species have emerged in the last 16,000 yé€ltsier et al., 2023). Ancient hybridisation
between two distant lineages of cichlideneratedextraordinary genetic and phenotypic
variation for selection to act upon (Meier et al., 2017). In addition, the repeated
coalescence and division of different cichlid lineages, further rearranged allele frequencies

within different populations, contributig to their high species richness (Meier et al., 2023).

Furthermore, hybridisation can promote novel adaptations as recombination can
breakdown allelic combinations which are acting antagonistically with one another,
enabling different phenotypes to emerge (Seehausen, 2013). In some cases, a hybrid may
even hae a more extreme phenotype than either parental species, which is also known as
transgressive hybridisation (Rieseberg et al., 2G08) this phenomenon igommonin
hybridisingineageqRieseberg et al., 199% xtreme negative or positive phenotypes occur

due to the additive allelic effects at a particular quantitative trait locus (Rieseberg et al.,
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2003). If the hybrid phenotype is adaptive and the hybrids reproductively isolated from the

parental species, hybrid speciation may occur.

Cichlids arefamous for their high speciation rateshich has resulted in numerous
independent adaptive radiationgespeciallywithin the African Great LakesSince most
cichlids eadily hybridise trait evolution and speciation eventsan be studied as
recombination breaks down linkagdowever, nany of theseadaptiveradiationsare large
and intricate, which makeghis processcomplex.Meanwhile, OreochromisAlcobpia, a
subgenusestimated to be as young as ~10,000 years islé smaller radiatiomonsising
of four described species, each with considerable phenotypic and genetic diyeraking

it a good model to understand the generation of biodiver§ilfilliamsonet al. 1993 Tichy
andSeegerd.999. Alcolapiaare also contained iandorheic lakes, and so are isolated from
gene flow from other cichlid genefgord et al., 2015)rherefore, high phenotypic diversity
within Alcolapia its simple size and insular nature makarntexcellent model for studying

the origin of biodiversity.

Despite its young agéilcolapiahave evolved distinctive eemorphological traitsEach
species occupies different environmental niches and have distinguished(Readi et al.,
2016)and teeth morphology (Seegeest al., 2001).A. grahamihas an upturned mouth
which may be association with surface predatién,alcalicais terminal inappearance,
which may enable it to be more of a generalist feed&r ndalalanihas a subterminal
mouth, with small jaws adapted to pick at food in the benthic regiamle A. latilabris has

a distinct subterminal mouthvith large protruding teetrenabling itto scrape algae from
rocks (Segerset al., 2001;Lawson, 2023; Figurg1B). Additionally, a population oA.

alcalicahaveboth upturned and terminalmouth morphologiesKigurel.2E, F. There is
also high diversity in male colouration, wigh latilabris and A. alcalicapossessing blue
yellow colour polymorphisrwhich may be important in sexual selectjovhile A. grahami

has distinct red colouration. Furthermore, melanism has been reported in orakealica

populations (Seegert al, 1999; Seegerst al, 2001; Julia Day field notes, 2015).
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Alcolapiaare endemic to two soda Lakes in Easto&frAlcolapia grahaminhabit Lake
Magadi and Little Magadi in south Kenya, whileolapia latilabrisAlcolapia alcalicand
Alcolapia ndalalaniive sympatrically in Lake Natron, northern Tanzania (Figum). A.
alcalicahas the widestistribution, with distinct northern and southern populationshile

A. latilabris and A. ndalalani are confined to the south ofake Natron (Figure 1.1A).
Alcolapiaare known toinhabit the lake perimetergjear springs or streamshich support
permanent lagoons within the lakeshere conditions are more favourab(&igure 2.2
Lakes Magadi and Natron frequently crystalise, forming a thick ofasinawhich isolates
several distinct lagoons (Figure 2.2) and the areas of the Ichlegethroughout the year
coinciding withseasonal changéClarisse et al., 201%00gle Earth Pro, Historical Maps,
1995, 2016 and 2017)Vhen water levels are high following rainfall, lagoons become
connectedwhich mayfacilitate movement between previously isolated populations within
Lake Natron, Little Magadi and Lake Mag@sloogle Earth Pro, Historical Maps, 1995, 2016
and 2017;Zaccara et al., 2014There is no migration betweeaachlake as these are
separationby permanent land barriersA. grahamiare therefore currently evolving from
Lake Natron species allopatrywhile Alcolapiawithin Lake Natron exist in sympatry and
may be subject to periodic isolation due to trona depodiiarrently it is believed thaA.
ndalalaniis sister species tA. latilabris whileA. grahamdiverged prior to the Lake Natron
specieqFord et al., 2016

Reproductive isolation is incomplete betweAflcolapiaspecies as they hybridise but there
is evidence for weak assortative matihggvson et al., 202Zastric et al., 2008). Extensive
introgression haseendocumentedwithin Alcolapia(Ford et al., 2015Wwhich mayin turn

contribute to its high specieschness by providing genetic diversity for selection

Lakes Natron and Magadi were originally joined as one paleolake, called Olorongo (Figure
2.2) which separated ~101,000 years agéollowing major climatic change during the
Younger DryasRpberts et al., 1993pPuring this period, water levels fell from 60m te 1

2m, separating the lakeskpberts et al., 1993)Around 7Ka, the conditionsithin both
lakesbecame more extreme as the salts and other compounds concentrated (Roberts et
al., 1993), putting greater selective pressuresAdcolapiaevolution. Currently,Alcolapia

which inhabit Lakes Natron and Magadi are subject to similar extreme environmental
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conditions(albeit variation in mineral concentrationg)ith recorded temperatures 025
43°C(Narahara et al., 1996Vood et al., 2@6), moderate salinitLameck et al., 2023pH
of 9-11.5, vastdiurnal oxygen fluctuations and high ammonia depositsgakingthe lakes

hostile to most organisms (Clarisse et al., 2@@68tenet et al., 2023Getenet et al., 2023

Figure 2.2:Annotated map from Seegers et al., (2001) highlighting the location of
permanent lagoons within Lakes Natron, Magadi and Little Magadi which sufijootapia

populations. Bold line indicates perimeter of the paleolake Orolonga.

In 2001, Seegerst al.,reported that they had observed a nemvorphotype of Alcolapia
inhabiting a baysupplied by streamat the foothills of the Gelai Mountain in the east of
Lake NatronIndividuals from this populatioappeaed to be intermediate ofA. alcalica
andA. latilabrisbut theydid not believe temto be of hybrid origin a#. latilabriswas not
found in situ. They refer to #se individualaisA. sp. aff. latilabrisfound at a site they call
TZ 99/27, with the coordinateéz’31'53.0"S 36°02'34.0"E (Seegetral, 2001).The authors
describe the teeth of. sp. aff. latilabrigs being less curved thah latilabrisand report

that it has distinctive dentition. They also deduced that this newly described morphotype
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has a similar functional role to th&. latilabris,when A. alcalicaand A. ndalalaniare also

present.This infers thathis morphis also a bottom feeder, lik&. latilabris

In 2012 J. Day, A. Ford and G. Turmesited a site 600m away from TZ 99/27 and collected

a series of specimens thBiay and Forghenotypedaseither A. alcalicaor A. latilabrisdue

to their close phenotypic resemblan@nd referred to the site as site 1#ord (2015)
described 14AA to have thicker lips than expected &f alcalica while 14AL have less
downturned mouth orientation thard. latilabris Site 14 also have darker colouration than
other Alcolapiaspecies (Ford, 2015), although quantification of this phenotype has not yet
been performedAs all three Lake Natron species have been documented at neighbouring
locations to site 14 (Ford et al., 2015; Figar#d), it is pausible the unusual phenotypes
could be of hybrid origifFord, 2015)

Google

CAIdNBA B®ownz aAldzd G6SR Ay Iy AyiESi Ay

GKSNE daf @2®RPNRIKE ¢6SNB FT2dzy R LINB DA 2 dza
OFNIIK AYF3S&aX HANHOUO®

Littleis known about the genetics and ecology of fish inhabiting this locatidrso remains

to be investigated to improve our understanding of the formatadradaptive radiations.

25



The aims of this chapter are to:
1) Investigatehow population 14 is related to thalcolapiaflock.
2) Quantify morphological features within population 14.
3) Investigate the genetic basis of unusual mouth morphologies

4) Testfor introgression between population 14 and oth&lcolapiaspecies.
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Methods:

Sample werecolleded by Fordand Day, while Fordcompletedthe DNA extractions

In 2012 Alcolapiawere collected from 14 sites from the perimeters of Lakes Natron,
Magadi and Nakuru (see FigutddAand Table S1 A. grahamsamples werentroduced

to Lake Nakuru during the 1960gareschi, 1979Puring the trip in 20125pecimens were
collected froma location referred to as site 14 which is just over 600m northeast from the
site TZ 99/27 described by Seegetsal.,in 2001. Fordand Dayobserved considerable
phenotypic variationin morphologyat site 14and classified the samples at this site as
either A. alcalicaor A. latilabrisby lip thicknessas the phenotypes strongly resembled

either group Theynoted that this site was more marshy thather locations.

DNA was extracted fror3-3mm of the pectoral fins 0136 samplesvith Qiagen DNeasy
Blood & Tissue KiThe resulting DNA was sent to CD Genomics for Sbfl digestelibiRekid
preparation followed by 150bp Illumina pareshd sequencingTwo RAD datasets were
generated from these fish collected: one containmearby sitesl1C and 14vhich had
higher coverag€x23 Ford and Day unpublished datasatd another with lower coverag
(x6.12 Lawson and Dasmahapatra, unpublished dafasgiich contaired sites: 5,6, 9,
11A, 11B, 12, 15, 17, 18, 19, 21 and P4e second larger batch was sequenced by Mike
Lawson during hi®hD Morphometric analysis was conducted tdentify if there were
substantial differences or similarities in body shapetween site 14 and established
species. This could then be used to predict the evolutionary history of site 14 specimens.
Previouslysamples fronsite 14were morphologicallyntermediate of site 9 (see Figure
6.14 of Ford, 2015 A. alcalicaand A. latilabrisbut A. ndalalaniwas not included in this
comparison. Thereforejte 11C was chosen to compare morphometrics with site 14 as this
was the closest nearby sitehich dso contained all three Lake Natron species coinhabiting
(Ford, 2015)Following phobgraphingof 147 specimens forrthe sameside, tpsutil v1.58
converted the images into the correct format for tpsDig217 (Rohlf, 20130 enable
landmarking to commenc@-erdous and Armbruster, n.d3)6whole-bodylandmarksvere
used(shown in Figure S1B) and converted into coordinates within TpsDig2 #Blbiving

this, MorphoJ v1.05f (Klingenberg011)wasused to genera a covariance matrikrom

the TPS input filevhich is a prerequisitéo run Procrustessuperimposition(Ferdous and

27



Armbruster, n.d.) This functiorscale images;ontroliing for allometrybetween samples
enabling comparison between imagegen whenspecimens are rotate@Rohlf and Slice,
1990) Principle component scores wetken producedin Morpho Jv1.05f. For further

details of this analysis please see pages199from Fordpublished in B15.

l dzil K2 NR& 26YY
Morphometric analysis

A morphometric PCA was plotted i studio (R}.3.2) using®C values produced by Ford
from whole body landmarkingigenvalues were calculated manually to see how much each
principal componentwas contributing to the variation in morpho spadegllipses were

added to represent 95% confidence intervals for each population.
Bioinformatics pipeline for RAD sequencing

Oreochromis niloticus close relative oflcolapiaspecieqFord et al., 2019)was used as

the reference genoméNCBI Assembl$CF_001858043).following Ford et al., 201%&nd

this was indexedisingBWAindexv.0.7.17 (Li, 2013Each forwardfastq file wasthen

aligned to the reference genomsingBWAMEM v.0.7.17 (Li, 2018ndreads weresorted

using samtools v.1.17 (Li et al., 200®¢ardtoolsv.2.25.5(Picard Toolkit, 2019¥asused

to identify PCR duplicates, attte HaplotypeCaller and GenotypeGVF functions fréxi G

v.4.4.0.0 were usedo find variantsd + 'y RSNJ ! dzg SN} .Thgfllowin@/ 2 Yy 2 NJ H n
filters were applied using bcftool¢v.1.15.1; Li, 2011 5NPnly; DP = 5<100; MAF = 5%;

MIS = 50%; QUAL =20IS = 0.5; MAF = 0.050me individuals were manually removed as

they of insufficient coveragefollowing these filters, 38918NPsremained,and 113

individuals were used in the genetiCAand fineRADstructure analysis

Average coverage per sample was calculated using SAMtools @depihd Bonfield, 2023)
on bam filesTocombat the batch effecas there werdwo datasetsof different coverage,
the higher (mean of x23.0and lower (mean of x6.12)3atasetswere intersectedwith
BCRools isec (v. 1.15; Danecek et al., 2021Yhis ensureddnly SNPspresent in both

datasets werecompared.
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Plink v2 (Chen et al., 2019) was used to perform linkage pruning ondhni@nt call format

file (VCF}Yo remove nonindependent variants as this would confound further analysis
(Ravinet and Meier, 2022). window slide of 10 SNPsand a linkage disequilibrium
thresholdof 0.05were chosen based off recommendations by Ravinet and Meier (2022).
Meanwhile, a window of 10@BNPsvas chosen as the best fit after experimenting with
different window sizes as it was not too small, which makes the data highly stochastic, while
ensuring it was not to big which would lose resolution within each window, flattening
potential signals in the VCF fiRlink also was used to producgeneticPCAto investigate
whether population structure existsbetween sites and specieshd eigenvectors were
plotted in R v.4.1.ZPositteam, 2023)using ggplot2 (Wickham, 201&hd the percentage

variance was calculated manually from eigenvalues.

Kanchon Dasmahagra performedfineRADstructur@analysisusing the same VCF input file
used in the genomic PCA (Figure 2.4Blgtect for pppulation structurebetween site 14
samples when compared to other populations within Lakes Natron and Magadi.
Dasmahapatra followed Malins®ytutorial (n.d.) tocalculate a coancestry matrix which is
generated bycompaingthe pairwise relationship of multiplRADsamplegMalinsky et al.,
2018) FineRadstructure then assigns clusters based upon the genetic similarity between
samples and so actmdependently of known population information (Malinsky, n.d.;
Kanchon Dasmahapatra, personal communication, 2028¢Radstructure alsperforms
Bayesiarclustering to predict dree representingthe sharedgenetic similarity between
populations(Malinsky and Trucchi, 202Qawson, 2012 Although this tree cainfer the
evolutionary relationshipbetween populations it does not discriminate between
introgression and incomplete lineage sortisgit must be treated with cautioriMalinsky

and Trucchi, 2020putput heatmaps representingoancestryand relatedness between

populationswere plotted in R studidR4.3.2)using scriptérom Lawson (2012)
Phylogeny ormAlcolapianuclear genomes

A nuclear phylogeny wageneratedusing RAxML.8 (Stamatakis, 20149 investigatethe
evolutionary relationships betweeAlcolapiaspeciesDue to computational demands
subset of threefour individualsof each species/morptvith the highest coverage RAD data

(above x23.6rom bam file3 wasused. ThisncludedA. alcalicgsite 11C)A. latilabris ite
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11C) A. ndalalani gite 11C), site IAA, site 14AL andA. grahami Alcolapiasequences
usedwere from the same batch. ORADO. amphimelagdividuals sequenced by Lawson
(2023, and awhole genomeO. niloticus sample éccession numberERR7224546nas
downloadedfrom NCBivere also included asutgroups.After following the bioinformatics
pipeline previously detailedBCRools view andmerge were used tosubset andcombine
VCFgontaining the outgroup and the ingroups to form oW€Hv.1.15; Danecek et al.,
2021) BCFools filter was used to filter the outplWCRo a GQof 30, DP5 and SNPs only
MISof 0.75and a MAFf 0.05 89983 SNPs remained after filteringf2phylip was used to
convert theVCRo phylip format (Oritz, 2019RAXxMLuses maximum likelihood methods
to calculate the besphylogeny,and this was calculated witd00 bootstrap valuesThe

Newick file was thewisualised usinylEGAv.11(Tamuraet al.,2021)
mtDNAphylogeny d Alcolapia

As mtDNA and nuDNA evolvelependently and at different rates, they may have different
evolutionary trajectories (Vawter and Brown, 1986) so separate phylogenetic analysis were
performed on each DNA type (Figure&s2. mtDNA analysis was also used to search for
patterns of historical hybridisation events (Rubinoff and Holland, 200%®)pasiderable
nuclearmtDNA discordance has been identified @reochromis(Ford et al., 2019)

highlighting the role of past hybridisation events in this clade.

QiagenBlood and Tissu®NA extraction kits were used to extract the DNA frowo
individualsto from eachdescribedspecies oA. alcalica(site 11§, A. ndalalanisite 11C),
A. latilabris(site 11C), site 2AA,A. grahami Three mtDNA genes wengvestigated using
two primer pairs for each gener fragment amplified using PCR and sent externally for
Sanger sequenciryy Source Bioscienc&enes NADH dehydrogenase 2 (NDR)yop, and
16S were choseas they have been used in previaslutionary studies orlcolapiaand
Africancichlids (Ford et al., 201.XKlett and Meyer, 2002)n particular, he DLoop has been
shown to have considerabldiversity within Alcolapia with 18 haplotypesreported
(Seegeret al.,2001).Additionally,there were someomplete mtDNA sequences NCBI
(A. grahamj O. esculentusand O. niloticug that were included in this analysigcreasng
the sample within Alcolapiaand serving asutgroups. The mtDNAequenceswere

inspected for ambiguous base calls anohmed in Megav.11 (Tamurat al, 2021) aligned
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by Clustalv (Thompsoret al., 1994)and concatenated into a single fasta fie mtDNA is
a nonrecombining moleculeMaximum likelihood treesvith 1,000 bswere calculatedon

this concatenated filen megav.11 (Tamurat al, 2021)

Sliding windows analysifs)l Y R y dzOt S2GARS RAGSNBAGE 06°

Using SNPdata, Fstwas performed usingthe pipeline fromMartin (2023b)to identify
regions of divergencacross thegenome betweenrAlcolapiaspeciesthat maybe under
selection(Martin, 2023b).The input VCF fileontained15 x 14AL, 15 x 14AA, 7 x site 11C
A. alcalicaand 6 XA. latilabrisand thiswas filtered to a MAF d3.05, MIS of 0.5SNPs only,
DP5100 and a GQ of 20. 107,6 NPs Remained after filteringach window contained
100 SNPs per window, overlapping by 50 SNIRese parameters were chosene toa
trade-off betweenwindow and slide size, tosmall a window andoise can obscure
meaningful data, while too large a windomay flattena SNPpeak losing important

information. Manhattanplots were made iR v.4.1.20 visualise result@Positteam,2023).

This protocol was repeated with 50 SNe&gerlapping by 0 SNPs so that summary

histograms offstl Y Racross the genomeould be plottedin R It was important not to
have an overlap so that each window was independé@ntdalalaniwas not included in

this analysisas 14-AL and 14AA phenotypesnost closely resembled\. latilabris and A.

alcalicarespectively therefore it was believed that the same genes may be under selection

in 14-AA andA. alcalicavs 14AL andA. latilabris, giving rise to the similar traits in each

species pair.
Quantifying morphological variation in the head region of site 14 morphs

Given that themorphometricPCAFigure2 4A), produced from thevhole-bodylandmarks
taken by FordFigureS1B, did not appear to capture variation in morphologgll between
14-AL and 14AA linear measurementsvere takento capture hisvariation betweernsite

14 morphs which was most prominent in the head regifs 14AA and 14AL were

0

categorised in the field based on lip thickness by Ford and Day this phenotype was

investigated. It can also be observed that the upper lip oAL4frequently overlaps the

lower lip, creating an underbite, while J&As jaw are more equal in length.-ML also had

subterminal mouths, while EAA was terminal. Therefore, to capture this variation, three
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traits were measured between site 14 morphs lipickness, lip protrusion and the head

depth (Figures2.

As certainkey landmarks especially the upper liperimeter,which is vital for measuring
lip thicknesswere not always clear in previous specimen photographs taken by Fsmd, f
were pinned and re-photographed.Coordinates were then generated by landmarking
photographsin ImageJandthe equation of a straight line was used to accurately calculate
linear distancesMeasurements were then standardised for allometry by ding by the
standard length of each fisffhe scatterplot3d function in Riasused to simultaneously
visualise all three measurementSwo-tailed Ttests were run on each measurement to

test if there was a significant difference between the means eAMand 14AL.
GWAS

GWAS wassedto identify regionsthat maycontain potentialcandidategenesassociated

with the four phenotypic traits being lip thickness, head depth, mouth protrusion and Ford
I YR 5 & QdassiidatioiNahér34-AA or 14AL. Multiple GWAS analysisese
LISNF2NXYSR dzaAy3d / KSKARF QA& AONARLIN O6wntend gKAOK
find out the genetic similarity between two sampleBhe inputRADVCFcontained30 site

14 samples of both morph45 x14-AA andl5 x14-AL, which were filteredwith BCFools
(v.1.15.1; Li, 2011p a GQ o0, a minimum DP5, a maximum DP100, SN of 0.05

and aMIS of 0.5 A BEd file was generated usingpLink2 (Chen et al 2019) Filtering
parameters were chosen based off recommended lefRRés/inet and Meier, undated) oo

little filtering and false positives are introduced, meanwhile too stringent filtering and
information is lostGenerallya GQ score of 20 and above is trusted as reli@iRévinet &
Meier, undated) After filtering, 109216 SNPemained, and this was used to calculate the
Bonferroni threshold of 6.34.Scaffolds were arranged by size using python
(Biopython,2022. It was necessary to produce a separate phenotype file for each GWAS
analysis withintegersused to indicate discrete phenotypes such asA or 14AL and
numbers with decimals used to designatentinuousvariables such as the head depth
measurements The first GWAS conducted was on the-A&/14AL phenotype.A
Manhattanplot wasgeneratedn R v.4.1.2Fositteam,2023) A zoomed irManhattanplot
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of linkage grouft1l was produced in R to show this region in more detail where a peak was

found.

Three moreGWASanalysiswere performedusing the same input vcf.dut filtered to a
GQof 30to test the robustness of the resulédwith different phenotypefiles reflecting

the traitsthat had been measured previously; lip thickndgsprotrusion and head depth
(108741 SNPs)yhe number of SNPs was slightly less for these three GWAS aamples

did not have measurements for these phenotypes-fi& had 13 samples while 44 had

15). Therefore, in the phenotype file any samples that did not have a phenotype recorded

were assigned a value €F which indicates to GEMMA that there is missiiadga.

SNP genotypeequencieswere retrieved by using grefor the significant SNBcations
LGL1: 6309402 and 6406194 organo file that had siteg, 4, 5, 6, 9, 12, 14, 15, 17, 18, 19,
21, 24, 11A, 11B and 11C (same as the genetic FigAre 24B). These genotype
frequencies were superimposed on a map to see their distribution relative to locatidn

species.
fam analysis

fam wasused to investigate evidence for introgression at the significant SNPs found by the
14-AA/14AL GWAS giiositions LG11:6309402 and 64061 8bert-Fab, 2022; Ravinet and
Meier, 2024; Malinsky et al., 201%jiven that there are morphological similarities between
14-AA vsA alcalicaand 14AL andA. latilabris, it waspossible that these SNPs arose from

horizontal gene flow, giving rise to parallel evolution.

Scripts from Github were used to compute (Martin, 2024)oy changing thdd flag tofam.
famisadvantageusoverthe fd techniqueasfd canonlycompare between two populations

at oncewhile fam can compare multiple populations simultaneou@artin, 2024)To test

fam within the genome, the input VCF containe®AD data fronsite 7x 11CA. alcalica6 x

site 11CA. latilabris 15 x14-AA 15 x14-ALand threeO. niloticussamplesdownloaded

from NCBlas outgroups (accession numbers: ERR7224546 1, ERR7224552 1 anc
ERR7224569 JI3NPs remaining after filtering = 630,3btput VCF was filtered to a GQ30,
SNPs only, DP5, DP100 and a MIS oflbiére were 100 SNPs per window overlapping by

0 SNPsSNPs remaining after filtering = 630,350.
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Zoomed inManhattan plots were createdin R studio (R.3.2) of 100,000 bp around
significant SNPs identified on LG11.

Dsuite

While fgv can indicate patterns of introgression for SNP positions across the genome,
Dsuite can generate summary values across the genome for populations. In turn this can
reveal larger genomide trends in introgression between multiple species (Kanchon
Dasmahaptia, personal communication, 2024)suite is a programme used to measure
introgression between speciéy outputting D-statistics and thés-ratio across the genome

(Malinskyet al., 2021) Scriptson GitHub were followed for this analysidlinsky, 2023

The input VCF containeal total of 57 sample9 O. niloticussamples downloaded from
NCBIto act as outgroupsl5x 14-AA, 15x 14-AL, 7x 11CA. alcalicg 5 x 11GA. ndalalani

and 6 x 11C Aatilabris. The input VCF was filtered to A GQ30, DP5, DP100, SNPs only, MIS
0.5 and a MAF of 0.0®triosParallel was usetb calculate f4 and D statistics for all
population comparisonXK (the number of jackknife blocksjas set to 100 and Bewick

tree was used as an input file which was basegon previous nuclear phylogeny
predictions(Figure2.6A). Site 14 morphs were grouped together and separately to see if

there were different pattern®f introgressiorbetween the morphs.
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Results:
Morphometric and Genetic Diversity

A PCA wageneratedusing whole body landmarlksssignedy Ford (2015) of Lake Natron
species from site 11C and site 14 morphs to see how site 14 related to Lake Natron species
(Figure 2A). Considerable overlap was seen between site 14 morphs and all three Lake
Natron species, suggesting that they could be of hybrid origirAll£lustered more
strongly with A. latilabrisas expected as it appears more morphologically similath
downturned mouthsas shown bllipses Likewise 14-AA overlaps more witlA. alcalica

and these two groups share more morphalcay similarities, including more conical,

terminal shaped heads.

Considering this, the genetic similarity betwegltolapiapopulations was investigated to
identify if site 14 was genetically of hybrid origin. Surprisingly, site 14 clusters distinctly
from all otherAlcolapiaspecies and there appears to be population structuring at site 14
between 14AL and 14AA morphs (Figure 2B).Lack of overlap between site 14 and other
Alcolapiaspecies in PC space, suggests that reproductive barriers may be stronger than
betweenA. alcalica, A. grahamA. latilabrisand A. ndalanaj although this may be due to

sampling bias.

14-AA samples were closer #a alcalicaon PCA 2 than AL, whichpossiblyindicates
more recent gene flow between 14A andA. alcalica(Figure 24B). There is also an outlier
of 14-AA that is situated in between 14A andA. alcalica indicating recent gene flow
between these two group@=igure 24B). This individual was inspected to see if it had a high
level of missing data, but it was no different to other site 14 individaatssothis signals

likelytrue.

The batch effect was attempted to be controlled for by intersecting the data of the different
coverage RAD data. Given that the same pattern occurs following this and different levels
of filtering for MAF and MIS filters, this indicates that the datalmisd and site 14 is indeed

clustering independently of the otheXlcolapiaspecies (Figure 2B).
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Figure 24: A) Morphological PCA finds little distinction between-AA and 14AL and
there is some overlap betweeh alcalicaA. ndalalanandA. latilabris Ellipses represen
a 95% confidence intervaB) Site 14 individuals are genetically distinct from all oth
Alcolapiaspecies. Two individuals from site 17 may be misidentified.datilabrisand
instead couldsite 14¢ A. alcalicaor A. ndalalanhybrids. RAD SNPs used = 38,910.

To investigate thegeneticrelationship between differenfAlcolapiapopulations further,
Dasmahapatra performedineRADstructureanalysis (Figure 25). This found greater

genetic similarity between site 14 individuals than othspecies comparisons
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FineRADstructuranalysisdivided site l4individualsinto two clusters which correspond
almost exactly bar one sample @ungcypyg! 50 (G2 C2NR | YR
categorisation of 14AA or 14AL (Figure ). SAL4_685_AD was identified morphologically

as 14AA by Ford and Day but groups with-A# in the fineRADstructure analys&uib
clustering at site 14ndicates a genetic basis observed traitssupporting evidence that

two morphs exist at site 14The phylogeny here must be treated with cautionthe
fineRADstructur@analysisassumes no gene flow between lineages, so it cannot distinguish
between recent introgression and incomplete lineage sor{iMalinsky and Trucchi, 2020;

Dasmahapatra personal communication, 2023)
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Figure 2.5FineRADstructure analysis shows a lack of genetic similarity between s
andAlcolapiasites and species. Sub clustering is seen within site 14. Phylogeny pr
site 14 to be the sister taxon toake Natron and MagadilcolapiaspeciesIndividuals
are shown on each axis, with a colour bar indicating species assigned by morpt
Black lines used for visualising groups by species/sites. Numbers in brackets &
collection sites (see Figure 1.1). AA, AN, AL and AG are abbreviatiohkkdapia
speciesRAD SNPs used = 38,910.

Phylogenetic relationship of site 14

In view of this, it was necessary to predict the true evolutionary history of the different
species within Lake NatroRAXML predicted site 14 to have diverged from Ahalcalica

A. ndalalani A. latilabrisancestor and that 1AL forms a distinct clade within site 14
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(Figure 26A). Little sequence variation was found between the three concatenated mtDNA
genes reflecting their shallow genomic divergeramed possible hybridisatioffrigure 26B).
The mtDNA phylogeny remained almost identical regardless of whether(\Maish

represent a failed base cail) the trace remained or were filtered out (Figuré&R).
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Quantifying phenotypic traits in the head region

As both he genetic PCA-{gure2.4b) and the FineRADstructuemalysiqFigure2.5) found

sub clusteringat site 14 correspondng to field groupings it seemed likely whole body
landmarkingwas not capturing this variation wellHjgure2.4A). Consequentlyseveral
linear measurements capturing head depth, lip thickness and overbite were recorded to
try to better capture this variation between the two site 14 morphs. Using scatterplot3D,
linear measurements revealetid-AA the terminal morph had thinner lips, a smaller
overbite and narrower head depths, while-B4 has a greater overbite, reflecting its more
downturned mouth orientation, thicker prominent lips and a deeper head depth (Figure
2.7), inmngruence with Ford (2015)t was also observed that both XA and 14AL
appeared to have more of an overbite than the other Lake NaftioolapiaspeciegFigure
1.1B. Site 14 morphstherefore segrega¢ better than previously when whole body

landmarks were used to capture morphological variaijbigure 24A and 27).

8

“

8
o

7
.
.

6
.
.
.

5

]

10

12

Lip thickness (mm)
g

12

[

4

3

2

0

£
8 > DR o
€ . s &£ . * 0w £
< . @ \S
£ o rs 3N = J g
2 . g Q
a 2 S 6 @
O o lQ i Q
1 Q 4 B
) D G:D
o~ - 0 (@) o~ 2‘2\

Head Depth (mm} Overbite (mm)

Figure 2.7Site 14 morphs segregate in 3D space for the three measured traisA1
has a smaller mean head depth$9mm)than 14-AL(9.07mm)(t =-4.04, df =26,p =
4.19e04). 14-AAhasa smallermeanoverbite (1.09mm)comparedto 14-AL(2.83mm)
than 14-AL(t =-5.29,df =25.2,p =1.74e05). 14-AAhad considerablythinner meanlip
thicknesq3.67mm)than 14-AL(5.23mm)(t =-5.61,df =24.1,p =8.77e06).A = plot
angle of 60B = plot angle of 245.
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Investigating divergence between site 14 addcolapiaspecies

Given that there appears to be two populations at site 14-£l4and 14AA) and these
appear to resembleA. alcalicaand A. latilabrisin morphology (Figure 2A), it seemed
feasible that they may also share genes with these species via adaptive introgression. It
was therefore necessary to perform sliding windoksto identify if an inversion was
present that could be isolating site 14 from the rest of Lake Natron species and identify
regions of divergence. No inversions were detected between site 14 morphs and Lake
Natron species (Figure35and ktremained low across the genome (~>0.1) between
Alcolapiacomparisons but was elevated on LG7 for all comparisons excepAIM-AL
(Figure 28A and 8). Nucleotide diversity across the genome was also investigated to
better understand the genetic diversity betwedéicdapiapopulations. Surprisingly site 14
morphs had greater nucleotide diversity (Figur8B), suggesting a larger population size

or more hybridisation.
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Figure 2.8: Apensity plot of sliding windowsrcomparisons with 50 SNPs per windg
with an overlap of 0. When 1AL and 14AA is compared witl\. latilabris(shown in
black and blue), they have the greatest mdamnvalues, (0.0695 and 0.0616) indicati
14-AA and 14AL are the most divergent from. latilabris Meanwhile 14AL and 14AA
(shown in green) have the lowest me&grvalues (0.0386) showing that they are tk
most closely related species across the genoB)Nucleotide diversity is highest fg
14-AA across the genome, followed by-Ad.A. latilabris has the lowest nucleotidg
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0.05, SNP data only and a missing filter of 0.5.
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Investigating genomic regions associated with site 14 morphs

GWASstudies were then performed on the three measured continuous traits and Ford and
5 8Q& RAAONBIS -MNEAS B BT Fdndimic 2efions Werenassociated
with eachphenotype Only the 14AA/14-AL categoryfound significant SNPs (Figureé 2.

and &). Two SNPs were found substantially above the Bonferroni threshold, so are unlikely

to be false positives (Figure2A and B).
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Following discovery of two SNRB differences in the region betweehG116309402
6406194, anO. niloticusgenome browser was used to searfbr candidate genes
(Ensemble, 2024a).G11:6,309,402 is located in a rooding region while LG:6406194 is
located in gend>OPlhomolog which codes for a ribonuclease P/MRP subunit (ensemble,
2024a).Just upsteam of this region at position 6,276,37%,284,679 is theDSR2Zyene
which affectscartilagedevelopment in fisliilLam et al., 2013nd its homolog affectdental

and cranialdevelopment in miceg(Lan et al.,, 2001)Other nearby genes which were

inspectedbut they did not have a clear function related to morphology.

Furthermore, for the lip protrusion GWAS, the same positions 6,309,402 (p = 2.8 x10
and 6,406,194 (p= 4.79xH) as inHgure 2.9 had lower p values, albeit not above the
threshold. This indicates that the lip protrusion phenotype is associated with the SNP
differences that are picked up between-BMA\ and 14AL comparisonsherefore, i could

be that the SNP i0-segregatingvith the alleles that cause theariationin the overbite of

the lips in fish at site 14

The genotypes ocAlcolapiaspecies were then investigated to see if there were patterns in
their distribution at SNP locations LGHBB09402 and 6406194. A binomial distribution
exists between the genotypes of site 14 morphs with almost all ofAll4being
heterozygous dr both SNPs (Figure D)1 Interestingly these SNPs had a localised
distribution being only found in 2AL and a minority oA. alcalicdrom site 11C, suggesting

it may have arisen in these populatioddl 14AA samples were homozygoushaith SNP

locations

The same 1AL individual is homozygous in each comparison. The same site 11C individual
in heterozygous for bothNP positions while the other site 11C heterozygous individual
has a NA called at 630940Pherefore,it potentially could also be heterozygous at both

SNHocations, especially given that they arearone anotherso are likely linked.
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Gene flow isasymmetrical betweenAlcolapiaspecies

Dsuite statistics were performed test for the occurrence magnitude,and direction of
introgression across the genome between theke Natrorspecies andite 14 morpls. This
identified elevated gene flow between both site 14 morphs aadlcalicaandA. ndalalani
comparedwith A. latilabrisand more gene flow between 1AL and Lake Natron species
than 14AA(Table 1).
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Table 1:Dsuite results indicate that site 14 shares up to 10% more genes
A.ndalalani and A. alcalicathan A. latilabris from nearby site 11C. There is r
difference in the amount of genes that both site 14 morphs share Withlcalicaor
A.ndalalani. Up to 3% more genes are shared betweenAl4 andA. alcalica

A.latilabrisand A. ndalalanwhen compared with 14A.

P1 P2 P3 Dstatistic Z-score p-value  f4-ratio BBAA ABBA BABA

14-AA 14-AL AA 0.005895 2.66625 0.00767 0.036818 5529.51 4308.2 4257.71
14-AA 14-AL AL 0.013311 5.24341 1.58E-07 0.034022 5604.49 4247.6 4136

14-AA 14-AL AN 0.006957 2.83668 0.004558 0.018991 5502.7 4275.66 4216.58
AA AN AL 0.007783 1.88773 0.059062 0.02385 4754.87 4483.53 4414.28
14 AL AA 0.012317 3.01372 0.002581 0.086847 4478.04 4762.15 4646.26
AN AA 14 0.003355 0.904314 0.365829 0.020233 4943.72 4478.51 4448.56
AL AN 14 0.014689 3.2161 0.001299 0.081775 4766.4 4545.12 4413.52
AL AA 14 0.018437 4.63693 3.54E-06 0.102735 4762.15 4646.26 4478.04

Given that there was phenotypic resemblance between site 14 morphs and Lake Natron
species fam statistics were performed to test for introgression. However, there was no
evidence for introgression at either SNP location on LG11 as shown by theulesiues
(Figure S).

Main Findings

Linear distances, genetic PCA, fineRADstructure, RAXML and Dsuite results predict site 14
to be genetically distinct from all otheXlcolapiaspecies and to have diverged from the
Lake Natron ancestofGenetic and morphologicaub clusteringdentifies two morphs at
site 14 which corresponds tibeir field categorisationby Day and Fordsene flow is not
equal between site 14 andlcolapiaspecies, with p to 10% more gene flow exisy
between site 14 and\. alcalica and A. ndalalacompared toA. latildbris. Interestingly 3%
more gene flowvas foundbetween 14AL and A. alcalica/A. ndalalani thenAAwhich is
incongruent with the proximity of genetic clusters for site 14 morphs relativaltobpia
species on PC spafBable 1 Figure 24B). Introgressiorsuggests speciation is occurring in
the face of gene flovgupporting previous findings (Ford et al., 2015; Lawson et al., 2023)
GWAS analysis was run onA# and 14AA morphological groupings, which identified two

candidate genes related to cranaxfial and dental development0.2 mb from significant
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SNPs, so may be related to the differgaitenotypesof site 14. The heterozygous alleles
have a local distribution in AL and a minority ofA. alcalicgpopulations but not in the
outgroup taxa, suggesting that these mutations arose here rather than from incomplete
lineage sortingReassessment of the size and integrity of Aleolapiaflock is therefore

needed based on these finding.
Discussion

Adaptive radiations are exceptionally useful for increasing our understanding of speciation
and the genetic basis @cologicallyrelevant traits. This study reveals another lineage of
Alcolapia site 14, presenting further support of speciation in the face of gene flow.
Previously it was suggested that site 14 may be of hybrid origin (Ford, 2015), however there
is little evidence to support this as site 14 is predicted to be sister taxa to Lake Natron
species, there is little overlap in genetic PCA spatwden site 14 and Alcolapia and there

is a lack of shared coancestry and clustering between site 14 and Alcdtapise.5).
However, elevated nucleotide diversity across site 14 genomes may be indicative of
hybridisation or alternatively, due to larger population size of this lineage.
Previougesearchfound 14AL to be significantly smaller than-A with a mean standard
length of 37.1mm compared to 50.7mm (Ford, 2015).

The lack of genetic distinctidretween speciesn the PCA space and lowrfmode ~0.05,

range 0~0.46) betweerAlcolapiacomparisons further supports hothis species flockre
extremely youndut it questions the integrity of the taxonomic status of Lake Natron and
Magadi species. Despite this, each species is phenotypically distinct within this species flock
with evidence for fine scale ecological niche partitioning (Ford et al., 2016; La2G23).

Given that site 14 appears mogeneticallydistinct thanA. grahami(Figures 21B and 25)

the predicted outgroup, this provides good support for site 14 being a speSmse
taxonomistsusemorphology, merists and colour patternintp classiy speciess seen in

eight newly described cichlids species from Lake Malawi (Pauers, 2016; Pauers and Phiri
2023) Quantifying the phenotypic attributes and producing lectotypes are therefore
required to better describe and distinguish site 14 and its two morphs. Given that
prezygotic mating isolation exists betweétcolapiaspecies l(awsonet al., 2023) there

likely to be assortative mating between site 14 and Lake Natron species, being strongest
between site 14 and\. latilabrisdue to lower rates of gene flow (Table 1).
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These findings are congruent with Ford et al., (2015) which identifies extensive
introgression withinAlcolapiaspecies. However, this study contradicts Lawson (2023) who
predictsA. grahamiand A. alcalicao be sister species but supports Ford et al., 2015 who
model A. alcalicaas the sister species #. ndalahni and A. latilabris Perhaps this lack of

cohesion between studies was dueit@omplete knowledge of thalcolapiaspecies flock

AsFigure 2.6A predicts thadopulation 14 diverged from Lake Natron taxa subsequently
to A. grahamj therefore population 14cannot be ol@r than 7Kal.5Mya which is the
estimated divergence time oA. grahamifrom the Lake Natron taxdFord et al., 2019). It

IS not possible to gain an accurate estimation of the age of site 14 species using molecular
clocks without a fossilised ancestor of site -1A. alcalicaA. latilabrig A. ndalalani In
contrary, therehave been several fossils fouml the Tungan Hillslated 1613 Mya in
Kenyanorth of Lake Natropwhich are identified as being morphologically closest to extant
Alcobpia andshowadaptions to soda lake conditiorf&evrekidis et al., 2020This suggest
that toleranceto alkalire conditionsoriginated much older than the emergence of the
Alcolapia clade, ~10,000 yearago Williamsonetal. 1993 Tichy and Seegei®999
Roberts et al., 1993)Therefore genetic analysksetween these fossilsclosely related
Oreochromis specieand the revisedAlcolapiaflock (including site 149 is required to
identify if this isindeedan ancestoior close relativeof AlcolapiaGiven the date of these
fossils (1613 Mya Kevrekidis et al., 202 is unlikely to beisefulfor calibrating molecular
clocksas they are older than thalcolapiaflock (~10,000 years ol@lyilliamsonet al. 1993
Tichy and Seegel®999 Roberts et al., 1993). Thereforkyrther searching for younger

fossilsaround Lake Natrooould elucidate the ageof Lake Natrorspecies.

Given that body shape predicts ecological niche in cichlids (Clabaut et al.jt200uld be
interesting to investigate whethesite 14 morphs fill different ecological guildstAL may

be more of a benthic feeder, able to grasp algae from rdi&kesA. latilabris, while 14AA
may be better suited to catching and chasing prigye A. alcalicawith its more conical
shaped headHead width is different between site 14 morphs (Ford, 2015) and smaller
widths have beerobservedwith the ability to feed in betweercervicesin A. latilabris
(Lawson, 2023), so perhaps this has a similar function-&L1Burthermore, m some cichlid

species jaw protrusion is important for creating a vacuum aiding in engulfing prey
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(Wainwright et al., 2001). Perhaps asAHY has a large lip protrusion, it feeds via this same

mechanismput this remairs to beinvestigated

Consequently, me question that aroseswhether parallel evolution occurs withiAlcolapia
asboth A. latilabrisand 14ALpossess enlarged lips (FigurdB; Ford, 2015). Thigit has

been shown to convergently evolve in Lake Malawi cich{Masonick et al., 2022)
However,sliding windowsFstdid not reveal any cleagenomic regionshat were shared
exclusivelybetween Alcolapia comparisons(Figure S3). Furthermore, there was little
evidence for introgression dtG11:6309402 and 6406194 betweenAA, 14AL andA.
alcalicaor A. latilabris, shown by lowfgm values at this region (Figuf®). However, given

that this is RAD data, there are large gaps in the genomic sequence, so repeated analysi:
with whole genome data of each morph would be required to rule out parallel and

collateral evolution.

Given that GWAS analysis identified SNP LG11:6406194 to be in a protein coding gene
calledPOPXensemble 2024a; Figure 2.9B), in situ hybridisation analysis of RNAs produced
by this gene would be informative to establish the exact cellular and tissue location of gene
transcriptsproduced byPOPXChu et al., 2019)T'his would help to elucidate the functional

role of POP1 regardingthe tissues and cells that it expressedfor site 14 morphs
Following this RNAseq analysisould be used toguantify any differences in protein
expressiorof POPbetween site 14 morphandAlcolapiaspeciegWang et al., 2009 his

same procedure could be repeated for nearby ge@®&R20 confirm or reject its role in
cranial and dental morphology within site 14 individuals. Given that the other SNP,
LG11:6309402 is located in a nrooding region, itglirectimpact may have to be assessed
using alternative methods such aapSTARRseq. Theshniqueidentifies thefunctional

role of norrcoding regions to identifwhether they affect transcription(Tunc Morova et

al., 2022}s itis possible SNP LG:6309402 may have cis or trans effeatisesygenes such

as nearbyOSR2

As the two SNPs identified at LG11:6309402 and 6406194 were the only significant peaks
identified (Figure &), they may be having a large role in the phenotypic differences
observed between 14AA and 14AL. It would therefore be useful to identify the heritability

of each SNP to find out how much each contributes to phenotypic variation (Zhu and Zhou,
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2020).The dominance of these SNPs is also unknown and could be achieved by breeding

heterozygous 14AL individuals, genotyping and trait measuring.

The genessurrounding the significant SNPs b@&l1 were investigatedo see if they had

any relatable function to the different morphs identified at site 14. Most genes, such as
NIPAL2 a magnesium ion transportegiGoytain et al, 2008) have specific cellular or
molecular function, so it is difficult to seleow they are linked to the morphological
differences seen between site 14 morphdowever, a gene calle@SR2Odd-Skipped
RelatedTranscriptionFactor 2) located~25,000bpaway fromthe region LG11:6309402
6406194 Figure2.10), is a promising gene candidate. The homolo@8R2s necessary

for normaldentaland craniofaciaflevelopmentin mice (Lan et al., 2001)an et al., (2001)
found OSR20 be expressed in the maxillary process and mandibular which are facial
regions where differences istructure have been noticed between site 14lcolapia
morphs. Furthermore, OSR2s involved in dental organogenesis (Jia et al., 2016) and
controlsthe number of rowf teeth in mice(Zhang et al., 2009When OSR2s knocked

out, mice showprolific tooth developmentZhang et al., 2009 his isespeciallynteresting
asSeegers, Sonnenburg and Tichy (2001) folledlapiamorphs that look like 14AL just
600m away from site 14nd describes them to hawe dzy A |j dzS &n8Igsd dufved?2 vy ¢
teeth than A. latilabris Therefore, it would be interesting to reinspect the size, quantity,
shape, and number of rows of the teeth between site 14 morphs, perform GWAS on these

traits, followed by reverse genetics by KOO8R2hould differences be found.

By contrast,in a study involvingDanio rerio(zebrafish)embryos, a closer relative to
Alcolapia OSR2was found to be crucial for fin chondrogenesis development and
expressed in the pronephric (early kidney organ) (Lam et al., 2013). However, full
development of zebrafish teeth normally occurs by 26 days (Vahiegten & Huysseune,
2000), therefore itmayhave been too premature to observ'@SR2jene expression in the
mouth and head regiomluring the study by Lam et al., (208 they present results up to

55 hours post fertilizationGiven thatOSR2s pleiotropicand highly conserved (Lam et al.,
2013; Zhang et al., 2009; Jia et al., 2016 gene could still be having a role in dental
formation andcraniofaciadevelopment in site 14 morphand remains the most probably

gene candidate.
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Smaller studies often have less power for detecpitygenic traits as each loci have a small
effect on the trait of interest (Beavis, 199 Furthermore, additional whole genome
sequencing may reveal additional peaks along the genome that might also be under
selection and supporting SNPs that have been removed by filtedingAmphilophus a
genus of cichlid, &dy shapeand tooth size areontrolled by5-7 small effect loci (Kautt et

al., 2020)It is therefore not surprising thato significant SN§were identified in the GWAS
analysis when thg@henotypeswere eitherlip protrusionor head depth Meanwhilelip
thicknessis believed to be oligogenic with a SNP on CHR8 contributing 77% of the
phenotypic variatiorbetweenMidas cichlidgKautt et al., 2020)interestingly, when the
phenotype was lip protrusigm-values were lower (albeit significant) on CHR11 position
6309402 and 6406194igure 8), which are the same SNPs that were identified as being
significant on thel4-AL/14AA GWASFigure2.9 and 12. This indicateghat the lip
protrusiontrait is somewhat capturing #hgenetic variation found between site 14 morphs
Further phenotyping of fixed skeletal landmarks byra)ing fish may also reveal
craniofacial structure better than measuring from soft tissue that may have some
unreliability. Landmarks taken from different viewpoints other than the lateral view are

also required to capture additional variation.

Fstwas very low across most of the genome for species comparisons (Eiga)e which
reflects the youth of this radiation and extensive hybridisation between tSia. 14AA

and 14AL are more closely related #a alcalicathan A. latilabrisas shown by the sliding
windows Fstdensity plot (Figure.8). This is supported by the genetic PCA (Figu8),
whereby population 14 are closest #o alcalicaon PC1 (13.5% of the varianc€his dea

is alsoreinforcedas there arandividuals that clustem betweenA. alcalica/A. ndalalani
and population 14 in genetic PCA space, implying gene flow betwiese species(two

site 17 individuals originally classified as morphologicallgtilabris, Figure2.4B). These

site 17 sampleare unlikely F1 hybrids as they are closeAtalcaliceand A. ndalalanion
PCA space than site 14. These same site 17 individuals clusteX.vailtalicaon the Fine
RAD plot but show more relatedness to site 14 individuals than any other interspecific
pairwise comparison Hgure 2.5). This hints that population 14 has more northern
distribution and warrants future investigation and sampling to the north and south of site

14in the east of Lake Natron.
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No inversion was detected by the sliding windoks plot (Figure S8). However as RAD
techniques were used, only a small proportion of the genome was sampled (Miller et al.,
HANTOYS &2 AGQa LlRaaAaotsS GKIFG Yy AYODSNEAZY
has been undetected in this analysis as the slidimglaws could be too large, masking the
effect of an inversionk-urthermore, adAlcolapiais a very young cladeyenif an inversion

exists within population 14, it may be difficult to detect as there has been limited time for
divergence to emerge, illusited by relatively lowrst across theAlcolapiagenomes
comparisons (Figurg.8A and 3). Given that inversions are important in reproductively
isolating specieBNellenreuther and Bernatchez, 2018)rther whole genome sequencing

is needed to fullyule out this possibility.

There is a lack of alignment between nuDNA and mtDNA phylogenies seen in this study
which supports Ford et al., (2019), who find widespread incongruence vgachromis

A lack in mtDNA phylogemgsolutionwithin Alcolapia(Figure2.6B), is likely due to the

youth of thisspecies flocland as ireadily hybridisegFord et al., 2015), allowing for mtDNA

to be exchanged between lineagéchiscould alsoindicate that thesemtDNAgenes are
evolvingmore slowlythan nuDNAas he rate of evolution varies between DNA typéAllio

et al., 2017)As therearealimited number ofnon-coding regions within mtDNAhere are

few alternative genes that could have been investigated when constructing mtDNA trees
for Alcolapia Given the high bootstrap supports and resolution within the nuclear
phylogeny, this seems more rigorous than the mtDNA for reconstructing the evolutionary

relationship ofAlcolapia

Li Ad &dzNLINKA&AY I {KI the HighastSithinxiclapiafigle@Xs®)2 G A RS RA &

considering that it has only been found in one region within Lake Natron. One might have
expectedA. alcalicao have the highest nucleotide diversity given that it has the greatest
known distribution around Lake Natro(Ford, 2015)so likelyhasthe largest population

size (Figure3d). High nucleotide diversity of site 14 could reflect more extensive
hybridisation occurring and introgression into this population. Indeed, Dsuite results
indicated that site 14 had up to 10% more gene flow wttalcalicaandA. ndalalanrather

than A. latilabrisshown by the F4 ratios (Table Given that 14AL has 3% more geflew

with A. alcalicaand A. ndalalani than A. latilabris, it is surprisingthat 4 [ R2 Say Qi
higher nucleotide diversity than 14A (Table 1 & Figu&8B). Perhaps 14AA has a greater
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population size than 1L and so harbours more diversity across the genome.
Furthermore as site 14 has relatively high nucleotide diversity compared to dgtlemlapia
species, it may inhabit a more stable habitat and so is less straffglstedby water level
change that may causgenetic bottlenecksand corrode genetic diversityat other sites
Elevated rates of nucleotide diversity in siterhidy be explained by hosite 14 igredicted

to be older than other Lake Natron specid&igures BA), as molecular clock theory

predictsmutations accumulate with tim@umar, 2005)

The genotype frequencies across samples were then investigated at SNPs LG11: 630940
and 6406194 to see if they varied by location and between species. Given that the
heterozygous genotype frequencies have a local distribution and were not found in the
outgroup (Figure.10), O. amphimelasit seems unlikely that they have persisted through
incomplete lineage sorting. Instead, as the heterozygous alleles have the highest frequency
in 14-AL, it seems probable that these two mutations arose within this pdjmiaA couple

of nearby sites 11@. alcalicaindividuals also exhibit heterozygous genotypes at SNPs
LG11:6309402 and 6406194, which is likely due to gene flow with nearBy..1%his is
supported by elevated rates of genome wide introgression betweeAll4nd site 118.
alcalica (Table 1). Moreover, the binomial distribution of the genotype frequencies
between site 14 morphs, may indicate that these polymorphisms are under divergent
selection. Perhaps heterozygous alleles provide adaptive functionaemdilso being
selected back intd\. alcalicapopulations. As no homozygous individuals were detected for
the less common nucleotides at either SNP location, this could either indicate that G/G
and/or C/C is deleterious, or that these SNPs are of such low frequency in the population,

that homozygosy for the alternative allele is rare.

Efforts were made to see if there were any regional differences that could explain site 14s
genetic isolation fronother Alcolapia but there were no obvious geological differences
from mapsbetween site 14 and nearby sites that contain all three species. Howeitbmw
Lake Natron, here is likely to be vast heterogeneity in abiotic stressors such as
natrocarbonate concentrationsalinity and temperature especially where freshwater
mixes with thelake It is known that populatiori4 inhabits an inle{Figure 2.3which is
supported by streamsTogether, his could be placing locaelection pressures on
population 14 butremains to be investigatedSite 14appears to be connected to the
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southerly lagoon withinLake Natroneven when water levels are loiGoogle Earth
Historical Maps, 2013gnablingmigration between nearby southerly sitds is therefore

not clear how environmental factors may have contributed to the speciation at site 14.
Perhaps insteadssortative matingwhich has been observed Acolapia(Lawson et al.,
2023), could be contributing more strondly the genetic isolation of population 14. No
study has been done on the colouration and patterningAdéolapia which could be

important for providing courtship cueithin each species.

Given thatmanyisland adaptiveadiationare endemic, they are vulnerable and subject to
high extinction rategFernande#alacios et al., 202I)he IUCN Red List will need to assess
the conservation status dAlcolapiasite 14which inhabits an insular syster@urrentlyA.
alcalicais listed as endangered (Bayona, 2006a) whildatilabrisand A. grahamiare
categorised as vulnerable. This is due to their limited distribution and habitat
fragmentation (Hanssens, 2006; Bayona, 2006 b). Given this, it is likely that site 14 will also
be categorised as vulnerable or assigned a more extreme conservation status of critically
endangered, especially sincddtonly documented at one region whicHess than 10krh
(Seeger=t al.,2001; IUCNNn.d.) Therefore, nore extensive sampling around the Gelai
region is needed to pinpointhe extent ofa A 4 S mn Q& AdRifiodaflyNdirtbedzii A 2 y
sequencing of site 14 individuals colld used togeneratepopulation estimates for site

14, as sample sizes were too small to make reliable predictions during this project
Standardised photographs of living site 14 are also required to document its coloration as
Alcolapiaspecimens lose their colour upon storage (FigRfi). Thisinformation will be
important for speciesrecoqition, its classification status of this new speciasd for

decisions regarding its conservation
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Chapter 3: Genetic analysis of mouth shape variation in

Alcolapia alcalica

Abstract

Interspecific phenotypic diversity can be indicative of early divergence. Within cichlids,
there are numerous adaptive radiations which are often large and com@ieochromis
Alcolapig a small radiation with substantial variability in head morphology, proves a simple
model for understanding the evolution of new traits. The genetic basis of upturned and
terminal mouth phenotypes remains unknownAnalcalicavhicharesegregatindgpetween

two subsites in the east of Lake Natron, Tanzania. Variation in mouth phenotype was
quantified in 50 specimens using linear measurements in the head region. All
measurements appeared continuous rather than discrete, suggesting multiple loci
contribute to mouth orientéion. Using whole genome sequence data from these
specimens, a GWAS identified 3 significant SNPs associated with mouth morphology. One
of these is located0.2 Mb away from major craniofacial developmental geA&EKMY2a

and SOSTDCXahich are involved irsonic hedgehog (SHidhd wnt regulation. These
candidates need validation using gene expression and kootkexperiments. This

research provides further evidence for the genetic basis of craniofacial morphology
Introduction

Adaptive radiations are characterised by the rapid formation of many species from a
common ancestor and high levels of phenotypic variatishich becomespecialisedo a
particular ecological niche tavoid competitive exclusiofschulter, 200p The presence of
phenotypic diversity within a species can therefore indicate early divergence as a trait may
be under selection as it is better suited to a specific environment (Kustla, 2015).
Cichlids are a model family for understanding the emergencediversity (Burress, 2014)

as certain clade readily speciate amtesent exceptional phenotypic diversityn
morphology, tromic level and male nuptial colouratidi®eehausen and Schluter, 2004)

Diversity within this family is drivenybmultiple factors includingsexual selection
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(Seehausen and Schluter, 200zgpacityto hybridise(Meier et al., 2023)the evolution of
new traits(Conith and Albertson, 202and ecological opportunityNgoepe et al., 2023)

The propensity for cichlids to radiate is related to the evolution of a second set of jaws,
enabling decoupling of food acquisition and processing, freeing the oral jasgetoalise

to different food resourceg¢Conith and Albertson, 20210 species with one set of jaws,
adaptatiors to different food resourcesre confinedto the mechanicatrade-off between
power and speedjmiting functional diversity in mouth morpholodfurresset al,, 2020)
Pharyngognathys thereforewidely regarded as a key movation, as itenables cichlids
inhabiting the same region to divergently evolve and avoid competitive excl({@iomess

et al., 2020) The oral jaws function by capturing prey, while the pharyngeal jaws, which
have evolved from gill archesd possesgeeth, grind down food(Conith and Albertson,
2021) Functional decoupling within cichlids Hasilitated their trophic diversity(Hulsey et

al., 2006), as seen in the Lake Victoria cichlids, where up to four trophic level@vieiest

et al., 2023.

Within the OreochromidAlcolapia a youngsulbgenus of five speciethere is considerable
phenotypic diversity in mouth shape and orientation, making this a good, simplified system
to study the emergace of novel phenotypic traitFigure1.1B and 26A). Despiteno
obvious difference being found between the pharyngeal jawsAtwolapia there is
considerable variation in the oral jaw morphology (Ford et al., 20A6)atilabrishas
distinct hypertrophied downturned lips with largexposed teeth that it uses to rasp algae
from rocks(Lawson, 2023)A. ndalalanialso has alownturned mouths orientation but it

has a narrow he& The vast majority of. alcalicaand A. grahamihave terminal mouths
except forseveralpopulatiors of genetically distinct upturned\. grahamifound in Little
Magadi (Kavembe et al., 2016). There is also an isolated pool of water in the northeast of
Lake Natron (site 15, Figw8.1, 3.2 and 3.3, whereupturnedA. alcalicaare found (Ford

et al.,, 2015; Seegerst al, 2001). Terminal mouthed. alcalica which are the more
widespread phenotype, inhabit the lake margetsa streamjust a few meters from this
pool(Julia Day field notes 2012 and 20IMe pond may connect to the main lagoon during
periods of flooding facilitating gene flow between the morphs, however they were not
connected inJuly 2017ndicating segregation of phenotypégtween the sitegJulia Day
personal communication, 2024lowever, there is variation in severity of the angle of the
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mouth orientation (Figure 3.1), suggesting that this is a continuous trait which will be

investigatedand confirmedn this thesis.

Terminal(main lagoon) Upturned (pool)
Figure3.1: Phenotypic diversity in mouth orientatioof preservedA. alcalicgrom site

15.

The upturned mouth orientation oA. alcalicacould provide clues to its dietary habits and
trophic level that it occupies. Keppeler et al., (2020) finds that fish wptairned mouths

are more likely to be higher in the food chain than those exhibiting terminal and
downturned mouth apparatus. This adaptation allows upturned fish, such as Freshwater
Hatchet fish Gasteropelecidgeor weavers [Echiichthys vipeda to predate on fish
swimming above them. Additionally, some cichlid species wathrnedmouths have been
shown to predate on the eggs and/gniles of other cichlids which is knownpegedophagy
(McKaye et al., 1983Lyrtocara orthognathysa Lake Malawi cichlid, use their heads to
ram mouthbrooding females, which causes the females to expel their young into the water
column which the paedophageous cichlid then predate upon. Similar behaviours have also
been reported in Lake Vicotria fisind paedophagy has been reportedAltolapiaspecies
(Seegers and Tichy 199ord et al 2016). Alternatively, upturned. alcalicamay feed
more on algl film and insects found at the surface as the bulk df O 2 f diet.dk dthera

sites is composed of cyanobacteria, albeit some insect species (LRZ0RAR).

The genetic basis of mouth shape is unknowr\iralcalica This study aims to identify
whether mouth orientation is a complex or discrete trait by capturing variation in the
positioning of the oral jaws. Following phenotyping, several GWAS will be conducted to

identify if there are any loci associated with mouwthentation.
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Figure3.2: Small, isolateghool of water circled in red which is just a few meters wi
YR A& YAO]lYl ®#SR (d qugdnl7zblyBuliaYDRyat coordinates
2.433361 S, 36.10175 Ehis site has been observed to be inhabited by exclusi
upturned A. alcalica(Julia Day fieldnotes, 201duliaDay noted that this pool had a

extremely high density oA. alcalicaand was deeper than the surrounding bodies

water connected to Lake Natron.
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Figure 33: Arial photography of site 15 situated in the east of Lake Natron by stre
(GoogleMaps 2023).
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Methods
Specimen collectidoy Day, Ford, Shechonge, Turner and White, 2017

In July 201,awo subsites were visited in the East of Lakaron,west of the Gelai Volcano
which are known to fosteA. alcalicavith mouth orientation polymorphism(Figures 3.4
3.3;Ford, 2015)No other locations have this polymorphism documented for this species.
The firstsite is a streamconnected to the main lagooand containedA. alcalicawith
terminal mouth morphologiesMeanwhile anadjacentsmall pool of water contained.
alcalica with distinctively upturned mouth orientations (Figure 3.1ulia Day personal
communicatior), indicating phenotype segregatiomhese sites areeferred to by Lawson
(2023) as site 1&(terminal)and 158upturned) andboth havethe coordinates:2.433361
S,36.10175 E deito their proximity.Site 15 is therefore a collective terfar these two
sites.Fish collected were categorised as either upturned (pool) or terminal (lagoon) by Ford
and Dayand atotal of 58 specimens were collected from the pool (35 x upturned) and
lagoon (23 x terminalfhe pool was observed the just a few meters wide but much
deeperthan the nearbylagoonand both sites remainedsolated during the dry season
whenvisitedin January 2012 and July 20y Day and For(Figure 3, Julia Day personal
communication, 2023)Fishwere euthanisedusing clove oiand pectoralfin clips were

takenfrom theseand preserved in 100% ethanol.
Authors Own:
Phenotyping variation in mouth position

On closer inspection, there appeared to be fish with intermediate mouth morphologies,
indicating thatmouth orientationwas continuous rather than categorical. To investigate
this, preserved fish were photographed on their afind side, pinned externally with their
mouths closed. Some previously documented landmarks were used (landmarks, 2,5 12, 13,
16 see Fig. 6.2fro@2 NRZ HAMpPO® | 2SGASNI £ FyRYIFN] wmn
Of SI @I 3S¢ LINB O pRbpias idcordastehiRvittouptur@andlderminal fish

at site 15, so a different landmark was chosen to capture mouth angle varig&ion.

additional landmark was chosen within the head region by drawing a tangent to the upper
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lip along the axis of the mouth opening (landmark 4, Figure 3.4). This was used to measure

mouth angle. TpsDig2 version 2.32 was used to plot the landmarks (Rohlf, 2023).

Three traits within the head region were measured to capture mouth shag@tion
Distance 1 is the horizontal distance between the tip of the snout (landmark 3) and the
bottom of the anterior most point of the top lip (landmark 5). Meanwhile distance 2
captures variation in the vertical length between the centre of the eye (land@pdnd

the bottom of the anterior most point of the lips (landmark 5). Finally, mouth angle was
captured by measuring the degrees at which a tangent to the mouth axis (45pand

intercepts a erpendicularline to landmarks 1 and 2¢e Figure 34

5

Small Distance 1

Larger angle

Small Distance 2 Large Distance 2

Figure 3.4:Diagrams of three measured traits to quantify mouth orientatidore
upturned fish are predicted to have larger distancéA), smaller distance PB)and
larger mouth angle$C) Landmarks: 1) Insertion of the dorsal fin, 2) insertion of -
anal fin, 3) tip of the snout, 4) axis of the mouth opening, 5) the bottom of the ante
most point on the upper lips, 6) centre of the eye. Orange line used to form a refer
for measuringangles and distances. Distance between landmar8swias usedo

control for allometry.

Tpsdig2version 2.31generated a series of coordinates enabling trigonometry to be used
to measure the distances and anglés.total of bur phenotypic traits were generated

(three continuous an@nediscrete).
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DNA extraction

DNA was extracted from 50 fin clippings (22 males; 28 females) using a Qiagen DNeasy
Blood & Tissue Kit and quantified using the Qubit proto&wh with more extreme
phenotypic measurements were prioritised to be sequenddtDNA extracts were run on

an agarose gel to check for RNA contamination and DNA fragmentation by comparing to a
1kb DNA ladder. Samples of low DNA concentration were concentrated using ethanol
precipitation. Samples were then tested for purity usingamaodrop spectrophotometer

andsent to NEOF in Liverpool for whole genomeseguencing.

Bioinformaticspipeline

BWA mem was used to map and index raw whole genome files again€.thdoticus
reference genomel(, 2013. Samtools depth was used to calculate an average coverage of
x14.8 on site 15 bam files across the gendirieand Bonfield, 2023icard tools was used

to remove PCR duplicates and haplotype calling and genotyping was performed using GATK
4.3.0(Van der Auwera and O'Connor, 2028 Ftools 1.18anecek et al., 202Was used

to filter the VCF to contain only SNPs, depth-di0®, GQ of 30, Missing of 0.5 and a MAF

of 0.05. 2,413,661 SNPs remained after filtering. 3,527,226 SNPs remained after filtering
when all the previous filters are kept the same apart from GQ, which was reduced to 20.
Plink was used to perform linkage pruning and to generate a PCA to check for population
structure (PLINK/2.00a2GCCl10.3.0). Eigenvectors were plotted using R studid.@2)

and eigenvalues were transformed manually into PC values.

Scatterplot3D was used to visualise the traits measured and Méhittney U tests were

performed to test for significance on each trait (as the data was not normally distributed).

GWAS

GWAS enables identification of SNPs that are associated with the trait of interest which can
be used to identify potential candidate gen@Rathan et al., 2022)Despite being few
sequenced samples for site 15, GWAS analysis can still be performed to produce good

predictions as low population structure exists between extremely upturned and terminal
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A. alcalicaat this site (Ford, 2015; Lawson, 2023), therefore there will be fewer false

positives making it a good model to study genes related to mouth orientation.

Bed files were generated using plink2 andvariate linear mixed modeln GEMMA \ere

used to perform GWA&hou and Stephens, 2012he bur different GWAS phenotypes
were run totestif genetic differences could be observed between specimens with different
mouth morphologies. This included, distancel, distance 2, anghellFord and Daf a
categorisation (discrete either upturned or terminal)

The following modules were used to run GWASUm&terminal: plink, math/Eigen/3.4:0
GCCcord.1.3.0 and numlib/OpenBLAS/0.3-ALEL11.3.0.Python was also used to sort the
scaffolds irmscendingrder (Biopython/1.7%0ss2022a).

GWAS results were plotted iR studio (R}.3.2, Posit Team, 2023pllowing a script
provided by Yacine Ben Chehida that contained the following packages: ggfortify, ggman,
tidyverse, ggtext, normentR, grid, gridExtra, dplyr, sjlabelled, ggplot2, cowplot, quotidieR

and ggthemes.

65



Results

Terminal
A B Upturned
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Figure3.5: 3D scatterplotshow variation in head morphology between upturn@d)
and terminal (19) morph®istances are normalised to control for allometd= Plot

angle 65°, B =plot angle = 295.

Linear measurements identified mouth orientation ascantinuoustrait (Figure 3.5)
Upturned fish have larger distance 1, smaller distance 2,gmdter anglein mouth as
expected. All three continuous traits have significintdifferent distributions when
grouped byFordl Yy R Scateg@®isationof upturned and terminh Distances are alll
relative to the size of the fish so are in arbitrary unitke median distancel for upturned
fish 0.00774a.u) is significantly greater than terminal phenotypes (0.00248) (W=100,

p = 4.75e05). Furthermore, the median distance 2 for terminal fish (0.0662a.u) is
significantlygreaterthan upturnedfish (0.0411pa.u) (W =449,p =0.00162) Themedian
anglelfor terminalfish (34.9) is significantilower than upturnedfish (42.4°) (W =185,p
=0.0284).

Next, a genetic PCA on whole genome dattauped byupturned/terminal category vas
performed tosee if population structure ésted. No population structure was identified
betweenthesemorphs from site 15 (Figure 3.6), indicating a GWAS would be possible with

a small sample size.
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Figure 3.6:Genetic PCA of LD pruned SNPg13,661 SNPgjoes not show any
clustering bymorphological categorisatioriExtensive overlap between upturned an
terminalA. alcalices b! FTNBY aAlGS mMp 6KSyYy 3INRdzLIE
indicating high genetic similarity between samples. Looser clustering on-4(
between upturned morphs indicates higher genetic diversity than terminal morg
2,413,661SNPs remaining after filterinGQ30, DP5, DP10MIIS 0.5, MAF 0.05, SN

only.

SeveralGWAS wre performed to identify any candidate genes that may be associated with
mouth orientation and to seéf there was evidence for selection or inversioft@WAS
analysiscan be used to search for inversions as it sAow patterns between specific
phenotypes and sectionsf the genome which have very smpivaluescorresponding to
sampleswhere base sequences have been reverdaklewisevery smallp-valuesat base

pair positionsflankinga SNP can be used to indicate regiandg genesunder selection in

a GWASanalysis.This is as nearby alleles are linked to a SNP under selgtioough
GWAS were performed on dtlur phenotypic traits(- y 3t S 2 F GKS Y2 dziK

67



O O

’(

[ Nerer | [Tnesmwes | [ e | [nesoes | [ e | [wesmns | [ | (e | [ | [eumna | esmmer | s | e | (o] s [vmis] [vesmwes] [ ] (wammss] e oo

nce 1

.-

Figure 3.7GWAS identifies three SNPs (shown with green arrows) above the Bonfe
threshold of 7.84 when distance 1 is the phenoty@NPs are located on CHR
(NC_031970.2) and 11 (NC_0319768X) = 20. Chromosomes are arranged by size

left to right being the largest to smallest withaxis = accumulative base pair posit

—

—

across the genome.

discrete ranking, distance 1 angl, 2nly distance 1 foundgignificantSNPs associated with
mouth orientation (see Figure 3.7 anf8).Three SNPs weffleund, one on LG11, two on
LG5 (Figure 3.7).
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The region around thsignificantSNPs found in Fig 3.7 was inspected nuboselyto see

if there was evidence for selectiamhich would be illustrated by smahp valuesclose to

a SNRAn a GWAS analygiBigure 3.8)All three SNPs were not well supported by nearby
linked SNPs. However, the gaps around peak LG11: 32, 194,615 reflect filtered regions of

low mapping quality, and so more SNPs may exist flanking this SNP.

The SNP located on LG11: 32, 194,615 is ~0.2Mb3$@8ITDCland ANKMY 24referred

to in the discussion as possible gene candidates). No promisinggadelatesvere found

in the 1MB region around thievo SNPs on LGA&lthough many of these were of unknown
function. At more stringent filtering, GQ30nty LG11:32, 194,615 is significant (Figure S7),
suggesting SNPs on LG5 betow GQ30.

Lastly, the genotype frequencies of the three different SNPs were investigated to identify
if there were patterns between sex, genotype and the trait of interest (distanCeh#)four

most extremely upturned females had the same genotgpemouth orientation may be

sex linked(Figure 3.9) The alternative genotype has the greatest distance 1, indicating
more upturned fish(Figure 3.9)On inspection of the genotype fif@ior to filtering, no C/C
individuals existed for LG11:32,194,615.
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Figure3.9: A) Heterozygotes have greater distance 1, so are more upturned, |
homozygote T/T individuals. All C/T individuals are female, while T/T and N/I
composed of both sexes. T/T are slightly skewed towards 0. WilcoxMesR16,p =

0.000112B) Genotype frequency patterns were identical for CHR5: 4,826,575
4,826,582 likely due to linkage. Homozygous genotypes have greater distance
= 20. Wilcox testW = 138,p = 0.000701Blue dots are males while pink ones a

females.

Main findings

Linear and angular measurements captuhtinuousvariation within the mouth region
for site 15A. alcalicabetween upturned and terminal morpl{&igure 3.5)indicating mouth
orientation is a complex traitNo population structure was seen at site 25 alcalica
indicating gene flow between morpheghich isconcordantwith previous findings (Lawson,
2023) However, thderminal morphsclustered more closely togethen genetic PC space
(Figure 3.6)indicating they haviower genetic diversity than upturned morphiEheGWAS
on distance 1whichcapturesthe relationship between the mouth opening and the tip of
the snout, foundthree significantSNPsThe SNP locatedt LG11 32194615is near two
genesSOSTDCEnd ANKMY2a-0.2Mbaway(Ensemble, 2024b and ttjat are promising

gene candidates as they are related to craniofacial developr{@mb et al., 2015; Saita et
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al., 2014. More than oneregion is associated with mouth orientation polymorphism (this
study, Ford, 2015; Kavembe et al., 201&)dicaing mouth orientation ispolygenic No
SNPs were fountb be associated witlthe other phenotypesOnly the most extremely

upturned females possessed the alternatyenotype

Discussion

Three SNPs were identified as being significaagbociated wittdistance 1 vimen GQ=20.
However, all SNPs are notll clear of the Bonferroni threshold, therefore there is always
the possibility that they are false positives. Furthermore, when GQ is increased to 30, both
SNPs oG are no longer significant and may be being removed due to the filtefiggre

S, which questions the integrity of these findinghere may be more support for ¢h
peakon LG1lasbordering SNPs were filtered out due taonapping quality (below a GQ

of 20) Furthermore, only 50 samples were used in this GWAS, therefore a largerstudy
needed as craniofacial morphology is a complex trait (Powder and Albertson, 201€) and
small effectoci maynot be identified In support of this, four of the most severely upturned
individuals in this study possess all three of the less common genotypes (C/T, C/C or A/A),
suggesting mouth orientation is polygenic and that each locus is contributing additively to
the upturned trat (Figue 3.9). Additionally, the genetic architecture body shape, a similar
type of trait which captures variation in the head region, has been found to be polygenic in
Midas cichlid species (Kautt et al., 202®).would therefore be insightful to know how
much of the variation in mouth orientation is explained by each &\Ffuture work could

estimate the heritability of these significant SNPs usstMMA(Zhu and Zhou, 2020)

Interestingly, all the heterozygote genotyped &1 position 32,194,61%ere female and
had the greatest distance 1s (Figu#®a), indicating that the most severely upturned fish
aremorelikely to be femaleMore replicas are needed to increase certainty of this pattern.
However, as the upturned phenotypecontinuous(Figure 3.5)it cannot definitely be used
to predict the sex of the specimenMouth orientation sless informativeof the sexat LG5

at positions 4,826,575 and 4,826,582as a male grouped with the less common
homozygous genotypesepresenting the upturned grouffFigure 3.9B)Perhapshe SNP
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on LG11 is of larger effesize,as LG11 has no overlap in linear measurements when
categorised by sex or genotype unlikee two SNPs ohG5, which hee slightlybigger p
values compared to LG11 (Figure 31%jese findings support previous theory that this trait
Is sexlinkedwhich Ford (2015) theorised may be doalisparities in the occupatiowithin

the water columnbetween morphswhich is implied by differences in dietary niches
between the sexednterestingly, mouth angles stronglysexually dimorphic id. burtoni,

a cichlid species native to Lake Tanganiith females exhibiting a tenfold difference in
head morphology than males, having more upturned mouth orientaligemer and longer

heads(Figure 8; Theis et al. 2014).

Just ~0.2Mb away from the SNP located LGL1 in the large protein coding gene
ENSONIG00000028384 a gene calleANKMY?2asee Figure 3.8AEnsemble, 2024b

Expression oANKMY 2anfluences the sonic hedgeho§HH pathway, which is a critical
gene in cell development that is conserved between mammals and fish (Saita et al., 2014).
ANKMY 2aupregulation positively affects th&8HHpathway and likewise downregulation of
ANKMY2anegatively regulateSHHactivity (Saita et al., 2014%HHis expressed in the
teeth, operculum and gill filaments of cichlids and inhibition of this pathway leads to
abnormalitiesin the formation of premaxilla, teeth, gill filaments and oral jaws of
Haplochromis piceatys Lake Victoria diid in a different order toA. alcalica(Cho et al.,
2015).Upregulation ofSHHeads to greater jaw size lstyanax mexicanus, species of
fish from the same class (Actinopterygii) Alsolapiaspecies(Yamamoto et al., 2009)
Furthermore, inhibition ofSHHaffected the position of the mouth opening istyanax
mexicanusgausing a more downturned mougkigure 3E and F in Yamamoto et al., 2009)
SHHis expressed in the head region of developigalcalicaembryos (White, 2021).
CKSNBEF2NBz: A0Qa FSlFLaArAofS GKIFIG GKS {bt
ENSONIG0000002838Rigure 3.7 and 3.8A), could be affectinfANKMY 2aexpression,

perhaps as a transcription factor, influencing the regulatio8ldHluring development. In
turn variations inSHHcould be generating the range of mouth orientation phenotypes
observed inA. alcalicaat site 15, Lake Natron. To test this further, a series of
Transcriptomewide association studiesprotein assays and Western blots could be
conducted in the tissues known to expreéSslH comparing between developing terminal

and upturned fish embryodt would also be insightfulo quantifythe expression patterns
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of ENSONIG000000283&%ktween the tissues of upturned and termindl. alcalica

morphs, focusing on developing cranial bones, connective tissuesnasdles RNAseq
could be used to quantify potential differences between tissues and/or moiptmoving
our understanding ofiny variation inthe gene expression profilesf fish with different
mouth orientations and the role of this unknown gefang et al., 2009).ikewise in situ
hybridisation could be wused tovisualise identify the exact location of

ENSONIG0000002838%pression in cells and tissues within the head region of developing

A. alcalicaupturned and terminal embryo&hu et al., 2019)

Althoughthe SNPassociated with mouth orientation (LG11:32194615)oisated in an
unknown gene, SNPs can alter DNA methylation, affecting the transcription of nearby
genes (Vohra et al., 2020). Another gene caB&@STDClid located ~0.2Mb from the SNP

on LG11:3219461andis known to be expressed in the teeth, nasal bone, and gill flaments
of H.piceatugCho et al., 201580STDCéxpression inhibits Wnt and bmp pathways which
are important in bone development (Krause et al., 2010). Variation in WNT concentration
has been shown to affect prarbital morphology as it influences bone ossification within
the head region of Lake Malawichlids (Parsons et al., 2014). It is therefore believed to be
an important contributor in generating phenotypic diversity within Lake Malawi cichlid
species (Parsons et al., 2017). test whether the SNP at LG11:32194615 is affecting DNA
methylation, thereby influencingSOSTD@lexpression and corresponding downstream
pathways, CpGenie could be used to predict the functional rothisSNFocated within

anon-coding regionZeng and Gifford, 2017)

Furthermore,bmp4 expression affects cichlid jaw shape, influencing craniofacial diversity
(Albertson and Kocher, 2006Jonsidering thisSNPLG11:32194615 located within an
unknown protein coding gendENSONIG00000028384t could be affecting the

transcription of nearbyf neaby SOSTDQ1or genomic distances see Ensemble, 2024b).
SOSTDOECwhich negatively regulates Wnt and bmp expressamuld beaffectingthe bone
structure within the preorbital region ofA. alcalica leading to the diversity in head
orientation seen at site 19.ikewise,monitoring of the expression ofVnt and bmp is

neededbetween morphdo test this theory.
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On the contrary(Q. niloticugs a terminal tilapia species from the same genué.aalcalica

and possess a cytosine residue at LG11:32194615 (Ensemble, 2024b), like upturned
alcalica(Figure 3.9). The genotype Of niloticuss unknown at this position as it is haploid
but occurrence ofthe cytoside SNP substitution in thHENSONIG0000002838ne
contradicts theory thais causing phenotypic change in mouth orientatidherefore, KO
experiments of this genare necessary in to identify its functiomidening our knowledge

of the role of this unknown gene.

Conflicting results between the diets of upturned and termiAablalicaare found (Ford,
2015), while others remain inconclusive (Lawson, 20E)d (2015) finds a significant
difference between stable carbon isotope levels between upturned and termiinal
alcalicabut considerable dietargverlap for Schoener's index. Given that isotype analysis
represents long term dietary trend®earson et al., 2015), compared to stomach contents
analysis which fluctuates daly C2 NRQ& OHAamMpO TFAYRAYIE AY
differences in diets between upturned and terminal fish and are partitioning the niche at
site 15.Furthermore, upturnedA. alcalicaat site 15 have been shown to consume fish
scales (Figure 6.6D, Ford, 2015), providing evidence that the upturned nnasyhbe
related to cannibalistic behaviour, which may indicate another trophic levéldolapia

but this remains to be testedrhis is interesting given that fish with upturned mouths are
more likely to be predators (Keppler et al., 2020 cited in Kopf et al., 202@yefore,
further longterm sampling of stomach contents analysis is needed so that the species
richness and diversity of taxa consumed by site 15 morphs can be identified and monitored.
This may infer whether the different morphs have firgale niche partitioningike other

describedAlcolapia(Ford et al.., 201&nd are evolving to avoid competitive exclusion.

Despite no signals of selective sweeps being identified in this study, Ford found broad
elevation in Erbetween upturned and terminal. alcalicaaround a peak on LG11 and
another peak on LG7 (Figure 4.7, Ford, 2015), indicating recent divergent selection.
However, this peak is at different genomic window positions LG11:9,100,0@00,000
compared to the one found in this study (LG11: 32,194 6h&yefore represent different
SNPsGiven that mouth orientation appears sex related (Ford, 2015), Aodlapiaare

mouthbrooders (Sutton et al., 2020), perhaps a more upturned mouth could provide a
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fitness benefit for raising offsprindpivergence in mouth orientation axgsuldtherefore

be undersexualselection.

Deeper lakes are associated with higher diversification rates in cichlids as they provide
greater variation in ecological nich@&/agner et al., 2012Therefore as thepoolisdeeper

than the main lagoon (Julia Day, field notes, 201ifigre islikely to be morehabitat
disparity, providingsubtle differences irselection pressurewith depth. Ford (2015) also
noted that the pool was stagnant which is unique as the other sites sampled around Lake
Natron (also used in this study) had flowing water (Ford, 2015). Therei@&teg habitat

range at site 15 may provide ecological releagggbing higher genetic and phenotypic

diversityat this siteas seen in Lake Victoria cichlitN\goepe et al., 2023).

Upon closeinspection of the region neatG: 4,826,575 and 4,826,582, there were no
obvious genes that may be related to mouth orientati@ngemble, 2024cMost of the

genes around this SNP are of unknown function. As the SNP is inGdiog region it

could be an enhancer for another gene as these do not need to be located next to the
transcription start site to affect its expression (Smemo et al., 20fact, an enhancer

can be up to 1mb away from the TSS to regulate expression (Yang and Adli, 2019).
Considering this, all known genes were inspected 1mb either sil€oét positiond Gb:
4,826,575 and 4,826,582 but there was no strong evidencarigrrelevant genes within

this region. One gene, sp7 is cited to be involved in the diversification of cichlid jaw
phenotypes, however evidence for this in the primary source could not be found (Gunther
et al.,2013 as cited in Irisarri et al., 201B).test whether SNPs at positions LG5: 4,826,575
and 4,826,582 are transcription factors, snpSTARRseq could be performed to reveal if they

have functional role§Tunc Morova et al., 2022)

A previous study investigated the genetic basis of upturned mouth phenotypes in Little
Magadi compared to terminah. grahamiwhich inhabitnearby geographically isolated
Lake Magadi. Kavembe et al (2016) found moeisunder selection on & 6 but found no
relevant candidate genes that relate to mouth orientation (Kavembe et al., 28&6his

SNP is on a different chromosome to the SNPs identified in this,dtuehg is no evidence

to suggest that the same alleles for mouth orientation are evolvindateshlly.

Furthermore, upturned phenotypes from Little Magadi look Issgere as those found at

76



site 15A. alcalican Lake NatronKigure 8). Despite morphological similarities between
upturned A. alcalicaand A. grahamj the two species cluster less strongly geneticatig
so Ford (2015%uggested that the ancestor of th&lcolapiaflock may have possessed

terminal to slightly upturned mouth phenotypes based on morphological reconstruction.

Perhaps there needs to be improved phenotyping of the fish to capture more variation
between the upturned and terminal phenotypes. One paper on Malawi cichlids measured
mouth angle and the oral jaw length but this relies on a landmark used that is vetydar
place which captures the pivot of the jaw (Figure 3, landmark 3, Feller et al., 2020). This
could therefore introduce error into the measurements. Alternatively, it may be useful to
remove the top layer of skin as seen in Parsons et al., 2014 (Riyjore-ray the fish to

see anatomical features and skeletal structures clearly to aid in measuring mouth angles
and jaw lengths. Furthermore, it may also be useful to investigate the number and cusps of
teeth and see if this relates to different niches of site brphs as different feeding
behaviours specialised for biting or suction convergently evolve tooth phenotypes
associated with them (Albertson and Kocher, 2006). For instance, biting phenotypes that
scrape algae from rocks have many short tricuspélh, while Malawi cichlids with longer
jaws are specialised for suction feeding on plankton and prey and have fewer, larger, and
less cusped teeth (Albertson and Kocher, 2006). It therefore would be interesting to see if

teeth formation changes in relatn to an upturned phenotype iAlcolapia
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Chapter 4 Conclusions and futureuggestions

This study not only describe the genetic basis of morphological traits including mouth
orientation which may be sex linked, but it provides strong evidence for a new species of
Alcolapiaemerging in the face of gene flowhis study supports theory that craniofacial
morphology is controlled by multiple loci artaws attention t@SR2which has been
linked with cranial facial structure in other animal systems. mhe&dsto be treated with
caution however as there are many genes nearby the SNPs that hiamewn function so

will need further assessment to determine the gene or genes with functional importance
in regard tomouth orientation.. KO experiments of genddNKMY2aSOSTDCIASRand
unknown genesiear or surrounding identified SNBee therefore needed to see how they
impact the expression of other genes includiBgHand embryonic development in the
cranial region of developing site 14 amd alcalicaindividuals. Further phylogenetic
modelling of the Alcolapia species flock is needed and performing a Multispecies
Coalescent species tree such as SNAPP to capture coalescent events, estimations of species
divergence and population sizes would be useful for conservational purposes (Bryant et al.,
2012). In addition to this, lectotypes as seen in Seegers and Tichy (1999) are required for

further morphological classification of this newly described lineage and its two morphs.

Further to this investigation, it would be interesting to seedblogical divergencexists
between the two morphsat site 14.To understand this, gut contents analysis could be
performed to see if ecological partitioning is occurring, with the expectation thaAll4
possess more benthic role as it resembkedatilabrismore closely. Meanwhile, tAA may
have a dietmost similar toA. alcalicawvhich eatsmore vascular plants and has a terminal
mouth. Thepercentageof grit in the stomach may also indicate niche divergeaseeen

in Ford et al., (2016As the gut contents analysis of upturned and terminal Alcolapia was
inconclusve, future investigation is needed to see if these morphs vary in their diets and
therefore ecological nichesikewisg as gut content analysis of upturned and termiAal
alcalicamorphs was inconclusivegwson 2023),similar experiments could be repeated
on these morphs to sed& upturned phenotypes are moreannibalistic have higher

predation rates orsurface insectsr consume more vascular plant material.
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Given that extremely upturned. alcalicavere all females in this research (samples were
collected in 2015) and from a previous study at the same location collec@echurary2012

(Ford, 2015), it implies mouth orientation may be under sexual selection. Perhaps the angle
of the mouth affects life history traits, such as greater survival rate and number of offspring
raised afAlcolapiaare known to be mouth brooders. Perhaps upturned mouth is a defence
strategy to terminal A. alcalica which have been shown to have increased rates of

paedophagy wan compared to otheAlcolapiaspecies (Figure 2D, Ford et al., 2016).

The genetic basis ofellow-blue colour polymorphismand presence of melanism .
latilabris and A. alcalicaneedsfurther investigating (Ford, 2015Previous research has
identifiedregions of divergence between bhyellow colour morphs on LG1, LG5 and LG17
(Ford, 2015, Figure 4.7 plot Ghown by raised drat these locationsAs blue-yellow
polymorphism exists in two species within the radiatiénjp@sdible it may have arisen by
recent introgressionit is also not known whether this trait is continuous or discr&e/en

that sexual dichromatism is positively linked with species richness in cichlids (Wagner et al.,
2012) it is likely that thigs a contributing factor for reproductive isolation between Lake
Natron taxa and site 14 morphs which are known to be darker (Ford, 2015). Assortative
mating experiments between site 14 morphs aAttolapiawould therefore provide a

measure of the strength of reproductive isolation as seen in Lawson et al., (2023).

A better survey of Lake Natron igquired particularly on the Westernshoreswhere
springs are numerouf@awson, 2008and unexplored,but these aredifficult to visitdue

to their remotenessand lack of infrastructur¢Julia Day personal communication, 2023)
Further sampling is also needed in tm®rtheastwhich may reveaisolation by distance
between northern and southerA. alcalicawhich are known to haveopulation structure
(Ford et al., 2015)Sampling around site 14 would help to understand the distribution and
abundancyof population 14.
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11. Anteroventral tip of the pectoral girdle
12. Anterior tip of maxilla

13. Lip juncture (anterior snout tip)

14. Posterior point of mouth cleavage

15. Dorsal margin of the eye

16. Centre of the orbit
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TableSI Location ofAlcdapiasites

Site Number | South coordinate East coordinate
5 -2.597583 35.918417

6 -2.430397 35.895392

9 -2.479278 35.888223
11A -2.591 36.009445
11B -2.591667 36.012056
11C -2.592667 36.016056
12 -2.618972 35.999806
14 -2.527028 36.046139
15 -2.433361 36.10175

17 -2.456278 36.087806
18 -2.00113888889 36.23197222
19 -2.145833333 36.05575

21 -1.84444444444 36.22425

24 -0.396028 36.107583

Standard length

Figure S2biagram of the three different morphological traits. Fish were standardi

using the standard lengths.

Key

B = Depth of head measured from the centre of the eye
socket to the tip of the snout: 5-7
B = Protrusion of the upper lip: 3-5
= Lip thickness: 4-6
W = Standard length: 5-9

= Perpendicular line to the reference line
- = Parallel line to the reference line

Landmarks

= Upper preopercle landmark
= Lower preopercle landmark
= Beginning of lower lip

= Tip of the snout
= Upper lip perimeter
= Centre of the eye socket

NO VB WN

- = Tangent to the preopercle used as a reference line: 1-2

= The bottom of the anterior most point of the upper lip
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14-AL vs 14-AA
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Figure S3: Sliding windows~st of RAD data from site 14 morphs compared w

A. alcalica(AA) andA. latilabris (AL) shows there is no apparent inversion across
comparisonsksris low across most windows féicolapiacomparisons100 SNPs pe

window overlapping by 50 SNHA€7,614SNPsx axis = genome position.
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Lip thickness
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Figure 8: GWAS on site 14 using different phenotypes identified no significant £
Filters used included GQ30, MIS 0.5 and MAF 0.05.
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Figure S5 There is no evidence for introgression between eitheAL4or 14AAandA.
alcalicaor A. latilabrisat positions LG11: 6309402 and 6406194 (shown here by
arrows) adawis close to 0. These are the two SNPs with very low P. values prev
identified in Figure 2.9. Both plots have 100 SNPs per window, overlap of 0, a de
5-100, missingness of 0.5, only SNPs and a quality score of 30. A pagitixcaild
indicate P2 and P3 are more closely related than P1 and P3 (Martin, 2024) W
negative fgv indicates the inverse relationshiflop: P1 = 14AA, P2 = 14AL,P3 =
A.latilabris. Bottom: P1 = 14AA, P2 = 1AL, P3 =A. alcalica X axis = bp. SNP,
remaining after filtering = 630,350.
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z2am

Figure S6A.grahamifrom LM (Little Magadi), FSL (Fish Springs Lagoon) and RON
of Lake Magadi). LM igpturned, while FLS and ROM aerminal. Annotated from

Figure IKavembe et al(2016).
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Figure S7A) GWAS on site 15 comparisons when ginenotype is distancel. On
SNP is above the Bonferroni threshold of 7.666028 on scaffold NC_031976.2
at base pair position 321946Khown with an arrow Filtering parameters €Q3Q

DP5, DP100, MIS 0.5, MAF 0.05, SNPs Bnigoomed in section on CHR11 wi

significant SNP showith agreenline.
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Figure S8: GWAS orwhole genome data using phenotypimits characterising
mouth orientation(A-Q finds no significant peaks fa@. alcalicaat site 15.x-axis=

chromosomes ordered by siZgargest to smallestvith accumulative base pai

position from left to right GQ30.
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