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Resumo

A freira da Bermuda (Pterodroma cahow) é uma espécie endémica das llhas das Bermudas e
pertence a Ordem dos Procelariiformes, um dos grupos de aves marinhas mais ameagadas do planeta.
Demonstra caracteristicas e comportamentos comuns desta Ordem de espécies, tal como a postura de
um Unico ovo por época reprodutora, o alto investimento parental por parte dos dois membros do casal
e filopatria, caracteristica que designa a tendéncia de retorno dos individuos ao local onde foram criados,
para se reproduzirem. Esta espécie passa a maior parte do seu tempo de vida em alto mar no norte do
Oceano Atlantico e apenas regressa a terra na época reprodutora, onde ocorre a escolha de parceiro, que
se mantém normalmente para a vida, assim como a escolha do ninho, geralmente construidos através de
escavacOes no solo. Registos histéricos indicam que a freira da Bermuda terd sofrido um enorme
decréscimo populacional aquando da chegada dos humanos as ilhas, no século XVII. A desflorestacdo
e a introducdo de espécies predadoras invasoras terdo causado esse decréscimo, levando ao
desaparecimento de avistamentos da espécie em apenas 12 anos. Assim, a crenca de que a espécie se
tivera extinguido permaneceu durante 300 anos, cerca de 15 geracGes. Surpreendentemente, em 1951,
novos avistamentos terdo levado a descoberta de cerca de 14 casais num ilhéu de dificil acesso.
Consequentemente, foi implantado um extenso plano de conservacao que dura até aos dias de hoje e que
tem resultado numa extraordinaria recuperacao, existindo cerca de 150 casais a nidificar nas Bermudas,
atualmente. No entanto, esta espécie ainda enfrenta varias ameacas, nomeadamente ambientais. Além
disso, teme-se que o decréscimo populacional que a freira da Bermuda sofreu tenha causado um efeito
de gargalo que tem consequéncias genéticas negativas, resultando numa forte deriva genética e
consanguinidade, que sdo as principais preocupacdes em espécies endémicas insulares, principalmente
aquelas que passaram por um decréscimo populacional relativamente recente.

Assim, este trabalho tem como objetivo aferir certas caracteristicas genéticas da freira da
Bermuda para estudar as consequéncias da sua historia demografica na sua variabilidade genética. Este
trabalho utiliza dados genéticos diversos: ddRAD-seq, uma tecnologia de sequenciacdo de 3% geracao
capaz de caracterizar milhares de polimorfismos de nucleétido Gnico (SNPs) do genoma nuclear neutral
da espécie; fragmento do gene COIl do genoma mitocondrial; e dois genes do sistema imunitario,
pertencentes a familia dos recetores do tipo Toll (TLRs), descritos como estando sob sele¢do em algumas
espécies de aves nas quais foram caracterizados. Utilizando estes dados, os principais objetivos deste
trabalho séo: a) inferir 0 impacto relativo da deriva genética e da selecdo em genes com impacto
potencial na fitness individual; b) caracterizar a diversidade genética neutral da espécie; c¢) inferir os
niveis de consanguinidade da populacdo, assim como as suas consequéncias na escolha de parceiro
(acasalamento preferencial) e no sucesso de eclosdo do casal; d) inferir a histéria demografica e
confirmar a presenca de um efeito de gargalo genético.

Dois genes do tipo Toll foram sequenciados com sucesso, no entanto 0 TLR5 mostrou resultados
inconsistentes da clonagem, que podem ser devidos a duplicagdo do gene, comum nesta familia de genes,
ou com erros de sequenciacdo ou clonagem. Ja 0 TLR4 revelou baixa diversidade na regido que codifica
0 péptido de ligacdo que reconhecem o patogénio, a zona que se esperaria estar sob selecdo
balanceadora, sugerindo assim que a deriva genética podera ter afetado este gene apesar da presséo
seletiva.

Esta espécie de freiras nidifica em cinco ilhéus diferentes, proximos um dos outros se
considerarmos a sua capacidade dispersiva. Os dados gendémicos revelaram ndo haver estrutura
populacional e como tal, pode ser considerada uma espécie panmitica. Este resultado era esperado, ja
que a populagdo atual derivou de poucos casais e também porque a filopatria encontrada nesta espécie
ndo e ilhéu-especifica.



A diversidade genética neutral nuclear é ja h4 muito considerada no campo da gendémica
populacional, pela sua importancia na compreensdo da histdria demogréfica das populagdes, assim como
na area da genética da conservacao para a inferéncia do risco de extin¢do das espécies, ainda que a sua
importancia seja alvo de controvérsia. A diversidade gendmica nuclear neutral de Pterodroma cahow é
semelhante a de outras espécies do género Pterodroma. No entanto, 0 ADN mitocondrial indicou um
resultado diferente, tendo a freira da Bermuda a diversidade mais baixa entre sete espécies de freiras,
algumas das quais igualmente ameacadas. Visto que o ADN mitocondrial é haploide e herdado por via
materna, tem apenas ¥ do efetivo populacional em relacdo ao ADN nuclear. Por essa razdo, reflete a
historia demografica da populacdo mais recente, enquanto o ADN nuclear reflete diversidade genética
mais ancestral. Resultados dispares entre a diversidade dos genomas mitocondrial e nuclear podem
assim indicar um decréscimo populacional recente.

A consanguinidade é um dos principais problemas de populacGes pequenas porque podem
causar efeitos na fitness dos individuos, efeito esse a que usualmente se chama depressdo de
consanguinidade. Dadas as caracteristicas demogréficas da freira da Bermuda e a sua historia
demogréfica, esta tematica é altamente pertinente. O célculo do nivel de consanguinidade individual foi
feito atraves de uma matriz de afinidade gendmica (Fcrm). Os resultados revelaram que a média da
consanguinidade da populagdo € baixa. No entanto, alguns individuos revelaram valores preocupantes,
equivalentes ao nivel de consanguinidade de filhos de irmdos e de filhos de primos. A taxa de sucesso
de eclosdo dos ovos esta descrita nesta espécie de freira como uma das mais baixas de entre 0s
Procellariiformes. Visto que a fertilidade esta diretamente relacionada com a fitness dos individuos,
testou-se se a taxa de eclosdo, medida de fertilidade, é influenciada pela consanguinidade. Para isto,
usamos duas medidas em dois modelos lineares generalizados mistos (GLMM) diferentes. Primeiro,
usamos a heterozigotia multi-locus individual (MLH), uma medida inversamente correlacionada com o
Fcrm, que revelou ndo existir uma correlacdo heterozigotia-fitness (HFC), sugerindo que uma possivel
diminuicdo da heterozigotia devido a consanguinidade ndo aparece afetar a taxa de eclosdo. Por outro
lado, testou-se se 0 grau de parentesco entre 0s dois membros do casal influencia o sucesso de ecloséo.
O grau de parentesco entre individuos obteve-se atraves de um estimador genémico de parentesco, que
se revelou fiavel e consistente com os dados da genealogia existentes para esta populacdo obtidos com
o0s dados de campo. Os resultados sugerem que o grau de parentesco partilhado pelo casal ndo influencia
a taxa de eclosdo da sua descendéncia.

Como a maioria dos Procellariiformes, a Freira da Bermuda é socialmente monogamica e a
escolha do parceiro é, geralmente, para a vida. Uma situacdo de stress, como é a de depressdo de
consanguinidade, pode levar & mudancga de comportamento reprodutor, como por exemplo a prevengado
de reproducédo entre individuos aparentados. Os dados gendmicos usados neste trabalho revelaram,
através de um bootstrap ndo paramétrico, que os individuos estdo a escolher o seu parceiro ao acaso
relativamente ao grau de parentesco. Este resultado pode demonstrar a falta de oportunidade de escolha,
ou, por outro lado, a incapacidade dos individuos de reconhecerem os seus familiares. Ainda assim, a
existéncia de paternidades fora do casal (EPPs) deve ser estudada nesta espécie, para melhor
compreensdo do impacto da consanguinidade no seu comportamento reprodutor.

A inferéncia demogréfica foi realizada por dois métodos distintos, ambos baseados no espectro
de frequéncia dos nucleétidos (SFS) dos dados gendmicos, através dos programas informaticos
Fastsimcoal e Stairwayplot. Este Gltimo sugere dois eventos demograficos mais evidentes. O mais antigo
evidencia um decréscimo ligeiro e prolongado a comecar hé cerca de 100 mil anos, coincidente com 0s
periodos glaciares e interglaciares do Pleistoceno, conhecidos por provocar decréscimos populacionais
noutras espécies costeiras devido as oscilagbes do nivel da dgua do mar. Além disso, esta analise
demogréfica sugere um decréscimo acentuado no efetivo populacional num periodo mais recente da
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historia da espécie, ha 2 mil anos. Embora ndo coincida com a chegada dos humanos as Bermudas, pode
ainda estar relacionado, visto que os dados baseados no SFS podem néo ser suficientemente precisos
para eventos demogréaficos recentes. Ja a analise do Fastsimcoal revelou que o modelo com efeito de
gargalo mais recente é o que mais se adequa aos dados, corroborando assim a hip6tese da Freira da
Bermuda ter sofrido um decréscimo populacional severo num passado evolutivo recente.

Em resumo, tanto as analises de inferéncia demogréafica, como a diversidade genética nuclear e
mitocondrial sugerem a ocorréncia de um efeito de gargalo genético e consequente perda de diversidade
genética. No entanto, o pequeno tamanho populacional ndo parece estar a causar depressdo de
consanguinidade relativamente a taxa de eclosdo. Além disso, ndo foi encontrado um comportamento
de prevencdo de consanguinidade através da escolha de parceiro. Por outro lado, foi encontrada baixa
diversidade num gene candidato a estar sob selecéo, 0 que pode sugerir um efeito poderoso da deriva
genética relativo a pressao seletiva a que estes genes podem estar sujeitos.

Palavras-chave: Freira da Bermuda, Espécies endémicas insulares, Depressdo de consanguinidade,
ddRAD, genes TLR
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Abstract

The Bermuda petrel is an island endemic species belonging to the Procellariiformes, one of the
most endangered orders of seabirds. Spending most of their lifetime in the open Atlantic Ocean,
Bermuda petrel breed exclusively in Bermuda Islands, where females lay a single egg per season that
demands high biparental investment. Historical records tell the tale of a significant decline of population
size at the time of human settlement in Bermuda, throwing the species to near-extinction. Even so, the
population was able to recover aided by an ongoing conservation plan. However, it still faces several
threats, and genetic consequences resulted from that drastic decline are expected, being inbreeding and
genetic drift the main concerns.

This study aimed to study neutral and functional genetic diversity levels and inbreeding levels,
as well as its effects on individual fitness and on mating choice. Also, it aimed to look for a genetic
signature of the recent bottleneck suggested by historical records. For this, we used a high-throughput
sequencing technique, ddRAD-seq, to survey thousands of nuclear SNPs, one mitochondrial gene (COI),
and two candidate genes to selection (TLRs).

The results obtained revealed that Bermuda petrel has suffered a recent genetic bottleneck and
showed low mtDNA diversity when compared to other petrel species. Conversely, nuclear genomic
diversity was not relatively lower than in other endangered petrels. Inbreeding levels were not high
overall, although some individuals showed to be highly inbred. However, individual inbreeding and
relatedness between couples is not affecting their hatching success. Additionally, individual’s mating
choice is not influenced by kinship. Finally, one of the two candidate genes to selection was dismissed
since the results revealed unexpected signs of gene duplication, while the other revealed low genetic
diversity in the pathogen biding coding region, hinting for overcome of genetic drift relative to selection.

Keywords: Bermuda petrel, Island Endemic Species, Inbreeding Depression, ddRAD, TLR genes

VI



Table of Contents

Agradecimentos/ACKNOWIEAGMENTS........c.oiiiiiiii e Il
RESUIMO ...ttt e e e e sttt e e e e e e e e bbbt n et e e e e e e e s anbbbbr e e e e eeeeeaans Vv
N oS i - Tod RSP ROURRSURRRTR VI
I 1 o] (=0 O] 01 (=] | PRSP IX
LISE OF FIQUIES ...ttt ettt bbbt e XI
S 0 0 1= ] LSRR SUSRSTR X111
N o] o] (=T (0] €SSO SPRRSTR X1V
Chapter 1 - General INTrOQUCTION ........couiiiiiiiie et 1
1.1 - — PLerodroma CANOW.........ccuuieeiieeeiiee et e ettt e e e tee e e sree e e snaeeesnteeesnseeesnneeeanes 1
110 - LT CYCIE et 1
1.1.2 - HISEOMY N0 STALUS ... .veiitieiieitee sttt et e 2

1.2 - Genetic diversity and demographiy ........coc.ooiiioieiiieie e 3
1.3 - Causes and consequences of inbreeding depression...........ccccevvveiieiiieniie e 4
1.4 - Drift and selection in iMmMUNE-SYSLEM JENES ......eoiviiiieiiie e 6
T N |14 TP UPPTOVR PP 6
Chapter 2 - TOH-1IKE reCePLOr gENES ... .ccviieiiiie et e e e e e ree e 7
2.1 - INEFOTUCTION ..ttt ettt et bbb 7
2.2 - Material and METhOUS ........coiuiiiiiiiie e 8
2.2.1 - SAMPIE COHBCLION ... vieeiii et e e e e et re e s be e e s aeeesnaeeans 8
2.2.2 - DNA EXITACLION ...ttt sttt ettt et e e s nnneens 8
2.2.3 - Toll-like receptors (TLR) GENOLYPING ...veeeivvieiiiiieiieieiieeeitiee e st e sve e ire e e e s eesnnee s 8
2.2.3.1- Primer optimization and develOPMENT...........cccoviieiiii i 8
2.2.3.2- PCR aN0 SEQUENCING ...ciuvveeiiiie et eitie e et estte e et e ste e stve e s sta e e sraaeesnteeestaeesnaeeesneeeennnaeans 9
2.2.3.3- GENELIC GIVEISITY . .eiiiiiii ittt et e et e e e aee e srreeeaneeeans 9
2.2.3.4- SEIECLION ANAIYSIS ....vviiiiie ettt e et st e et e e e ae e e re e e anraean 9

2.3 = RESUILS ...t 10
2.3, L - TR e e e es 10
2.3.2 - TLR4 POIYMOIPRISM ..ttt e e st e e ra e eare s 10
2.3.3 - Tests Of SEIECtion OF TLRA.........ooiiiieiie ittt snee s 11

P B ot U] o] T SOTUP TR 12
Chapter 3 - POpulation GENOMICS ........cccuiieiiiee ettt 15
IR {11 (oo (1o £ o] PP OTPR 15
3.2 - Material and MEthodS .........c.ueiiiiiieii e 16
3.2.1 - AARAD SEOUBNCING ...eeetvieeitieeetieeeteeeatieeeeteee et eessteeesseeeateeesnteeesnteeeaseeeanseeeanneeesnseeenneeas 16



3.2.1.1- Library Preparation ..........c..ocueiueiueeniiesie sttt 16

3.2.1.2- Bioinformatics PIPEIINE. .........oiiiiiiiiei s 16
3.2.1.2.1 - de NOVO @SSEMDIY ... 16

3.2.1.2.2 - SNP FIEEIING ... 17

3.2.2 - Genetic diversity and population Structure analyses ...........cccoevveeriveerieeerieesiieeseee e 18
3.2.3 - INDreeding INTEIBNCE ........ui it 18
3.2.3.1- Inbreeding avoidance through assortative mating ............cccoevevverieniienie e 19
3.2.3.2- Testing for signatures of inbreeding: Heterozygosity-fitness correlations .................. 19

3.2.4 - Relatedness ANAIYSIS ... ..c.uieiiiiiiiiiii ettt 19
3.2.4.1- Effect of Pair Relatedness on hatChing SUCCESS...........cuoiiiiiiiiiiiieiiceieeie e 20

3.2.5 - Inference of demographiC NISTONY .........c.coiiiiiiiiiii s 20

TR B o TS | £SO 23
3.3.1 - RAD SBOUENCING ...ttt sttt ettt ettt sttt ettt e bbbt b ettt e bt e s e e eenneas 23
3.3.2 - Genetic diversity and population STIUCTUE ............ocveiiiiiiiiieiie e 23
30303 - INDIEEAING ...t 25
3.3.3.1- Heterozygosity fitness COMrelations .............cooveiviiiiinieiie e 26

30314 - REIGIEANESS ...ttt ettt neas 27
3.3.5 - ASSOMAtIVE MALING......cciiviiiiiie it e e e et e e s e e e aeennaeas 28
3.3.6 - DemOgraphiC NISTOIY .......cciiiie it e e e s 28

3iZ - DISCUSSION ..ttt ettt ettt ettt ekttt b bt et e bt s bt e ket et e e st e e s nb et nnes 30
3.4.1 - Genetic diversity pattern in Bermuda petrel ..........coveiiieeiiiie i 30
3.4.2 - Inbreeding level and impact in the Bermuda petrel...........ccocooiieiiiiiiiii e, 30
3.4.3 - DemographiC INFEIENCE.........uii it e e e 32
Chapter 4 - FINal REMAIKS .......ccviiiiiie ettt e e e e e e e annes 34
S (=] =] Ao E PO ROTPP PP OPRP 35
Supplementary Material............ccoeoiiiiiiie e 43



List of Figures

Figure 1.1 Spatial localization of Bermuda Islands including two expansions. The red areas on the
second amplification are the current breeding areas of Bermuda petrel, located among five islands

labelled by their initialS. Map SOUICE: ESTT.......uiiviiiiiiiiiiieiie e 1
Figure 1.2 - Two Bermuda petrels flying in open ocean. Source: Richard Crossley...........ccccceevvennene 2
Figure 1.3 - Bermuda petrel chick ~20 days after the hatChing...........cccoooviiiiiiiiiiie 2

Figure 1.4 - Hatching success of ten Gadfly petrel species, all belonging to Pterodroma genus. Bermuda
petrel is highlighted in red and bold. The asterisks after species name are relative to the species census
size. Only one indicate a small census size (<1500), while two asterisks indicate larger census size
G T 00 ) PSP SPSPPRSPRPRN 3

Figure 2.1 — Amplification scheme of TLR5 and TLR4. Coloured boxes represent the forward and
reverse primers. PCR fragments and exons sizes are described in base pairs (bp), although some might
NOE D& PrOPOITIONAL ...ttt ettt et et e eebeebee e 9

Figure 3.1 Historical demographic models analysed using fastsimcoal2. Model names are on top of each
scheme. NCUR represents the estimation for current Ne, NANC, N, before the bottleneck and NBOT,
the N. during the bottleneck. TBOT defines the time (in generations) passed since the end of the
bottleneck, while TENDBOT identifies the beginning. Results of parameter estimation and AIC of all
MOodels are given iN TaDIE 3.5, .. ..o s 22

Figure 3.2 - Principal Component Analysis (PCA) of genome-wide markers (ddRAD seq data) of
Bermuda petrel population across the five islands where they were sampled. The barplot on the bottom
left corresponds to the first six eigenvectors and their respective percentage of variance explained. ...25

Figure 3.3 Fgrm distribution of the 104 sampled individuals. The black vertical line is relative to the
mean value. The red vertical lines correspond to reference values of Ferm. Ferm=0.125 is equivalent to
offspring of two cousins, and Ferm=0.25 is equivalent to offspring of two siblings. .............ccccove.e. 26

Figure 3.4 Multi locus heterozygosity (MLH) distribution of the sampled population. The black vertical
line represents the MEAN VAIUE. ............coiiii i st e et e e s e e e sraeeenaeeas 26

Figure 3.5 Relatedness estimates based on ddRAD seq data grouped by known relationships from the
L[] [0 I F= L U PSPPSR 27

Figure 3.6 Distribution of random generated couples. The vertical solid line represents the mean value.
The red line represents the mean value of pairwise relatedness for the 31 couples sampled for Bermuda
(0L = B o o] oLV =L [ o PSPPSR 28

Figure 3.7 - Stairway Plot analysis results. Bermuda petrel’s generation time was set as 20 years old.
All axes are presented in 10garithmic SCAIE. ..........ccoiiiiiiii it 29

Figure S 1 - Maximum likelihood tree of ten avian species, used for detection of sites under selection.
Calidris pugnax and Gallus gallus are the OULGIOUPS........c.veeiiueeeiiee i e sttt e sree e srree s 44

Figure S 2 - Results from optimization of Stacks’s pipeline parameters. Colours represent the three
parameters tested, having minimum number of raw reads required to form a putative allele (m) as dark
blue, maximum number of mismatches accepted between alleles to consider them the same locus (M)
as light blue and maximum number of mismatches allowed between loci of different individuals to be

Xl


file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713368
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713368
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713368
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713369
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713370
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713371
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713371
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713371
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713371
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713372
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713372
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713372
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713375
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713375
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713375
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713376
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713376
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713379
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713379
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713381
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713381
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713381
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713381

considered the same loci (n) as green. Each plot regards to the three metrics tested: A — coverage, B -
total number of assembled loci, C - total number of polymorphic loci and D - total number of SNPs. 46

Figure S 3 - The number of new polymorphic loci (r80 loci) was the parameter M increased. Blue
represents an increase of number of polymorphic loci when transitioning between the referred M values,
While pink repreSents @ ABCHINE. ..........iiiiii e 47

Figure S 4 - Principal Component Analysis (PCA) regarding two different MAF filter values. A —-MAF
< 0.05. B — MAF < 0.1. Different colours represent the island on which the individual is currently
[0 7=TTo [0 To T TP PP PP PP PR OPRTPPPO 47

Figure S 5 - Boxplot with the mean depth of coverage per raw loci resulted from Stacks assembly,
measured in times (X). Red lines represent the minimum and maximum depth of coverage filtered, as
AESCIIDEA 1N 3.2.10.2.2. 1. ettt ettt e sttt e e st e e et e e enteeeanteeessbeeantaeeaseeeanteeenraeeans 48

Figure S 6 - Hatching success information for the 31 couples. Dark grey squares represent successful
hatches, while light grey represent failed hatChes. ............cooiiiiiiiiii e 48

Figure S 7 - Barplot exposing the observed (dark bars) and expected (light bars) SFS resulted from
TaSTSIMCOAIZ ANAIYSIS. ... vttt ettt ne e 49

Xl


file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713381
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713381
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713383
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713383
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713383
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713384
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713384
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713384
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713385
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713385
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713386
file:///C:/Users/ritaf/Documents/Mestrado/Tese/Writing/General%20Introduction_V05.docx%23_Toc91713386

List of Tables

Table 2.1 Polymorphism measures characterizing TLR4 entire coding region and only LRR domain in

BEIMUAE PEITEL ... ettt e b ettt e e e 11
Table 2.2 Codons of TLR4 that showed evidence of selection among twelve species of avian species,
using two different selection detection methods: MEME and FUBAR. ...........ccccocviviie e cie e 11
Table 3.1 -SNP filtering steps and final dataSets. ...........cvviieriiiiiiie e 23
Table 3.2 - Genetic diversity indices concerning ddRAD seq analysis .........cccoovvrviiiienienieeieeseee 24
Table 3.3 - Nucleotide and haplotype diversity for the COI mitochondrial gene of seven Pterodroma
species. N represents the number of sampled individuals and H the number of haplotypes................. 24
Table 3.4 — Results of the generalized linear mixed models (GLMM). The dependence variable is
presented first and the fixed effect after, while the random effect is in parenthesis. .............c.ccceevernnenn 27
Table 3.5 — Description of parameter estimates of ach model and respective likelihood and Akaike
CHItEria COMMECTION (AIC) ... ittt ettt ettt et ne e 29
Table S 1 - Description of primers used for TLR4 and TLR5 amplification ............ccccceeviveiiieiinnenns 43

X1



Abbreviatures

AIC — Akaike information criterion

COl — Cytochrome Oxidase |

DBR — Degenerated base region

DP — Depth of coverage

EPPs — Extra-pair paternities

FUBAR — Fast unconstrained Bayesian approximation
GARD - Genetic Algorithm Recombination Detection
GLMM - Generalized linear mixed model

HFC — Heterozygosity- fitness correlation

HTS — Hight throughput sequencing

HWE — Hardy Weinberg equilibrium

IBD — Identical by descent

ID — Identity disequilibrium

LD - Linkage disequilibrium

LPS — Lipopolysaccharides

LRR - Leucine-rich repeat

MAF — Minor Allele Frequency

MEME — Mixed-effect model of evolution

MHC — Major Histocompatibility complex

MLH — Multi-locus heterozygosity

mtDNA — mitochondrial DNA

PAMPs — Pathogen associated molecular patterns
PCA — Principal component analysis

PCR — Polymerase chain reaction

RADseq — Restriction site associated DNA sequencing
ddRADseq — Double digestive restriction site associated DNA sequencing
ROH — Runs of Homozygosity

SFS - Site frequency spectrum

SNP — Single nucleotide polymorphism

TLR — Toll-like receptor

VCF — Variant Call format

XV



XV



Chapter 1 - General Introduction

1.1 -— Pterodroma cahow

The Bermuda petrel (Pterodroma cahow) is an endemic seabird species to the islands of
Bermuda located in the western North Atlantic Ocean (Figure 1.1). It belongs to the Procellariiformes,
which is one of the most endangered order of seabirds that face several threats (Dias et al., 2019). Itis
a Gadfly Petrel, a group of seabirds that live mainly confined to a single ocean basin. It is a medium-
sized seabird and does not present sexual dimorphism, although males are usually larger and heavier.
They are burrow nesters which makes them particularly vulnerable to habitat degradation and land
invasive predators.

Bermuda

Atlantic
Gulf of Mexico . Ocean

Caribbean sea

& ¢

Figure 1.1 Spatial localization of Bermuda Islands including two expansions. The red areas on the second
amplification are the current breeding areas of Bermuda petrel, located among five islands labelled by their initials.
Map source: Estri

NS - Nonsuch; Gl - Green Island; HR - Horn Rock; IP — Inner Pear; LR — Long Rock.
1.1.1 -Life cycle

Like all Gadfly Petrels, the Bermuda petrel, also known as Cahow, is pelagic, spending most of
its life in the open ocean, rarely returning to land, except for breeding. They can fly effortlessly for long
periods, soaring most of the time, due to their long and narrow wings (Figure 1.2), sometimes visiting
areas of thousands of kilometres away from their breeding areas (J. L. Madeiros, 2005; Ventura et al.,
2020). This species is highly philopatric, juveniles returning to the place where they were raised, when
they reach about five years of age. Once they arrive to the Bermuda Islands, in mid-late October, they
engage in courtship activity, where they perform long, unequal moans paced with extended yelps and
shrieks during night-time, giving rise to the name Cahow and to the myth of Bermuda being an “Isle of
Devils” or “Isla de Demonios” as once believed by the 15™ and 16" century explorers (Gehrman, 2012).
Lifespan of petrels is relatively high. It is believed that a Cahow can live up to 30 years and most
individuals reach 20 years of age (J. L. Madeiros, 2005). Such lifespan affects its breeding ecology,
similar to all other petrel species (Bried et al., 2003; Hamer, 2001)



Petrels have a long breeding season with significant parental investment of both the female and
male (Hamer, 2001). Cahows need to balance their current energy budget and the requirements of future
reproduction in order to maximize their reproductive output along their mature life. The female lays a
single egg clutch per year, meaning only one chance to reproduce per year. Once fertilization occurs,
the female departs again to the sea, where it engages in a massive feeding period in order to develop her
single, large egg. The mate chosen is generally for life, as well as the nest burrow. Couples tend to break
only in the case of the death of one of the mates, where the surviving adult finds another match.
Incubation is shared by the couple and lasts about 50 days. Chick feeding is also shared by the pair. The
chick stays in the nest for 3 months (Figure 1.3) and as soon it can fly, it leaves the nest and remains in
the open North Atlantic Ocean until it matures, when ~ five years old (J. L. Madeiros, 2005).

Figure 1.2 - Two Bermuda petrels flying in open  Figure 1.3 - Bermuda petrel chick ~20 days after the hatching
ocean. Source: Richard Crossley

1.1.2 -History and status

Sub-fossil evidence, as well as historical records suggest that Bermuda petrel was abundant,
possibly with millions of nesting birds, by the beginning of the 16th century, the time when the islands
were first discovered by Spanish explorers. A usual routine of the mariners at that time was leaving pigs
in discovered islands. The first settlers arrived at Bermuda in 1609 and by that time, the population of
Bermuda petrel was already decimated by the hogs, only remaining 10 to 50 percent of the birds
(Gehrman, 2012). Adding to that, the settlement of the English brought other threats to the species
survival, such as the introduction of exotic predator species, including rats, cats, and dogs. Deforestation
and widespread burning also menaced Bermuda petrel’s habitat and availability of nests. The
disturbance was so severe that only 12 years after, in 1621, the Bermuda petrel had disappeared. It was
thought extinct for three centuries. Ultimately, back in 1951, a bird was found dead after hitting a
lighthouse and it was identified as a Bermuda petrel (Del Rey, 1964). Promptly, a group of
conservationists planned a journey to the most remote islets of Bermuda. Astonishingly, around 14 pairs
were found nesting in rock cavities, which made this a “Lazarus species” (Keith & Burgman, 2004).
Years later, in 1962, an ambitious recovery programme started and lasts until the present day. The goals
of the programme include the eradication of exotic predators and habitat ecological restoration,
recreating the native forest of Bermuda in one of its islands, Nonsuch Island (Figure 1.1). It also includes
building of artificial concrete burrows that provide extra nesting opportunities. Recently, a translocation
plan started, where near-fledged chicks are taken from native islands and placed in new nests on
Nonsuch island. The plan has already shown success with most grown chicks coming back to the island
when mature (Carlile et al., 2012). In fact, breeding pairs increased from 18 in 1962 to 56 in 2000 and
to 156 in 2021. Despite this population growth, the species is still considered Endangered by the IUCN



(International Union for Conservation of Nature and Natural Resources) and still faces several threats,
such as introduced predators, increased intensity and frequency of hurricanes and sea level rise, due to
Climate Change, that result in habitat loss.

The conservation plan of Bermuda petrel has led to the gathering of detailed data about the
species ecology and breeding success along the years for most of the population, rarely available for
wild species (J. Madeiros, 2018). Such data revealed a low hatching success rate (~67%), being one of
the lowest among Gadfly petrels (Figure 1.4). This information and the historical drastic decline of the
population leads to increasing concern for the species future.

Figure 1.4 - Hatching success of
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Pterodroma axillaris (Gummer et al., 2015); Pterodroma cookii (Imber et al., 2003); Pterodroma pycrofti (Bartle, 1968);
Pterodroma magentae (Imber et al., 2003); Pterodroma madeira (Menezes et al., 2010); Pterodroma leucoptera (O’Dwyer et
al., 2006); Pterodroma cahow (present thesis); Pterodroma.incerta (Cuthbert, 2004); Pterodroma deserta (Menezes et al.,
2010); Pterodroma solandri (Bester et al., 2007).

1.2 -Genetic diversity and demography

Genetic variation in a wild population can vary over generations by the influence of four
combined evolutionary forces: mutation, gene flow, selection, and genetic drift. Such forces are
responsible for the fluctuations of allele frequencies in a population over time. Changes in allele
frequency between generations occur randomly (Hamilton, 2009). The alleles that a certain generation
passes to their offspring are always a subsample of the alleles available in that parental generation, which
causes a stochastic process designated by genetic drift. The impact of this process is higher in smaller
populations with a reduced genetic pool, generating higher fluctuations in allele frequencies, which
increases the likelihood of fixation (frequency of 1) or loss of a particular allele. Thus, genetic drift
reduces genetic diversity (, 2009b). Single island endemic species do not undergo migration, thus do not
benefit from the income of diversity generated by the admixture of two different genetic pools. Finally,
natural selection is the process through which organism adapt differently to a certain environment due
to genetic variation. Individuals with well adapted genotypes will be more fit, thus producing higher
number of offspring, which will increase the beneficial alleles in the population over time. Selection can
be positive, increasing the frequency of the beneficial allele; purifying, removing the maladapted allele;
and balancing, which maintains the different alleles at intermediate frequencies. Both positive and



purifying selection decrease genetic diversity, while balancing selection can maintain or increase the
variability of the population’s genetic pool (Hamilton, 2009).

To understand how neutral genetic diversity is originated and maintained in natural populations
has always been an important goal in the field of population genetics. Neutral regions of the genome are
not related to fitness, thus are not under selective pressures (Kimura, 1983). The interaction between
genetic drift and mutation is responsible for the neutral genetic diversity segregating in an island
population. Hence, neutral genetic diversity is proportional to the mutation rate (1) and the population
size (Teixeira & Huber, 2021). The relation between an historical period of intense genetic drift, caused
by a reduced effective population size (Ne) and low neutral genetic diversity is well established (Garcia-
Dorado & Caballero, 2021). However, its association with reduced potential of the population’s survival
and viability can be controversial. Reduced neutral genetic diversity has often been associated with
maladapted individuals showing poor health which reduce the viability of the population in a certain
environment (Evans & Sheldon, 2008; Ujvéri et al., 2002). However, Teixeira & Huber, (2021) doubt
such causal relation, arguing about its weak empirical evidence, pointing out that IUCN red list, an
international list of endangered species, is as a poor predictor of neutral genetic diversity of the listed
species, and even guestioning its relevance in conservation genetics.

Severe demographic events on a population’s history have a very important effect on its present
genetic diversity. Many seabird species share a history of accentuated decline in some point of their
history, that was either caused by an extreme climatic event (e.g. Pleistocene climatic oscillations) (Silva
et al., 2016) or by anthropogenic intrusion (e.g. habitat destruction, introduced predators) (Paleczny et
al., 2015). In these cases, a considerable amount of genetic diversity is lost directly by the decrease in
population size. Additionally, genetic drift has a higher impact on smaller populations leading to further
loss of genetic diversity. Genetic bottlenecks can have long-lasting effects and destroy part of the
population’s adaptative potential that may never be recovered. Hence, learning about the presence and
extent of such events is very important to understand the evolutionary consequences they may have, as
well as to comprehend the conservation status of the population, which will help its conservation
management (Bortoluzzi et al., 2020; Sanderson et al., 2018).

Whilst consequences of a genetic bottleneck are well-described, research on changes in genetic
diversity though the recovery process are sparse (Cammen et al., 2018; Keller et al., 2001). Demographic
events such as immigration or an improved birth rate can increase population size and eventually genetic
diversity, although its rate of increase remains uncertain. This uncertainty has recently expanded the
interest on this subject, combined with the growing number of success cases that have arisen after
decades of conservation efforts (Cammen et al., 2018). Island species are thought to be at disadvantage
regarding the ability to recover from bottlenecks. Geographical distance and lack of potential for
dispersal make migration very rare or impossible (Helmus & Behm, 2020). Some species might have
the means to disperse, like seabirds who are able to fly for thousands of kilometres (Ventura et al., 2020),
but philopatry influence them to breed in the same local. Adding to that, several island endemics
comprehend a single population. All these factors contribute to make single island endemics among the
most endangered in the wild and sometimes extinction is a likely scenario (Wood et al., 2017).
Nonetheless, some success cases show the importance of well implemented conservation strategies, also
revealing an impressive endurance of apparent fragile populations (Jones & Kress, 2012).

1.3 -Causes and consequences of inbreeding depression

Following a bottleneck, mating choice gets stricter due to the decrease of the number of
individuals available for mating. The possibility of inbreeding is a known consequence of a severe



reduction in population size and has consequences of its own. The term inbreeding applies when there
is mating between relatives with at least one common ancestor. The resulted progeny shows a genome-
wide increase in homozygosity, which is a consequence of most of alleles being identical-by-descent
(IBD). When two mating individuals are closely related, the probability that their offspring will have
two identical alleles due to the transmission of a common ancestor allele from both parents are much
higher than with random mating in an outbred population. These offspring often reveal reduced fitness.
The main impact of inbreeding is the reduction of mean phenotypic value, caused by the changes in
genotype frequencies, as well as reduced fitness effect associated with the same changes. Detrimental
fitness effects might be associated with reduced fertility, and the ability of competition with adjoining
species or increased vulnerability to diseases and environmental stress (Charlesworth & Charlesworth,
1999; Hamilton, 2009).

Reduction of the average phenotype value and fitness in a population due to inbreeding is often
referred to as inbreeding depression (Hamilton, 2009). This is a widely studied subject since the work
of Charles Darwin, considered very important and concerning many species. Two classical hypotheses
for explaining the positive correlation between the inbreeding coefficient and fitness, and thus
inbreeding depression, are described, both involving dominance effects in a locus (Charlesworth &
Charlesworth, 1999). The first is called the dominance hypothesis and is due to an increase in
homozygosity which will rise the expression of recessive alleles that are deleterious and that are not
expressed in heterozygosity of that locus. The other hypothesis, often called the overdominance
hypothesis, suggests that inbreeding depression results from the decrease in heterozygotes. It assumes
heterosis, when heterozygotes show higher fitness than each homozygote. Both hypotheses are not
exclusive and can be affecting the population at the same time (Charlesworth & Charlesworth, 1999;
Hamilton, 2009). A potentially useful application to explore with genomics of highly endangered species
is to test whether there is a sign of inbreeding, if there is variance in inbreeding coefficients within
populations, and whether variation in the heterozygosity of individuals is correlated with fitness traits.
If a significant correlation is found, it may be interpreted as a sign of inbreeding depression. Inbreeding
depression has been suggested to lead to heterozygosity-fitness correlations (HFC) when there are
significant correlations between fitness-related traits and individual heterozygosity. HFCs can be caused
by a single locus (‘local effect’) or by genome-wide heterozygosity (‘general effect’) (Velando et al.,
2015). Variance in heterozygosity across the genome, also known as identity disequilibrium (ID) occurs
when individual heterozygosity varies more between individuals than expected, which is due to variance
in inbreeding coefficients among individuals. The presence of ID can indicate inbreeding depression
and can be used to infer if that is the cause of ‘general effect’ HFCs.

The rise in homozygosity of deleterious alleles can also increase the selection against them, and
may be an advantageous method for purging a population’s genetic load and help the recovery of fitness
(Boakes et al., 2007; Hedrick & Garcia-Dorado, 2016). Empirical studies in captive populations showed
that purging indeed increases fitness and it may be beneficial to subject species to deliberate inbreeding.
Recent studies have also suggested that purging has occurred in wild populations, providing an
advantage for these species (Grossen et al., 2020; Robinson et al., 2018). However, it is not always
straightforward to detect purging both in wild and captive populations due to concurring adaptative
processes and lack of experimental power, respectively. It is also described that purging is most effective
when inbreeding increases slowly or in low magnitude across generations. This may also increase the
failure to detect it, although it may not imply that is not happening or that it is not important for the
species recovery (Boakes et al., 2007).

The mating system of a population can help mitigate the effects of inbreeding depression.
Assortative mating is defined as non-random mating in which the resulting genotype frequencies differ



from those in a random mating population. Negative assortative mating, also called disassortative mating
occurs when individuals tend to choose their mates based on unlike genotype or phenotype (Hamilton,
2009), (e.g. Dargent et al., 2019; Maisonneuve et al., 2020). The most well-known example is that
mammals occasionally mate disassortatively regarding the major histocompatibility complex (MHC)
(Penn & Potts, 1998; Wedekind & Furi, 1997). This has been seen as a strategy to fight inbreeding
depression. On the other hand, positive assortative mating may occur when individuals choose like-
mates, which has been described to occur in some populations as a way to avoid outbreeding depression
(Kokko & Ots, 2006). In some cases, inbreeding can be advantageous, such as contributing to the
maintenance of locally adapted genes (Pertoldi et al., 2007) or the increase of fitness of an individual in
case it contributes to the reproductive success of kin. Such phenomena have often been called
“inbreeding paradox” (Kokko & Ots, 2006).

1.4 - Drift and selection in immune-system genes

Evolution of immune system genes has been of particular interest in the field of evolutionary
biology due to its complexity and direct role in species survival (Velova et al., 2018). There is usually
high, intraspecific polymorphism in these genes due to balancing selection mediated by environment
specific pathogens (Grueber et al., 2014). However, drastic demographic events can also have an impact
on variation and evolution of immune genes. A severe genetic bottleneck can shape not only neutral but
also functional genomic regions (Gilroy, Phillips, et al., 2017; Grueber et al., 2013). In this case, genetic
drift can outweigh the effects of diversifying selection depending on population’s response after the
bottleneck, leading to the loss of genetic diversity. Still, detection of a drift-selection equilibrium in
recent bottleneck populations can be challenging since signs of balancing selection can persist for many
generations after a bottleneck, not reflecting necessarily current selection pressures (Gilroy, Phillips, et
al., 2017).

Research on variation at functional genes, combined with neutral genomic regions assessments,
can bring insightful information on the effects of demographic events, such as a population bottleneck,
as well as its impact on the adaptative ability of endangered species. Thus, such knowledge can be of
interest in both evolutionary biology and conservation genetics (Grueber et al., 2014; Nandakumar &
Ishtiag, 2020).

1.5 - Aims

In order to assess the impact of the recent demographic bottleneck on the population genetics
of Bermuda petrel, the present study focuses on the following goals:

1) Evaluate the genetic diversity of two immune-system genes and understand the dynamic
between genetic drift and selection.

2) Evaluate nuclear genome-wide neutral diversity and single-gene mitochondrial diversity
and compare it to sister taxa.

3) Estimate inbreeding levels and its influence on a single fitness trait, as well as on mating
behaviour.

4) Confirm a recent genetic bottleneck based on nuclear genome-wide data.



Chapter 2 - Toll-like receptor genes

2.1 -Introduction

An important goal of conservation genomics is to determine if the viability of small, endangered
populations is compromised by the loss of adaptive variation due to genetic drift. Over the years, an
intense focus has been given to the study of the vertebrate’s immune systems, namely to the interaction
of the forces governing the evolution of functionally relevant genes, such as those of the Major
Histocompatibility Complex (MHC) (Gilroy, Phillips, et al., 2017). However, the complexity of these
gene families, with many recently duplicated genes, represents a challenge in their study in non-model
organisms, which has led to the recognition of the importance of other less complex gene families
involved in the immune response such as the Toll-like receptor (TLR) genes. These have been, lately
frequently used for functional variation and selection studies (Gilroy, Phillips, et al., 2017; Nandakumar
& Ishtiag, 2020; Podlaszczuk et al., 2020).

TLRs is a family of genes that encode transmembrane sensors capable of recognizing and
binding pathogen-associated molecular patterns (PAMPS), present in bacteria, fungi, viruses, etc. Such
recognition occurs in the extracellular domain of the receptor, which triggers a cascade of intracellular
immune responses (Alcaide & Edwards, 2011). Studies using protein crystallography have revealed that
variation in the binding region of these receptors can compromise pathogen recognition and lead to
variation in the immune response between individuals (Levy et al., 2020). Recent studies have shown
that TLR genes have evolved by positive or balancing selection in several avian species. Velova et al.,
(2018) reported signatures of positive selection in the majority of the avian TLR genes across more than
60 species, with most sites under selection encoding the extracellular domain of the receptors. Also,
balancing selection has been suggested to explain the maintenance of variation in TLR genes despite
lower levels of neutral genetic variation in bottlenecked avian species (Gilroy, Phillips, et al., 2017;
Grueber et al., 2012). This family of genes has been well characterized in birds and it comprises ten
genes, four of which have orthologs in other vertebrate groups (Alcaide & Edwards, 2011). All TLR
genes are candidates for being under selection and for helping understand the effect of demographic
events in functional variation of populations, namely how balancing selection and drift interact to
maintain adaptive variation in small populations. Also, these genes provide additional insights to the
study of endangered species, due to their role in species fitness and adaptability in the face of the
emergence of new pathogens (Gilroy, Phillips, et al., 2017).

For this study, it was our aim to amplify and sequence the complete coding region of the genes
TLR4 (three exons) and TLR5 (single exon) in the Bermuda petrel population. The two genes present
different ligand specificities. TLR4 allows recognition of lipopolysaccharides (LPS) present in gram-
negative bacteria’s cell wall, while TLR5 detects flagellins, proteins present in flagellated bacteria
(Alcaide & Edwards, 2011). Both have been shown to be under positive selection in several avian
species (Velova et al., 2018) and recently in the Gentoo penguin (Levy et al., 2020), a seabird species
in the sister group to the Procellariiformes. Both genes comprise a leucine-rich repeat (LRR) region,
which is described as the most polymorphic region compared to the remaining regions, more conserved
(Levy et al., 2020). The goal of surveying these TLR genes is to contrast levels of adaptive variation
with those from neutral loci and better comprehend the effects of a demographic bottleneck on the
maintenance of functional genomic variation and its impact on fitness. A deeper understanding of the
role of both drift and selection on these genes can be accomplished as a tool to better comprehend the
impacts of the demographic history and future sustainability of the endangered Bermuda petrel.



2.2 -Material and Methods

2.2.1 -Sample collection

The population of Bermuda petrel was sampled in 5 of the 6 islands where they breed in Castle
Harbour, Bermuda, in 2019 and 2020. Overall, blood samples were collected for 104 individuals and
kept at 4°C in the field and frozen at -20° C upon arrival to the lab. All the sampling process was
conducted previously to the start of this master dissertation.

2.2.2 -DNA Extraction

Genomic DNA of 104 samples from Bermuda Petrel individuals was extracted from blood
samples using the QIAGEN DNeasy Blood and Tissue Kit. The quality of the extracted DNA was
verified though electrophoresis on a 1% agarose gel, to confirm the presence of high-molecular weight
DNA. DNA concentration was measured using both NanoDrop and Qubit technologies (Thermofisher
Scientific). All DNA samples were stored at -20°C.

2.2.3 -Toll-like receptors (TLR) Genotyping

Analysis of TLR genes, which include amplification and polymorphism and selection analysis
of the DNA sequences, comprised randomly chosen 29 individuals out of the 104 sampled for Bermuda
petrel species.

2.2.3.1- Primer optimization and development

The amplification of TLR genes in the Bermuda petrel comprised the use of primers already
designed for close species and the design of Cahow-specific primers. For TLR4 we were able to use
primers from Levy et al., (2020) to amplify exons 1 and 2, using a single primer pair (Figure 2.1, Table
S 1). Regarding the third exon of TLR4, Levy et al., (2020) primer pairs did not work. Therefore, we
used a set of primers for all known avian TLRs, designed by Alcaide & Edwards, (2011). One of the
primer pairs that target an internal segment of the third exon of TLR4 (avTLR4) was tested in P. cahow
and amplified successfully. The amplified segment was used as a reference to design species-specific
internal primers (cT4-3EF and cT4-3SR) to obtain the remaining regions of the gene. Combined with
Levy etal., (2020) primers, located in the exon’s flanking regions (Figure 2.1), it was possible to amplify
all three exons. Regarding TLR5, primers from Levy et al., (2020) targeting fragments from both ends
of the gene’s single exon (A and C) worked well for our study species (Figure 2.1). Internal primers
(cT5BF and cT5BR) were designed based on P. cahow sequences of A and C fragments to amplify the
remaining coding region between those fragments. Primer design for both genes was performed using
Primer3Plus v2.4.2 (Untergasser et al., 2012). For each desired region, two primers were selected
considering the location relative to the region of interest, GC content (%) and melting temperature (Tm).
Primer sequences are fully detailed in Table S 1.
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Figure 2.1 — Amplification scheme of TLR5 and TLR4. Coloured boxes represent the forward and reverse primers. PCR
fragments and exons sizes are described in base pairs (bp), although some might not be proportional.

2.2.3.2- PCR and sequencing

Polymerase chain reactions (PCR) were carried out in a final volume of 15 pl and contained 2
pl of dNTPs (266 uM), 1.5 pl of reaction buffer (1 X), 8.05 ul of nuclease free water, 0.25 pl of Taq
polymerase (0.083 U/ul), 0.3 ul of each primer (0.2 uM), 0.6 pl of MgCl, (2mM) and 2 pl of the DNA
template. PCRs were performed in BioRad Thermocycler under the following conditions: first
denaturation step of 3 min at 94°C; 35 cycles, each one comprising a 94°C step for 40s, primer-specific
annealing temperature for 40s and an extension step at 72°C for 80s; and a final extension step of 72°C
during 10 min. PCR products were visualized in 1% agarose gels stained with SYBR Safe, using a
Ladder to verify the expected size of the DNA fragment. The successfully amplified products were
purified using an ExoSap purification protocol. Purified PCR products were sequenced in both
directions in outsourcing (Macrogen-Inc).

Raw sequences were edited and analysed in Sequencher v. 5.4.6 (Gene Codes Corporation) for
the coding region of both genes. SNPs and heterozygote sites were visually identified, applying the
IUPAC (International Union of Pure and Applied Chemistry) code. Alignment was performed by
ClustalW Multiple alignment tool implemented in Bioedit 7.2.6.1 (Hall, 1999).

2.2.3.3- Genetic diversity

Allelic phasing in both TLR4 and TLR5 genes for those individuals with more than two SNPs
was conducted using the command line version of the Bayesian PHASE algorithm (Stephens et al.,
2001) with 1 000 burn-in iterations, a thinning interval of 10 and 10 000 iterations. All fragments that
showed poor resolved phased alleles (<0.7) were cloned in outsourcing (NZYtech). Standard
polymorphism statistics were estimated in DnaSP v.6 (Rozas et al., 2003) including the number of
segregating sites (S), number of haplotypes (H), haplotype and nucleotide diversity (Hd, =) and number
of synonymous and non-synonymous sites (Syn, Non Syn).

2.2.3.4- Selection analysis

Inference of selection comprised two different approaches. The first approach was based on
allele frequency spectrum of the population and was computed in DnaSP v.6 (Rozas et al., 2003):
Tajima’s D. This statistic tests for significant deviances from a neutral expectation. Tajima’s D is



calculated as the difference between the mean number of pairwise differences and the number of
segregating sites between sequences (Hamilton, 2009).

The other approach in based on the rates of synonymous and non-synonymous substitutions (dS,
dN) and how they vary along a phylogenetic tree. To assess the phylogenetic relationships of TLR genes
between Bermuda petrel and other avian species, the 9 closest taxa with sequences on GenBank were
extracted. Additionally, ten individuals of Zino’s Petrel P.madeira, a closely related gadfly petrel, were
screened for both genes following the same method used for P.cahow . Finally, Gallus gallus and
Calidris pugnax TLR sequences were also extracted and used as outgroups. For species with more than
one sequence, a consensus was used for both the alignment and phylogenetic analysis. Bioedit (Hall,
1999) was used for alignment and a maximume-likelihood tree was constructed using MEGA 10.1.1
(Kumar et al., 2016) with 500 bootstrap replicates and under GTR+G (Generalized time reversible with
gamma distribution) substitution model as proposed by jModelTest 2.1.3 (Darriba et al., 2012) as being
the most appropriate. Two codon-based selection models were run using the command line version of
the HyPhy v. 2.5 package available on Datamonkey 2.0 (http://www.datamonkey .org/; Weaver et al.,
2018) : Mixed-effect model of evolution (MEME), used for detection of episodical selection under a
proportion of branches of the phylogeny; and fast unconstrained Bayesian approximation (FUBAR), a
Bayesian approach to detect pervasive selection pressure along the full phylogeny. Posterior probability
was set to 0.9 and significance value to 0.1. Prior to these tests, the Genetic Algorithm Recombination
Detection (GARD) analysis was performed in Datamonkey 2.0 (http://www.datamonkey .org/; Weaver
et al., 2018) to look for possible recombination breakpoints in TLR4. This is important since the
selection tests chosen consider recombination effects (which can generate false positives) for predicting
positively selected sites (Murrell et al., 2012, Murrel et al., 2013).

2.3 -— Results

The results of TLRS5 analysis are shown separately followed by TLR4 results of polymorphism
and detection of selection assessments.

2.3.1-TLR5

Cloning results suggested that TLR5 gene may be duplicated in P. cahow or that an error
occurred during the cloning process. At least four clones were sequenced per PCR product in 2
individuals. All polymorphic sites found with Sanger sequencing were recorded in the different clones.
However, for two of the fragments that comprise the exon, more than two alleles were found in the four
clones sequenced for each individual. Additionally, Sanger sequencing revealed that all sampled
individuals showed two adjacent stop codons in the end of the gene. This may suggest that in case of
duplication, one copy can be one-codon longer than the other. Thus, no further analyses were done for
TLR5.

2.3.2 -TLR4 polymorphism

We successfully obtained 2408 bp of TLR4 for 29 individuals, including the three exons,
although we were not able to genotype the complete coding region, lacking 124 bp from the end of the
third exon. No frameshift mutations or premature stop codons were found. Overall, the Cahow’s TLR4
showed 10 variable sites, of which 3 were non-synonymous changes forming 11 haplotypes, which
resulted in high haplotype diversity (Hd = 0.826) (Table 2.1). The Leucine-rich repeat (LRR) is 1842bp
long in TLR4, corresponding to ~80% of the entire coding region of TLR4 and including sections of
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both exons 2 and 3. Polymorphism of this region in P. cahow did not differ from the entire coding region
sequenced, implying that the polymorphism found is widely spread through the gene (Table 2.1).

Table 2.1 Polymorphism measures characterizing TLR4 entire coding region and only LRR domain in Bermuda petrel

Locus Fragment | N S Syn Non | H Hd T

size (bp) Syn
TLR4 2408 29 (10 |7 3 11 | 0.826 0.0014
TLR4 -LRR | 1842 29 |8 6 2 9 0.813 0.0015

Abbreviations: N, number of individuals sampled; S, number of segregating sites; Syn, number of synonymous changes; Non
Syn, number of non-synonymous changes; H, number of haplotypes; Hd, haplotype diversity; z, nucleotide diversity; LRR,
leucine rich repeat.

2.3.3 - Tests of selection of TLR4

Tajima’s D was positive for TLR4, although not significantly different from 0 (D = 1.56, p >
0.1).

A phylogenetic tree was constructed for 12 species (Figure S 1), on which the codon-based
selection methods were based. The GARD analysis detected 6 recombination breakpoints along the
TLR4 alignment, and a partitioned dataset was used as input for the MEME and FUBAR analyses.
MEME was able to detect 12 episodical codon sites under diversifying selection in specific branches of
the phylogeny. All the sites except for two (53, 121, 187, 302, 380, 398, 405, 424, 522, 533) were located
in the leucine-rich repeat (LRR) region (extracellular domain), responsible for pathogen recognition.
The remaining two selected codons were in positions 6 and 747 and were in the signal peptide, located
in the N-terminus of the TLR4 protein and in the Toll/Interleukin-1R (TIR) (intercellular domain),
respectively. MEME results suggest that five codon sites (398, 405, 522, 747) were episodically
positively selected in a number of branches preceding divergence of P. cahow. The FUBAR model
identified 5 positively selected sites along the entire phylogeny. All the sites detected by FUBAR were
also detected in MEME and all belong to the LRR domain of TLR4 (Table 2.2). Ten of the codon sites
found in these analyses has been previously found to be positively selected in birds (Table 2.2) (Velova
et al., 2018).

Table 2.2 Codons of TLR4 that showed evidence of selection among twelve species of avian species, using two different
selection detection methods: MEME and FUBAR.

Locus MEME FUBAR

TLR4 6%, 53, 121, 187*, 302*, 380*, 398*, 405%*, 424, 522*, | 187*, 302*, 398*, 405*,
533, 747 522*

Codons in bold were detected by both methods. Sites with asterisk means the site was already described to be under positive
selection pressure in Velova et al., (2018). Sites underlined for MEME methods are the ones detected from a number of branches
preceding P. cahow divergence. Codon number correspond to G. gallus coding sequence.
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2.4 -Discussion

Multigene families evolution include gene duplications over time that form several paralogous
genes (Hamilton, 2009). New mutations in duplicated genes allow these paralogous to evolve different
purposes and thus provide higher diversity in their functions, which is beneficial for populations.
Immune system genes are commonly affected by duplication due to the impact in species survival, since
the different gene copies allow the recognition of a larger array of pathogens. Still, in the duplication
process there might be mutations or insertions/deletions (indels) that result in loss of functionality of the
genes, originating pseudogenes. This pseudogenization can occur due to premature stop codons or
frameshift mutations, and it usually goes hand in hand with duplication events (Velova et al., 2018).
Gene duplications, as well as pseudogenization events are widely described in TLR genes of mammals
and birds (Alcaide & Edwards, 2011; Velova et al., 2018). Pseudogenization of TLR5 is described for
several lineages in the bird phylogeny, such as Passeriformes, and purifying selection towards TLR5’s
loss of function in certain lineages has been suggested (Velova et al., 2018). Nevertheless, gene
duplication of TLR5 has not been described in avian lineages, despite its presence in fishes (Khan et al.,
2019). Recent studies in seabird species have not reported gene duplication or pseudogenization in TLR5
(Levy et al., 2020; Podlaszczuk et al., 2020) and several studies have described positive selection on
this gene (Grueber et al., 2014; Khan et al., 2019; Levy et al., 2020; Nandakumar & Ishtiaq, 2020,
Velova et al., 2018). Despite not being deeply studied in Procellariiformes (Alcaide & Edwards, 2011),
TLR5 was considered a good candidate to study diversity and selection in functional DNA in Bermuda
petrel. Hints of duplication revealed by the cloning results for this species were not surprising due to the
record of duplications in other TLR genes. However, this result was unexpected since the duplication of
TLR5 has never been described for any species of bird. Our results suggest that Sanger sequencing is
not sufficient to detect duplicated genes because the patterns of polymorphism can be interpreted as high
polymorphism of a single gene. Thus, suspicions rise about putative duplications of TLR5 on other avian
lineages only analysed by Sanger sequencing (Grueber et al., 2014; Nandakumar & Ishtiaqg, 2020; Zapata
et al., 2020). Errors during PCR reactions and cloning are also a possible explanation for the pattern
found in the cloning results: more than two alleles for a single individual. During the PCRs that precede
the cloning process, disruption of phase of heterozygous polymorphisms can occur due to misleading
recombination, although this is more likely for high polymorphic fragments, which will create chimeric
alleles (Meyerhans et al., 1990). Both duplication and cloning errors are plausible explanations for the
cloning results of TLR5 found in the Bermuda petrel, however, information for only two individuals
cannot fully confirm either one of them. Further analyses are needed, such as extended sequencing of
further flanking regions of the exon and cloning for higher number of individuals.

Genetic diversity measures assessed for Bermuda petrel’s TLR4 gene revealed 10 polymorphic
sites defining 11 haplotypes among 29 individuals. This level of TLR4 variation is intermediate
relatively to that reported for species that share a similar demography to the Bermuda petrel. Recent
studies of recently bottlenecked bird species have shown very low or no variation in TLR4, which was
suggested to be the effect of drift caused by small population size in those species (Gilroy, van
Oosterhout, et al., 2017; Grueber et al., 2012; Podlaszczuk et al., 2020; Zapata et al., 2020). However,
other bird bottlenecked species revealed high levels of TLR4 variation, which the authors suggest might
be due to the long-lasting effects of ancient balancing selection, not weakened by genetic drift (Grueber
etal., 2015; Nandakumar & Ishtiag, 2020). Bermuda petrel shows intermediate levels of TLR4 diversity
compared to those species, which might be due to a weaker effect of drift, stronger effect of diversifying
selection or both. Comparisons with other species are often done but should be considered with caution.
Several factors can influence variation in functional genes, such as the severity and duration of the
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bottleneck, as well as different selective pressures on TLR4, since pathogen pools differ according to
habitat characteristics.

The Leucine-rich repeat (LRR) is an extracellular domain of TLR4 responsible for recognizing
and binding to pathogen’s derived peptides and has been described as the most variable region of the
gene. The sites encoding this region have been shown to be under balancing selection which maintains
variation that is important for pathogen recognition (Grueber et al., 2014). Thus, genetic variation was
assessed from this region alone in Bermuda petrel and only small differences were noted when compared
to the whole coding region (see 2.3.2 -TLR4 polymorphism). This pattern suggests that the LRR region
may not be under balancing selection in Bermuda petrels, or that TLR4 variation is not adaptive in this
species. Adding to this suggestion, neutral polymorphism as obtained by the RAD loci sequencing in
Bermuda petrel revealed relatively higher RAD nucleotide diversity (nmrap= 0.0020, see 3.3.2 -Genetic
diversity and population structure) than that found in TLR4 (n1.r4=0.0014, Table 2.1), which would not
be expected if the gene was under selection.

Codon-based selection analyses on TLR4 inferred the presence of positive selection in particular
codon sites along the TLR4 avian phylogeny, but no selection was detected along the branch leading to
P. cahow, since it diverged from the common ancestor with P. madeira (see 2.3.3 -Tests of selection of
TLR4). Additionally, we found 45 codon sites with evidence of purifying selection in the TLR4
alignment, which is expected in genes that highly impact fitness, in which some codon positions are
conserved due to functional constrains in the protein (Nandakumar & Ishtiag, 2020). Purifying selection
can be the main force acting in most of the open reading frame of the gene, although positive selection
acting on specific sites may be important to maintain the receptor variability in the population. Tajima’s
D test was applied to TLR4 in Bermuda petrel and was found to be not significantly different from zero,
suggesting that null hypothesis of the gene evolving under neutrality cannot be rejected (Hamilton,
2009).

Overall, neither genetic variation nor the selection analysis show evidence of balancing
selection acting on the TLR4 gene in the Bermuda petrel. Although this gene has been shown to be
under balancing selection on other avian species, namely in penguins, the sister clade of the
Procellariiformes, the lack of evidence in P. cahow can be due to low variation in pathogen species
present in their currently restricted breeding region that should have led to population’s adaptation to
the local environment. Also, the relatively recent genetic bottleneck, as suggested in historical records
for Bermuda petrel, which is also suggested by the demographic analysis using ddRAD seq data in the
present thesis (see 3.3.6 -Demographic history) may have left the population more exposed to the effects
of drift. Consequently, drift may be outweighing the effect of balancing selection, leading to a lack of
polymorphism in this gene. Finally, absence of strong pre-bottleneck balancing selection should also be
considered as a different explanatory hypothesis, since it has been shown that a strong drift pressure is
needed to erase signatures of ancestral balancing selection in current genomes (Gilroy, Phillips, et al.,
2017).

Results found in this chapter offer important insights regarding the evolution of two TLR genes
reported for the first time in an endangered procellariiform species. Besides, this study exposed a
putative TLR4 duplication, for the first time in birds. However, this research presents several limitations
and further studies are needed to better understand the role of TLRs variation in the fitness of Bermuda
petrels, as well as the overall impact of the historical genetic bottleneck in adaptive diversity in this
species. For this, more TLR genes should be studied, complemented with functional analyses, including
expression patterns. Complementary surveys of neutral nuclear variation, based on other than RAD seq
loci might be valuable to better estimate relative genetic diversity in TLR genes. Finally, pathogen
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prevalence in Bermuda petrel habitat, both at sea and in land, should be surveyed to understand how
much, if any, selective pressure must be upon the population.
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Chapter 3 - Population Genomics

3.1 - Introduction

High throughput sequencing (HTS) technology has had a very large impact in the field of
evolutionary biology. Sequencing of thousands of markers across the genome increased the power of
parameter estimation which improved the degree of reliability to study evolutionary processes in wild
populations (Stapley et al., 2010). HTS includes several different techniques from reduced-
representation methods to whole-genome sequencing. Nowadays, reduced-representation methods are
relatively inexpensive and easily provide thousands of markers for hundreds of individuals. Restriction
site associated DNA sequencing (RADseq) relies on restriction enzymes that cut the DNA into
fragments, following the ligation of adaptors that serve as barcodes that allow individual identification.
A polymerase chain reaction (PCR) and llumina sequencing results in thousands of reads for several
individuals in the same run (Davey & Blaxter, 2010). Such reads are further analysed by bioinformatics
tools for aligning and demultiplexing, which allows for the detection of a pool of single nucleotide
polymorphisms (SNPs) in the sampled individuals. RADseq has a derivative technique called double-
digestive restriction site associated DNA sequencing (ddRADseq), which differs from the original by
using two different restriction enzymes. This technique enables the extraction of similar location and
size reads for the different individuals increasing DNA sequence coverage obtained among individuals,
although it reduces the number of SNPs obtained when compared with the original RADseq technique
(Cumer et al., 2018).

During the last few years, several studies have compared the performance of genomic markers
resulting from reduced-representation methods with “classic” genetic markers such as microsatellites.
SNPs are biallelic, thus are less informative than microsatellites, which are highly variable among
different individuals. However, the number of SNPs obtained outweighs its low variation disadvantage
(Attard et al., 2018). In fact, HTS has showed a great improvement compared to microsatellites,
concerning, for example, the accuracy of relatedness estimation (Lemopoulos et al., 2019; Thrasher et
al., 2018), parentage analysis (Flanagan & Jones, 2019), or inbreeding coefficient estimation and
estimates of genome-wide heterozygosity (Hoffman et al., 2014; Huisman et al., 2016). This improved
power for parameter estimation is very relevant to the study case of Bermuda petrel since its known
history and endangered status brings concern on inbreeding levels in the population and its putative
impacts on fitness and consequently on species’ potential sustainability.

The main aim of this chapter is to analyse ddRAD seq data from the Bermuda petrel population
to: a) estimate genome-wide neutral variation and compare it to other endangered taxa; b) estimate
inbreeding by measuring the mean multi-locus heterozygosity (MLH) of the sampled population; ¢) infer
the presence of inbreeding depression by detecting significant heterozygosity-fitness correlations
(HFCs), using the hatching success as a fitness trait; d) estimate pairwise relatedness with genomic data
and compare it to known pedigree relations from the field data, as well as to test its influence on the
couple’s hatching success; €) test the hypothesis of random mate choice by comparing differences
between the real couples relatedness distributions and those simulated under random mating; f) infer the
demography history of Bermuda petrel using two coalescence based-methods based on the site
frequency spectrum (SFS).
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3.2 - Material and Methods

The aims of this chapter concern a genomic approach on a considerable proportion of the
Bermuda petrel population, which included several procedures and analyses, as further described.

3.2.1 -ddRAD sequencing

The high throughput sequencing method used was double-digest restriction-site associated DNA
sequencing (ddRAD seq) and was applied to 104 individuals.

3.2.1.1- Library preparation

The DNA extracts from the 104 Bermuda petrel samples were sent to Queens University in
Canada for library preparation using ddRAD seq. DNA samples were digested with Sbfl and MIuCl
restriction enzymes and ligated with custom adapters including a degenerated base region (DBR)
adaptor, a unique individual inline barcode and a restriction overhang produced by the restriction
enzymes. Following digestion and ligation, the DNA fragments were size-selected and amplified
through PCR (Polymerase Chain Reaction). The DNA concentration of each sample was quantified and
pooled in equimolar proportions for sequencing across one lane of llumina HiSeq.

3.2.1.2- Bioinformatics pipeline

Raw reads resulting from the ddRAD protocol were parsed to remove putative duplicates
resulting from the PCR reactions steps conducted during library preparation. For this purpose, we used
the ParseFastQ.py pyhon script (https://github.com/Eljensen/ParseDBR_ddRAD, commit: 8fcOedc),
which detects duplicates based on the fragment’s DBR sequence. Duplicate-free raw data was then
inspected with FastQC v0.11.9 (www.bioinformatics.babraham.ac.uk/projects/fastqc/) for quality
controls.

3.2.1.2.1 -de novo assembly

De novo assembly of the ddRADseq data was conducted in Stacks v2.55 (Catchen et al., 2013).
A de novo assembly approach is used when a reference genome for the studied species, or for a closely
related species is not available. The first step of the Stacks pipeline is demultiplexing of the raw reads.
For this, we used process_radtags to discard reads with any uncalled base (-c) or low-quality scores
(-q), as well as to sort sequence reads by individual’s barcode.

Stacks comprises six different successive modules in the complete assembly pipeline, which
allow SNP calling. The first two programs (ustacks and cstacks) employ three major parameters that
manage the de novo assembly of loci and determines the resulting number of RAD loci and SNPs.
Therefore, the optimization of these parameters to each dataset is very important as it affects the
accuracy of the extracted biological patterns. Optimization of these parameters (m, M and n) was
processed following Paris et al., (2017). The minimum number of raw reads required to form a putative
allele (or stack) (m) and the maximum number of mismatches accepted between alleles to consider them
the same locus (M) are the two parameters that determine the loci within each sample created in ustacks.
After the building of loci for every individual, Stacks builds a catalog in cstacks, containing all the
assembled loci of the population. The n parameter corresponds to the maximum number of mismatches
allowed between sequences of different individuals to be considered the same locus (Paris et al., 2017).
Standard metrics, such as mean coverage, number of assembled loci, number of polymorphic loci and
the number of SNPs, were computed for each parameter, ranging from 2 to 6. As suggested by Paris et
al., (2017), such metrics were calculated using a subsample of the data (30 individuals) and only on loci
that were present in at least 80% of the sample size (r80 loci). These loci are unlikely to have high levels
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of sequencing error due to its presence in a high proportion of the population. The results were plotted
using GNU R v. 4.0.5 software (Supplementary Fig. S1). This process was done as automated as possible
using a shell script written purposely for this analysis (stacks_param_optimization.sh) and an R script
(param_optimization_plots.R) combined (https://github.com/ritafonso/stacks_parameter_optimizer,
commits: c7e3a00, c7e3a00). All parameters were set to 3. Detailed choice process of each parameter is
fully described in Supplementary Method S1 — Detailed description of parameter choice for Stacks
assembly.

The building of the catalog employed all 104 individuals sequenced, since all showed a
coverage depth > 15%. The assembled loci were then matched against the catalog using sstacks. The
following module, tsv2bam, was run with the defaults. gstacks incorporated the paired-end reads and
removed the remaining single-end reads. The populations module was further employed to apply filters
of interest. Loci present in less than 60% of the individuals (-r 0.6) were filtered. Variable sites with
more than 60% observed heterozygosity (--max-obs-het 0.60) were purged as they may correspond to
pooled paralogs. Minor Allele Frequency (MAF) values are very sensitive to the demography of the
population and need to be examined carefully. To avoid considering erroneous genetic signal, a
minimum MAF threshold filter is recommended for HTS dataset, such as RADseq (Linck & Battey,
2019). A subsampled dataset of 25 individuals was tested under two different minimum MAF (5% and
10%) and Principal Component Analysis (PCA) was computed for both values using an accessible R
script snp_pca_static.R (https://github.com/CoBiG2/RAD_Tools, commit: a69e9bd). MAF filter is
described to impact genetic structure analysis, which may result in misleading results (Linck & Battey,
2019). Since PCA of both values revealed similar results regarding population structure (Figure S 4), a
minimum MAF threshold of 5% (--min-maf 0.05) was set in populations to process a nucleotide site at
a locus, as recommended for population genetic studies (Linck & Battey, 2019). Finally, several
different output formats were generated conveniently for further analyses.

3.2.1.2.2 - SNP filtering

The Stacks final assembly generated a Variant Call Format (VCF) file containing all the
information of the SNPs called and filtered throughout the assembly. In order to improve the quality and
reliability of our SNP’s dataset, further filtering was applied to the assembly’s resulting VCF file using
VCFTools v0.1.16 (Danecek et al., 2011). Such step is important to reduce ambiguities caused by lab
procedures or bioinformatics analyses. Mean depth of coverage per-locus (DP) across all individuals
was calculated (--site-mean-depth) and plotted (Figure S 5). A minimum DP filter is important to remove
false positives, while maximum DP cut-offs remove likely paralogous or repetitive regions that
erroneously clustered together. Our data was filtered at minimum DP of 10X (--min-meanDP 10), which
corresponds to approximately 0.25X of the median and maximum DP (--max-meanDP 80) was set to
80X, corresponding to around 2X the median (Figure S 5). Variable sites comprehending 20% or higher
missing data were also eliminated (--max-missing 0.8). Deviations from Hardy Weinberg Equilibrium
(HWE) were estimated (--hardy) and SNPs that were out of HWE at P-value < 0.05 were removed (--
hwe 0.05).

The final SNPs dataset resulted from the filters described above was called “all snp” dataset.
Since certain analysis can be impacted by linkage disequilibrium (LD), a single SNP was selected for
every locus of the “all snp” dataset (Table 3.1). Homologous SNPs in the same locus have a high
probability to be in linkage due to physical distance. The SNP located closest to the centre of the locus
was the one chosen as sequencing reads exhibit poorer quality scores on their edges. Filtering was
employed using the vcf_parser.py python script (https://github.com/CoBiG2/RAD_Tools, commit:
0e96¢2c), which resulted in the “one snp” dataset (Table 3.1).
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3.2.2 - Genetic diversity and population structure analyses

Genomic diversity measures are better understood when compared between closely related
populations or species. Thus, a comparative approach brings much value to the analysis and its
interpretation. A de novo Stacks assembly was done on three closely related, and also highly endangered
gadfly petrels: Bermuda petrel, Zino’s petrel Pterodroma madeira and Desertas petrel, Pterodroma
deserta. The ddRAD data of the latter species were obtained for 28 and 20 individuals respectively. In
order to balance the assembly procedure and not bias the results, the sample size for each species was
settled to 20 individuals. Madeira’s samples were randomly subsampled to 20 individuals, while the
Bermuda petrel implied a more complex procedure due to its sample size being around five times larger.
A bash script was produced including a bootstrap procedure of 100 runs, where the Bermuda sample
size was randomly subsampled to 20 and subsequently joined with the other two species for the Stacks
de novo assembly, for every run (all_freiras_assembly_script.sh in https://github.com/ritafonso/misc-
scripts, commit: 8763017). Thus, 100 de novo assemblies were run, and the results represent the average
of those runs. Parameter optimization method was done as described above for the Bermuda petrel
assembly and the parameters chosen were (m=3, M=3, n=3), although customized scripts were created
for this assembly (param_optimization_combined_assembly.sh and
plot_params_opt_combined_assembly.sh  in  https://github.com/ritafonso/misc-scripts, — commit:
8763017).

Diversity indices were then calculated for each species, without any bias from sample size or
parameter choice. Nucleotide diversity was estimated for every variable site (zsne) and for RAD loci of
the Stacks’s catalog (zrap). The mean per-individual observed and expected heterozygosities (Ho and
He) were estimated. All measures were obtained using the populations module of Stacks. SNP filters
described for the “all snp” dataset (Table 3.1) were also applied to this dataset.

We also surveyed one mitochondrial locus. The mitochondrial genome is haploid and
maternally inherited, causing it to have a quarter of the population effective population size of the
nuclear genome. This causes mitochondrial loci to have higher rates of genetic drift, which adding to a
generally higher substitution rate, results in faster responses of mitochondrial loci to demographic events
than nuclear loci (Hamilton, 2009). Nucleotide and haplotype diversity for the three petrel species
described above were calculated for a fragment of the cytochrome oxidase | (COl) gene for 29
individuals. COI sequences of species close to the Bermuda petrel were obtained from NCBI GenBank
followed by a random subsample of 29 individuals.

Population genetic structure was inferred through a Principal Component Analysis (PCA) of the
filtered SNPs information from the “one_snp” dataset. Computation of the PCA was performed using
the R package SNPRelate v. 1.24.0 (Zheng et al., 2012) as implemented in the R script snp_pca_static.R
(https://github.com/CoBiG2/RAD_Tools, commit: a69e9bd). The script was partially modified, using
the ggplot2 v. 3.3.3 package (Wickham H, 2016) and the pairs function to plot the results
(https://github.com/CoBiG2/RAD_Tools/pull/3). A PCA including the three petrel species was also
computed for validation of genetic structure between them, using the same script.

3.2.3 - Inbreeding inference

Individual inbreeding (f) is described as the proportion of the genome that is Identical-by-
descent (IBD). The f resulted from a relationship of full-sibling or parent-offspring is approximately
0.25, while for half-siblings or grandparent-grandchildren relations, f of the offspring is approximately
0.125. Relatedness is the expected proportion of alleles between individuals that are IBD (Hamilton,
2009). High throughput sequencing (HTS) methodologies that allow the use of mapped molecular
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markers, such as a whole-genome-sequencing approach or RAD-seq when a reference genome is
available, has shown the highest power to estimate f, by identifying homozygous IBD chromosome
segments, often called runs of homozygosity (ROH) (Kardos et al., 2016). Nevertheless, unmapped
molecular techniques, such as ddRAD-seq, are also very useful to estimate f through individual
heterozygosity and have been shown to have higher power than other markers, such as microsatellites
(Hoffman et al., 2014; Huisman et al., 2016). Individual genome-wide heterozygosity is described as a
good estimator of f, based on the idea that offspring of more closely related parents may show lower
heterozygosity due to larger IBD segments across the genome. The real proportion of heterozygous loci
across the genome, which is a function of f and the heterozygosity of non-inbred individuals (Crow and
Kimura, 1970), can be approximated with our ddRAD data set by the multi-locus heterozygosity (MLH),
which represents the proportion of genotyped loci that are heterozygous. f can also be measured using
the diagonal elements of the genomic relatedness matrix (Ferm) (Kardos et al., 2016). MLH and Fgrm
were calculated for every individual using the inbreedR package v. 0.3.2 (Stoffel et al., 2016) in GNU
R. A Pearson correlation between the two marker-based estimators was estimated, and results of the
distribution of MLH and Fgrm across the population were plotted using ggplot2 v. 3.3.3 in GNU R.

3.2.3.1- Inbreeding avoidance through assortative mating

Genomic data combined with breeding system information provided by the extensive field work
in Bermuda allowed the gathering of genomic data for 31 couples. This allowed to test for the presence
of assortative mating in the population regarding the degree of relatedness of the chosen mates. The
mean kinship value between real couples was compared against the frequency distribution of kinships
generated from 1000 simulations of the same number (i.e., n=31) of randomly selected pairs. These
simulated couples were randomly created with a non-reposition system incorporated in a python script
(distributor.py, https://github.com/ritafonso/misc-scripts, commit: 8763017). The significance level
used of this non-parametric procedure was a= 0.05. We used our PCA results to look for a signal of
population sub-structuring among our P. cahow samples which might also result in a pattern of non-
random mating. If no sub-structuring is found in our dataset, then a significant deviation from random
mating in our test may be the result of inbreeding or outbreeding avoidance.

3.2.3.2- Testing for signatures of inbreeding: Heterozygosity-fitness correlations

The correlation of heterozygosity across loci in a genome, also called identity disequilibrium
(ID) was estimated in our dataset by calculating the parameter g» (David et al., 2007), using the inbreedR
package v. 0.3.2 in R. The probability that g, differs from 0 was computed with 1 000 permutations to
estimate the p-value and to estimate a 95% confidence interval.

According to the general effect hypothesis, a significant ID is related to heterozygosity-fitness
correlations (HFC) (Brommer et al., 2015). The impact of the mean genome-wide heterozygosity of the
couple in their hatching success across years for which this fitness trait was available was tested, using
hatching success as the response variable, MLH as fixed effects and the nest-ID as a random effect.
Information on the yearly hatching success was available for 31 couples (Figure S 6), thus we used 62
individuals from the genomic dataset out of the total 104 individuals. Heterozygosity-fitness correlation
analysis were conducted in GNU R using a generalized linear mixed model (GLMM) in the Ime4
package v. 1.1-27.1 (Bates et al., 2015).

3.2.4 -Relatedness analysis

The R package related v. 1.0 (Pew et al., 2015) is based on the algorithm by (Wang, 2011) as
implemented in the COANCESTRY and it was used to estimate pairwise relatedness of all individuals
in the dataset. The function compareestimators was applied to test the performance of different
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relatedness estimators and choose the best for our dataset. This function creates simulated pairs of
individuals of known relationship degrees (unrelated (UN), parent-offspring (PO), full-sibling (FS) and
half-sibling (HS)) from the real allele frequency file provided by the user. Four different non-likelihood-
based estimators are then applied to the simulated data and the results were plotted also using GNU R.
Finally, the function uses the Pearson correlation coefficient between the real and simulated data to
assess the performance of each estimator. Stricter filters were applied to the “one snp” dataset, resulting
in “strict” dataset (Table 3.1). The VCF file was converted to geneland format using PGDSpider v.
2.1.1.5 (Lischer & Excoffier, 2012). Random subsets of 500, 1000, 2000, 3000 and 4000 were created
by the R script subsample_geneland_script.R (https://github.com/ritafonso/geneland_subsample,
commit: 1620ch9) and were tested in compareestimators to measure the impact of the number of SNPs
used. Higher numbers of SNPs would hit the software’s limits, and thus were untestable. Each test was
applied to 1000 simulated pairs of known relationship. The results of compareestimators function
revealed that the precision of estimation of each relationship degree increased with the number of SNPs,
but the effect disappeared after 3000 SNPs. Such relationship was similar for every estimator and the
correlation between the four estimators was very high (>0.995). The Wang, (2002) estimator was thus
chosen and applied to the 4000 SNPs subsample using the coancestry function.

Pairs where relationships are known from field data were crossed with genetic relatedness
estimation and a density plot was created with ggplot2 (Wickham H, 2016) in R to check how well the
chosen estimator distinguishes the different known relationships present in the dataset.

3.2.4.1- Effect of Pair Relatedness on hatching success

Particularly in a context of inbreeding, relatedness between mates can impact fertility and the
production and offspring (Trask et al., 2021). Such impact was studied in the Bermuda petrel by looking
at the hatching success of the couples across time taking into consideration their degree of relatedness.
Hatching success for each couple was obtained from field data, and it was defined as the proportion of
successful hatchings per number of years that the couple attempted to mate. Hatching was considered
successful if the chick hatched and survived the next days after hatching, since chick survival in this
period is still highly dependent on egg quality. All other scenarios were considered failures, including
egg unviability to embryo death. To test for a possible correlation between each couple’s degree of
relatedness and its hatching success, a generalized linear mixed-effect model (GLMM) was employed
using the R package Imed v. 1.1-27.1. Pairwise relatedness was set as a fixed effect, with hatching
success as the dependence variable and nest-ID as a random effect. This analysis was applied to the
“one snp” dataset.

3.2.5 - Inference of demographic history

To test whether the Bermuda petrel underwent a bottleneck, as suggested by historical records,
the demographic history of the Bermuda petrel was investigated by two different approaches, both based
on the site frequency spectrum (SFS). For these analyses, a new dataset was used without SNPs or
individual’s missing data. The filters of MAF and maximum heterozygosity were also not applied to the
dataset and all SNPs per RAD loci were included. The SFS was calculated using easySFS
(https://github.com/isaacovercast/easySFS, commit: b866269). This tool contains a projecting function
(--preview) that counts the number of segregating sites for all the possible number of individuals in our
dataset. This allows maximizing the number of SNPs, which is critical to calculate the SFS (Gutenkunst
et al., 2009), even though it may reduce the number of individuals in the dataset and thus the number of
coalescences used to estimate variation in Ne. We used the full dataset of 104 individuals with 27 062
SNPs.
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To perform the demographic inference analysis on the Bermuda petrel we used Stairway plot
v.2 (Liu & Fu, 2020), a software that fits a multi-epoch demographic model to the data. For this, we
tested four different numbers of random breakpoints (51, 103, 154, 206) based on the sample size. As
recommended, 67% of sites were used for training data as well as 200 bootstraps to estimate 95%
confident intervals. We used a mutation rate of 2.89 x 10 per site per generation based on an estimate
for the northern fulmar (Nadachowska-Brzyska et al., 2015).

Generation time was estimated using the following formula:

T =A+p/(1-p)

where T represents generation time, and A and p represent age of maturity and adult survival rate,
respectively (see Gangloff et al. 2013). It has been estimated in other Pterodroma that the adult survival
rate is 0.93 (Brooke et al., 2010). Although the actual adult survival rate is not known for P. cahow, it
is known that it has higher survival rates than other seabird species due to the ongoing conservation plan
that mitigates some of the threats to their survival. The average age of maturity in P. cahow has been
defined as 5 years old (J. L. Madeiros, 2005). Those values result in a generation time of around 18
years old, but it was increased to 20 years old due to the external care that Bermuda petrel undergo under
the current Conservation Plan (see Gangloff et al. 2013). The remaining parameters in Stairway plot
were set to default.

The second demography inference method used is implemented under a faster continuous-time
sequential Markovian coalescent approximation in fastsimcoal2 (Excoffier et al., 2021). The observed
SFS included the number of monomorphic sites, obtained in Stack’s module populations. We compared
the fit of three different models that we considered most likely representing the demographic history of
P. cahow: “Recent Bot”, ”Null” and ”Old Bot”. The “Null” model assumes a constant population size
over time (Figure 3.1). The “Recent Bot” model tests the likelihood of a genetic bottleneck from 3 to 30
generations ago, while “Old Bot”, an older bottleneck, from 30 to 200 000 generations ago (Figure 3.1).
For each model, 100 independent runs were performed with 30 cycles and 100 000 coalescent
simulations to estimate an expected SFS. The best run for each model was found through the highest
likelihood, as implemented in fsc-selectbestrun.sh script
(https://github.com/speciationgenomics/scripts, commit: 48a9fb2). Likelihoods of the models are
obtained by the difference between the observed likelihood (MaxObs), which is the maximum possible
likelihood with a perfect fit of the expected SFS, and the estimated likelihood (MaxEst), the maximum
likelihood estimated for each model. The fit of each model was analysed by comparing the observed
and expected SFS, using the utilFscOutput.r R script
(https://github.com/vsousa/EG_cE3c/blob/master/CustomScripts/Fastsimcoal _ProcessOutput/Scripts
AnalyseFsc, commit: ¢3a8871). The most suitable model to our dataset was assessed by the Akaike
information criterion (AIC), which incorporates the numbers of parameters of the model, using
calculateAlC.sh script (https://github.com/speciationgenomics/scripts, commit: 48a9fb2).
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Figure 3.1 Historical demographic models analysed using fastsimcoal2. Model names are on top of each scheme. NCUR
represents the estimation for current Ne, NANC, Ne before the bottleneck and NBOT, the Ne during the bottleneck. TBOT
defines the time (in generations) passed since the end of the bottleneck, while TENDBOT identifies the beginning. Results of

parameter estimation and AIC of all models are given in Table 3.5.
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3.3 - Results

The results regarding ddRAD seq method and analyses concerning genetic diversity, inbreeding
and demography are further described separately.

3.3.1 - RAD sequencing

The RAD library constructed produced 403 387 152 raw reads. Demultiplexing and quality
filtering resulted in 399 838 435 reads. Further filtering on SNP extraction resulted in three different
datasets, comprehending different number of variable sites (Table 3.1).

Table 3.1 -SNP filtering steps and final datasets.

Filtering step Nr of Retained Notes
SNPs
Stacks final assembly 126 681 -
individuals per locus > 86 048 Loci with information for less than 60% of
0.6 the individuals were removed
Maximum observed 85 560 SNPs with more than 60% observed | populations —
heterozygosity = 0.6 heterozygosity are removed. Stacks module
MAF>0.05 56 536 SNPs with MAF lower than 0.05 were !
removed
Missing data > 0.8 49100 SNPs with greater than 20% missing data
were removed
min DP = 10 and max 39716 Only SNPs with depth of coverage higher
DP=80 than 10 and lower than 80 were kept VCFTools 2
HWE deviation (p-value 33501 Loci that showed significant (p < 0.05)
> 0.05) departure from HWE were removed.
Centred SNP filter 12 484 Only the SNP closest to the centre of the | vcf_parser.py *
locus was kept
Missing data > 1 7167 All SNPs with missing data were excluded
min DP =20 and max 6 814 Only SNPs with depth of coverage higher | VCFTools 2
DP=60 than 20 and lower than 60 were kept
Final “all_snps” dataset 33501 -
Final “one_snp” dataset 12 484 -
Final “strict” dataset 6 814 -

1 - (Catchen et al., 2013) ; 2 - (Danecek et al., 2011) ; 3 — (https://github.com/CoBiG2/RAD_Tools, commit: 0e96¢c2c).

3.3.2 - Genetic diversity and population structure

Two measures of nuclear nucleotide diversity (zsne and zrap) Were used to compare genetic
diversity between the Bermuda petrel and the two northeast Atlantic, related petrel species. Both
measures showed similar levels of diversity between species (Table 3.2), although P. madeira showed
higher diversity (zsne =0.202, rap = 0.200 x 102), while P. deserta (zsnp =0.181, 7rap = 0.176 x 107)
showed the lowest, and P. cahow revealed intermediate diversity (zsne =0.193, zrap = 0.197 x 10°2). This
trend was also confirmed by both the estimated observed (Ho) and expected heterozygosity (He).
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Table 3.2 - Genetic diversity indices concerning ddRAD seq analysis

Variable sites All sites
Species TSNP Ho He mrap (X 10%) | Ho (x 10%) | He (x 10%)

Pterodroma 0.193 0.180 0.187 0.197 0.183 0.191
cahow

Pterodroma 0.181 0.180 0.175 0.176 0.173 0.171
deserta

Pterodroma 0.202 0.182 0.196 0.200 0.180 0.194
madeira

The same pattern was revealed by the mitochondrial COI fragment, although it showed higher
differences between the three species (Table 3.3). The same diversity measures were also applied to
other species in the Pterodroma genus for further comparison. Pterodroma madeira revealed greater
nucleotide and haplotype diversity (zcoi= 0.00344, Hd=0.773), as well as a higher number of haplotypes
and appears to be the most diverse of the seven Pterodroma species included. On the other hand, P.
cahow showed the lowest diversity (zcoi= 0.00027, Hd=0.192), with only 2 different haplotypes in 29

individuals genotyped (Table 3.3).

Table 3.3 - Nucleotide and haplotype diversity for the COI mitochondrial gene of seven Pterodroma species. N represents the
number of sampled individuals and H the number of haplotypes.

Scientific Common N | Fragmen | Polymorphi | Nucleotide | H | Haplotype
name name t size (bp) c sites/ diversity diversity

100bp (7 x 10%) (Hd)

P. cahow Bermuda 29 722 0.139 0.027 2 0.192
petrel

P. deserta Desertas petrel | 29 732 0.41 0.079 3 0.490

P. madeira Zino’s petrel 29 732 2.32 0.344 7 0.773

P. feae Cape Verde 29 732 0.683 0.118 6 0.658
petrel

P. cookii Cook’s petrel 29 677 0.443 0.106 4 0.584

P. Great-winged 29 648 0.463 0.032 4 0.200
macroptera | petrel

P. magentae | Magenta petrel | 10 648 0.309 0.086 3 0.378

DNA sequences used for this analysis were obtained in the following references: P. cahow (present thesis); P. deserta, P.
madeira and P. feae (Gangloff et al., 2013); P. cookii (Rayner et al., 2010); P. macroptera (Lawrence etal., 2016); P. magentae

(Tizard et al., 2019).
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Population structure analysis in P. cahow as revealed by a PCA showed no evidence of sub-
structure between the islands where individuals currently breed.

0.3 0.1 0.1 0.3 0.1 0.1 0.1 0.1 0.1 0.1
I 1 | | | 1 1 | | I 1 | | 1 1 I. | 1
- LT o o%"° o lee B e -
s . ..“’,?- ‘.o :’ ‘?o.i =]
K 35550 o [T
7] PC1 * °st & d % o e
- o..'f‘ k1 . ® é F |
s1 4.6% © % % "E."‘ * 4 T e
| BN ¥ via i
. . .
« . . . «@
< <
e [ B GCreenlsland
o4 3° PR T | -~ B HomRock
-t'.o' oo “ae hor L) * e @ InnerPear
PC2 | @8y | :
z 3 oo :. w e - B LongRock
3 80/ Y S o’ e ® Lz E Noinfo
0 . ’: ¢ .4’ ®o O Nonsuch
& i -2
&
. Lo
. o
PC3 -5
) :‘ o %
. 37% | iR
S~ 0 | =
— ‘ . . [=]
84 g
&
‘= 34 | ™~
g o
3] PC4 I3
c
g 33% I3
e —
1N} O T T T T T T - ©
1 2 3 4 5 6

Principle Component Number

Figure 3.2 - Principal Component Analysis (PCA) of genome-wide markers (ddRAD seq data) of Bermuda petrel population
across the five islands where they were sampled. The barplot on the bottom left corresponds to the first six eigenvectors and
their respective percentage of variance explained.

3.3.3 - Inbreeding

Estimates of the inbreeding coefficient as calculated by the genomic relatedness matrix (Ferm)
ranged from -0.093 to 0.24, with a mean value of -0.017 (Figure 3.3). Ferm can take negative values,
because the current population is used as reference, implying that an individual with a negative Fgrm is
outbred compared to the mean of the population (Huisman et al., 2016). Three individuals show
Ferm >0.15, representing a high level of inbreeding, while five others show values between 0.05 and
0.10, estimated for offspring of a cousin’s couple, for example, which also represents a considerable
high inbreeding level (Figure 3.3). This variation suggests that it is possible to find HFC in the Bermuda
petrel population.
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Multi -locus heterozygosity (MLH) estimates ranged from 0.21 to 0.33, with a mean of 0.294.
Three individuals revealed extremely low heterozygosity values, below 0.25 (Figure 3.4). MLH and
Ferm Were highly correlated (Pearson’s coefficient r=-0.93, p =2.2e-16). Thus, MLH estimates were
used for further enquiries related to heterozygosity fitness correlations analysis.
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3.3.3.1- Heterozygosity fitness correlations

Identity disequilibrium (ID) was found in the ddRAD seq dataset of Bermuda petrel, as the
parameter g2 was significantly different from zero (0.0046, p < 0.001). This result indicates that
heterozygosity is significantly correlated across loci among the individuals and that the heterozygosity
in the ddRAD seq data of 62 individuals appears to be representative of genome wide heterozygosity.
This also suggests that, although not very strong, there is a sign of inbreeding in the Bermuda petrel
population and that a putative presence of HFC may indeed result from inbreeding depression.

There was no significant effect of the MLH on the hatching success, a clear fitness-related trait
(Table 3.4). Therefore, in contrast to our expectations, we found no evidence that individual
heterozygosity is associated with the likelihood of its egg hatching successfully, at least with this set of
markers and for the 62 sampled individuals.
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3.3.4 - Relatedness

Pairwise relatedness was estimated for the sampled individuals and, overall, the density plots
showed a strong overlap with the values expected from the known pairwise relationships from the field
data (Figure 3.5). Lower precision was found for full siblings (FS). Exceptions were found, most of
them probably resulted errors during field data collection.
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Figure 3.5 Relatedness estimates based on ddRAD seq data grouped by known relationships from the field data

P-O (Parent-offspring); F-S (Full-sibling); A/U-N/N (Aunt/Uncle — Niece/Nephew)

Mean pairwise relatedness between the 31 couples sampled from the Bermuda petrel population
was 0.0197 (sd = 0.131). Three couples showed outlier values of relatedness: two had values of 0.177
and 0.258, which may represent pairings between cousins and half-siblings, respectively. The other
couple showed relatedness of 0.557, which field data revealed being a full-sibling couple.

There was no significant relation between the relatedness of the couples and their hatching
success along the years as revealed by GLMM analysis (Table 3.4). Hence, hatching success of the
couple is not influenced by their degree of genetic relatedness as revealed by ddRAD seq data.

Table 3.4 — Results of the generalized linear mixed models (GLMM). The dependence variable is presented first and the fixed
effect after, while the random effect is in parenthesis.

Model Estimate + SE p
hatching success ~ MLH + (1|nest id) 1.380 £ 6.568 0.834
hatching success ~ relatedness + (1|nest id) -0.543 £1.531 0.723

MLH — multi locus heterozygosity; SE — standard error; p — p-value.
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3.3.5 - Assortative mating

The mean value of pairwise relatedness of the 31 couples sampled did not significantly differ
from the relatedness of the simulated couples generated by the non-parametric bootstrap (Figure 3.6).
Since these 31 couples are almost a quarter of the total breeding population of Bermuda petrel, data do
not support assortative mating regarding relatedness being present in the Bermuda petrel. In other words,
the results suggest that in this species, individuals do not choose mates that are more or less genetically
related to themselves than if mate choice occurred at random.
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Figure 3.6 Distribution of random generated couples. The vertical solid line represents the mean value. The red line represents
the mean value of pairwise relatedness for the 31 couples sampled for Bermuda petrel population.

3.3.6 - Demographic history

Data filtering applied to the dataset to estimate the SFS, resulted in a 27 062 SNPs present in all
104 individuals. The results of the Stairway Plot analysis are shown in Figure 3.7. It revealed a gentle
and long-lasting decrease in the effective population size which took the population from ~150 000
individuals about 100 000 years ago to ~4 000 individuals, 2 000 year ago, representing a reduction of
~98%. Following this long-lasting decrease, Stairway Plot suggests a considerable population bottleneck
(from 4 000 to 600 individuals) that lasted around 1 200 years followed by an apparent increase in the
following 300 years (from 600 to 4 000 individuals). The apparent expansion occurring from the
recovery of the bottleneck ceased around 500 years ago and since then the population size has been
stable.
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Figure 3.7 - Stairway Plot analysis results. Bermuda petrel’s generation time was set as 20 years old. All axes are presented in
logarithmic scale.

Regarding the three demographic models tested by fastsimcoal2, the “Recent bot” model
showed the highest likelihood, followed by the “Old bot”, showing a slightly lower likelihood, and
finally the “Null” model (Table 3.5). The model of the “Recent bot” suggests a ~99.8 % population’s
reduction between 13 and 3 generations ago, followed by a ~90% expansion. Generally, the model
suggests that the current Ne is ~98.3% lower than before the bottleneck. Despite this model showing the
best fit for our data, it does not exactly fit the observed SFS (Figure S 7). Parameter estimates,
likelihoods, and AIC of each model are described in Table 3.5.

Table 3.5 — Description of parameter estimates of ach model and respective likelihood and Akaike criteria correction (AIC)

Model | NANC | TENDBOT | NBOT | TBOT | NCUR | MaxEst—MaxObs | AIC
(Likelihoods)
Null - - - - 770 9864.11 209811
Rec Bot | 57089 13 99 3 961 300.23 205441
Old Bot | 144434 2684 61 2664 733 1249.22 249478

NANC — Effective population size before the bottleneck; TENDBOT — Time since the start of the bottleneck; NBOT — Effective
population size during the bottleneck; TBOT — Time since the end of the bottleneck; NCUR — Effective population size after

the bottleneck.
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3.4 - Discussion

This project aimed to understand the possible genetic consequences of a known historical
bottleneck in the Bermuda petrel population. For this, mtDNA and nuclear SNPs were used to infer
genetic diversity and heterozygosity, and to estimate the inbreeding level and the putative effects of an
expected increase in individual homozigosity. The demographic history was also inferred with genomic
data analyses to look for a signature of this bottleneck. Both mtDNA and nuclear SNPs were successfully
obtained for a large fraction of the population and ddRAD data was shown to be representative of
genome-wide heterozygosity levels. Even though no signs of inbreeding depression were found for
hatching success, low genetic diversity and significant inbreeding levels found for some individuals
raise concern for this species’ survival potential.

3.4.1 - Genetic diversity pattern in Bermuda petrel

The nuclear neutral genetic diversity of Bermuda petrel was assessed on a combined analysis
with two other northeast Atlantic petrel species: the Portuguese Desertas and Zino’s petrel. These
species are both single island endemic and are considered Vulnerable and Endangered by the IUCN,
respectively, because of their small size, habitat loss and other threats to their survival (Menezes et al.,
2010). Nuclear genome-wide heterozygosity and nucleotide diversity were similar between the three
petrel species (Table 3.2). However, mtDNA results suggested a different scenario, showing Zino’s
petrel with the highest diversity, followed by Desertas and finally Bermuda’s. Zino’s petrel highest
diversity may be explained because of its ancestral position as suggested by its more basal position in a
Pterodroma species tree whereas Desertas petrel is a more recent, derived taxon (Gangloff et al., 2013).
In fact, Bermuda petrels showed the lowest nucleotide and haplotype diversity of COI gene among seven
Pterodroma species, most of which have undergone a recent bottleneck and all of them being
endangered by similar threats. Conflicting results between nuclear and mitochondrial diversity are well
described (e.g. Silva et al., 2015) and a potential explanation relies on the fact that nuclear DNA has a
higher effective population size and consequently longer coalescence times than mitochondrial, leading
to a slower rate of loss of ancestral genetic variation. This is due to mitochondrial DNA being only
maternally inherited and haploid. Thus, the relatively lower level of mtDNA diversity of Bermuda petrel
compared to pattern of the nuclear genome may be due to the recent loss of genetic diversity still not
being represented in the nuclear genome since mtDNA tracks demographic events much faster. These
results lend further support to the recency of the genetic bottleneck in the Bermuda petrel. Additionally,
similar COI diversity levels were found in Magenta and Grey-winged petrel (Table 3.3), two southern
hemisphere petrels which have suffered very similar recent bottlenecks.

3.4.2 - Inbreeding level and impact in the Bermuda petrel

Inbreeding levels are expected to be higher in small populations, especially those that went
through a genetic bottleneck, such as the case of Bermuda petrel. Thus, these species are at particular
concern regarding inbreeding depression and its impact on their vulnerability, as already shown in
several avian species (Blanco & Morinha, 2021; Townsend & Jamieson, 2013).

Analysis of the Bermuda petrel showed overall low levels of inbreeding for most individuals.
Nevertheless, for a few individuals inbreeding was high, which should not be neglected since such
values are not expected in a large population under random mating. In addition, multi-locus
heterozygosity (MLH), as estimated from our large panel of RAD loci, was shown to be related to
inbreeding, as expected because inbreeding will tend to reduce the individual’s heterozygosity (Hoffman
et al., 2014), and was employed as its surrogate. Variation found in the observed MLH distribution was

30



also illustrated by the identity disequilibrium (ID) estimates for the Bermuda petrel population. The
parameter g>was positive, although not very high (see 3.3.3.1- Heterozygosity fitness correlations) when
compared with other small bird populations (Foster et al., 2021; Velando et al., 2015) suggesting less
inbreeding level variation. The fact that all the individuals sampled for the present thesis are adults
should be taken into consideration when interpreting identity disequilibrium since this metric decreases
with the age due to selective pressure against the most inbred individuals (Huisman et al., 2016). Despite
this fact, g> was still significantly different from 0, which suggests that the heterozygosity assessed
through the ddRADseq assembly is representative of the genome-wide heterozygosity of Bermuda petrel
population. Furthermore, it also suggests, that genome-wide heterozygosity correlates with individual
inbreeding and that heterozygosity-fitness correlations (HFCs) are likely to exist in the population which
should be caused by a genome-wide effect (Szulkin et al., 2010).

Assessment of HFCs in small populations like Bermuda petrel’s is key to better understand the
effects of inbreeding in the different fitness components, particularly whether there are traits under
inbreeding depression. The Bermuda petrel has been shown to have among the lowest levels of hatching
success for Pterodroma species. In fact, it has been shown in other avian species that inbreeding can
have a strong effect on fertility and hatchability, as well as in other fitness traits (Hemmings et al., 2012;
Trask et al., 2021). High levels of inbreeding can lead to genetic incompatibility between mates that end
in hatching failure, being early embryo death described as the most likely explanation in case of
inbreeding depression (Hemmings et al., 2012). However, and in contrast to our expectations, present
results suggest that the pair’s average multi-locus heterozygosity (MLH) does not have a significant
impact on its ability to successfully hatching an egg (see 3.3.3.1- Heterozygosity fitness correlations).

Other possible causes of the low hatching success reported for Bermuda petrel may be related
to maternal condition and environmental factors (Hemmings et al., 2012), since our results exclude
inbreeding depression as a likely explanation. Although our results failed to detect an HFC regarding
hatching success, the identity disequilibrium found in our samples still advocates that inbreeding might
have an impact in fitness. Hence, looking at other fitness traits, as well as sampling chicks and juveniles
is needed to better understand the impact of inbreeding and to test the presence of inbreeding depression
more accurately in Bermuda petrel population.

It has been shown that thousands of SNPs obtained from high throughput sequencing can have
high power for relatedness estimation, despite putative genotyping errors (Thrasher et al., 2018). We
confirmed such power by the close match between relationships based on field observations and the
relatedness estimation for these pairs based on genomic data, bar a few exceptions which can be
explained by errors in the field data or during genotyping.

Similar to the analysis testing the influence of individual inbreeding on hatching success, pair
relatedness estimation of 31 couples was assessed for its effect on their hatching success. The results
indicate that the degree of kinship between Bermuda petrel’s couples does not influence their hatching
success. Although not expected, this result is not exclusive in seabirds since no relation was found
between genetic relatedness, based on microsatellites, and breeding success in the Monteiro’s Storm-
petrel (Nava et al., 2017). One explanation for our results is that our sample size, particularly of closely
related pairs, is not large enough to allow the detection of a relation between the pair’s relatedness and
its hatching success. Another alternative explanation is the presence of extra-pair paternities (EPPS).
Although poorly explored in Pterodroma genus, EPPs have been described among Procellariiformes,
even if not expected (Bried et al., 2021). Certain circumstances may lead to EPPs in social monogamous
species as it may increase the offspring genetic diversity. In fact, EPPs have been described as a potential
way of avoiding inbreeding (Brouwer & Griffith, 2019). Although the occurrence of EPPs has never
been studied in Bermuda petrels, this might be an alternative strategy for inbreeding avoidance in this
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species. Also, this may explain the lack of evidence of genetic relatedness influence on the couple’s
hatching success. However, it is also a possibility that relatedness between the couple does not influence
hatching, as discussed by Mays et al., (2008).

Single island endemics and highly philopatric species, such as the Bermuda petrel, are limited
regarding dispersal strategies, therefore may rely on mating behaviours to avoid inbreeding. Assortative
mating is one of the known strategies of inbreeding avoidance, in a sense of preventing mating between
relatives, and it is described that procellariifom species can differentiate kin from non-kin individuals
through olfactory cues (Bonadonna & Sanz-Aguilar, 2012). Additionally, in social monogamous species
with necessary biparental care, non-random mating choice should be essential and expected since pairs
mate for life (Nava et al., 2017), and a bad choice could impact life-time reproductive success. Thus,
the Bermuda petrel is a good candidate to study assortative mating regarding kinship degree. Results of
the present study show that the individuals of this population are choosing mates randomly regarding
neutral genomic relatedness. This result may be explained by the limited pool of available mates or the
inability to detect relatives. Also, other characteristics can surpass genetic relatedness when it comes to
mate choice, such as certain phenotypic traits, behaviours, or relatedness of specific functional genes.
Hence, we cannot conclude that assortative mating is not a strategy to mitigate inbreeding depression
effects in Bermuda petrel only based on neutral genomic variation and degree of kinship. Functional
regions of the genome that highly impact fitness, such as those related to the immune function, should
also be accounted to fully understand the relation between inbreeding and mating behaviour.

The exposure of deleterious recessive alleles due to increase of homozygosity under inbreeding
can also lead to a natural process of purging of the detrimental genotypes as they become exposed to
natural selection. This can be an active process against the effects of inbreeding depression in wild
populations, but its effectiveness depends on the rate of increase of the inbreeding level (Hedrick &
Garcia-Dorado, 2016). The lack of evidence of inbreeding depression in Bermuda petrel regarding
hatching success, a key fitness trait in birds (Blanco & Morinha, 2021) may be due to a past event of
severe inbreeding depression, followed by the purging of detrimental alleles as already found in other
island bottlenecked species (Laws & Jamieson, 2011).

All in all, the results of the present study show a lack of strong inbreeding depression indicators
in Bermuda petrel. Nevertheless, we only looked at a single fitness trait and further research should
consider additional traits, as well as the impact of alternative inbreeding avoidance strategies so that the
extent of inbreeding depression in this species is thoroughly studied.

3.4.3 - Demographic inference

We used demographic inference analyses to look for a genomic signature of the historical
bottleneck that has been described for the Bermuda petrel, as well as to better understand the overall
demographic history of this species.

We used two different methods for estimating its demography based on the site frequency
spectrum (SFS) derived from our RAD loci. The Stairway Plot results showed a clear prolonged
population size decrease starting in the last 100 000 years ago. The beginning of this population decline
seems to have occurred in the late Pleistocene, which was characterized by severe sea-level fluctuations
due to global glacial periods. It is described that Bermuda Islands endured a severe habitat loss during
such fluctuations and a massive sea-level rise occurred between 90 000 and 130 000 years ago during
an interglacial period (Harmon et al., 1978). Habitat loss during times of high sea levels may have caused
a permanent threat to Bermuda petrel resulting in a slow population decline, which could explain the
effective population size (Ne) decline around that time.
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Following this slow, steady decline of effective population size possibly related with the
glaciation cycles of the Pleistocene, Stairway Plot suggests a much sharper Ne decline between 800 and
2000 y ago. This is earlier than one might expect from a potential population bottleneck driven by the
arrival of the first humans to Bermuda, which happened 400 to 500 years ago (Gehrman, 2012).
However, this discrepancy in terms of the timing of events might be explained by the fact that current
methods of demographic inference based on the SFS derived from RADseq data may not provide
extremely accurate estimates of the timing of demographic events (Santiago et al., 2020). This is related
to the difficulty of having coalescent events in a relatively short time-frame, particularly for species with
high generation times. If we consider that the human arrival to Bermuda occurred in the last 20 to 25
generations of Bermuda petrels, we are attempting to infer the demography of the species in a
contemporary time scale, during which there might have not been enough lineage coalescences for
proper inference. After this drastic decline, the Stairway Plot analysis suggests a steep N. increase, which
however may not represent an actual population expansion. Since during a genetic bottleneck the
coalescence rate is very high, when it eventually ceases, coalescence between lineages is almost null.
This mimics a population expansion and a high Ne, even though it is an incorrect signal generated by the
drastic change in the coalescence rate following the bottleneck (Hamilton 2009).

The second approach for demographic inference, using fastsimcoal2, suggested the recent
bottleneck model as the most likely, against a model with constant population size and a model with an
older bottleneck (>30 generations ago). This result reinforces the recent genetic bottleneck hypothesis.
However, the likelihood of the models was relatively low, and the fitting of the expected SFS was poor.
Further approaches to increase the likelihood of the models should be applied, by considering
demographic models better suited for inbred populations (Blischak et al., 2020).

33



Chapter 4 - Final Remarks

The present study aimed to find the genomic signature of a recent genetic bottleneck in Bermuda
petrel, an island endemic species, as well as to comprehend its impacts on neutral and adaptive genetic
diversity and mating system in order to address the future sustainability of the species. Such objectives
are critical since this is a unique small population facing several current threats. Demographic inference
analysis, as well as genetic diversity patterns in both neutral nuclear genome and mtDNA support the
existence of a relatively recent genetic bottleneck, although we could not associate it exclusively to
human arrival to Bermuda. Such genetic bottleneck does not seem to be highly impacting Bermuda
petrel regarding inbreeding levels and the fitness component related to hatching success. Still, low
genetic diversity in a candidate gene to selection, TLR4, suggests a strong impact of genetic drift.
Additionally, mating behaviour does not seem to be a strategy of inbreeding avoidance. Nonetheless,
the negative effects of inbreeding on species survival are well described because of inbreeding
depression and reduced adaptive potential. The bottleneck experienced by the Bermuda petrel due to
human arrival may be too recent (~ 20 generations), and consequently its effects may still not be felt at
the present, but it will likely impact future generations. Furthermore, this study revealed the first sign of
gene duplication in TLR5 described in birds, although more analysis should be done to confirm it.

Results of this study revealed for the first time genomic information for a significant proportion
of the highly endangered Bermuda petrel which is relevant to its conservation strategy. Kinship
estimates can complement existing pedigree data and detect possible extra-pair paternities (EPPS).
Inbreeding and relatedness degree between individuals can also be accounted for in translocation
actions, for example by taking to Nonsuch Island only individuals that are below a certain threshold of
relatedness. Although we found no evidence of inbreeding depression, confirmation of a recent genetic
bottleneck creates concern on the species sustainability and ability to adapt to present and future
challenges. Future studies should focus in acquiring a deeper knowledge of HFCs, by obtaining more
information on further fitness traits, as well as assess “local effect” correlations in the Bermuda petrel
population. This should provide such information to understand the population’s evolutionary potential
and properly plan conservation strategies that should mitigate its vulnerability and slowly decrease the
need of human intervention.
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Supplementary material

Table S 1 - Description of primers used for TLR4 and TLR5 amplification

Gene/Exon | Primer name Primer | Sequence (5°-3°) Reference
label
TLR4/ PengTLR4_Ex1_F2 TA41F CTCACTCCAGGTCCTTG | Levyetal.,
Exons 1 AGTG 2020
and 2 PengTLR4_Ex2 R1 T42R AGCCAAGACCAACAGA | Levyetal,
CACC 2020
TLR4/ PengTLR4 _Ex3 Start | T43SF | AAGGGACAGTGTTGCAT | Levyetal.,
Exon 3 - F GCA 2020
Start cahow tlr4 ex3 start | cT4- TCGAATTTCTGCCGGAA | Present thesis
R 3SR GCT
TLR4/ avTLR4F avT4F | GAGACCTTGATGCCCTG | Alcaide &
Exon 3 - AG Edwards, 2011
Middle avTLR4R avT4R | CCATCTTRAGCACTTGC | Alcaide &
AAAG Edwards, 2011
TLR4/ cahow_tlr4_ex3 end F | cT4- TTCACTAGCTGCTGTTC | Present thesis
Exon 3 - 3EF CCC
End PengTLR4 Ex3 EndR | T43ER | TGCCTTCTAGCAGGACT | Levyetal.,
2 CCT 2020
TLR5-A | TLR5_full_new_F T5AF | AGTGTGACATTAGTCTT | Levyetal,,
TTGTTCTACA 2020
TLR5_1000_R T5AR | AGCCAAATCCCGAACCC | Levyetal.,
ATT 2020
TLR5-B | cahow_tIr5 B F CcT5BF | AGTGACAATGGCTGGAG | Present thesis
CTC
cahow_tIr5 B R CT5BR | TGAATCCAGGCGCTTTA | Present thesis
GCA
TLR5-C | Gentoo TLR5 sequenc | T5CF TCCCCTGAGCCTGAAGT | Levyetal.,
ing_ 3 F CTT 2020
Gentoo TLR5 full R | TSCR | GTGTTCATTCCTGCCAT | Levyetal,
GGC 2020
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Figure S 1 - Maximum likelihood tree of ten avian species, used for detection of sites under selection. Calidris pugnax and
Gallus gallus are the outgroups

Supplementary Method S1 — Detailed description of parameter choice for Stacks assembly

The m parameter was set to 3. As expected, the number of loci and polymorphism decreased, and
coverage increased with an increasing level of minimum stack depth (m) was. The highest number of
loci and polymorphism was found when m=2 (Figure S 2), but the difference between m=2 and m=3
was very low. Therefore, the difference in coverage between these two values (Figure S 2 A) dictated
the final choice for m. Parameter M is particularly dataset-specific, depending on the suspected degree
of polymorphism of the studied population (Paris et al., 2017). Polymorphic loci peaked when M=4
(Figure S 2 C), although without a significant gap from M=3. On the other hand, the number of SNPs
between M3 and M4 have a rather significant divergence (Figure S 3), which can bring us to the
assumption of an increment of few loci with many SNPs. Since these new loci don’t reveal high coverage
(Figure S 2 A), are likely erroneously assembled loci instead of true loci. Besides, the known history of
this species makes it likely to show lower polymorphism. M3 was thus chosen, which also
comprehended a conservative option over M2, preventing the merging of distinct true loci. Finally,
selecting the optimal value for n evolves a compromise between setting it too low and fail to merge
homologous loci with fixed SNPs or setting it to high and merge false homologous loci, assuming false
polymorphism (Paris et al., 2017). Once Again, deducing that this species should rather have lower
genetic differences among individuals, combined with the small variations in the analysed metrics, n
was conservatively set to 3.
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C — Polymorphic loci
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Figure S 2 - Results from optimization of Stacks’s pipeline parameters. Colours represent the three parameters tested, having
minimum number of raw reads required to form a putative allele (m) as dark blue, maximum number of mismatches accepted
between alleles to consider them the same locus (M) as light blue and maximum number of mismatches allowed between loci
of different individuals to be considered the same loci (n) as green. Each plot regards to the three metrics tested: A —coverage,

B - total number of assembled loci, C - total number of polymorphic loci and D - total number of SNPs.
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Figure S 3 - The number of new polymorphic loci (r80 loci) was the parameter M increased. Blue represents an increase of
number of polymorphic loci when transitioning between the referred M values, while pink represents a decline.

A B
(o]
=T - ® Greenlsland o _| o e
* HomRock =
. " ® |nnerPear .
-t * LongRock Ty
- _ o . oa = Noinfo _ "
= . ] = Nonsuch S e, "
-
* e . - “ .: * . s . e s e” ..
. . a® e
- - - . - - * -
o " ® a" ® -, * o '.. . P
o | * . -e e o. = » .® - a® .
o s "e .. e - - " ) L™ .~
@ . - [ ] LT L - . Sy -
o . - - . o L
¢ L] L T - . - T “
= s 0 . Z - . b .
' * . . .o'
L ]
* - :. o~ ° - -
o . = 7
’ L ] o L L]
| | T T T = T T T T T
03 02 01 oo 0.1 -0.3 -0.2 -01 0.0 01
PC 1 PC1

Figure S 4 - Principal Component Analysis (PCA) regarding two different MAF filter values. A —-MAF < 0.05. B — MAF < 0.1.
Different colours represent the island on which the individual is currently breeding.
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Figure S 5 - Boxplot with the mean depth of coverage per raw loci resulted from Stacks assembly, measured in times (x). Red
lines represent the minimum and maximum depth of coverage filtered, as described in 3.2.1.2.2.

2020 2018|2018| 2017|2016 2015|2014 2013| 2012|2011 2010 2009| 2008| 2007| 2008 | 2005

wilool=dfafunfsfufra] =

—
=

b= B 1= (o] G 1 ] I 1] e =] ] P ] B ] o

29

0] |

31

Figure S 6 - Hatching success information for the 31 couples. Dark grey squares represent successful hatches, while light grey

represent failed hatches.
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