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Abstract

Many species are shifting their ranges due to climate change, hence understanding how adaptation
occurs in spatially heterogeneous environments is important. Yet, little is known about adaptation
in heterogeneous environments, in particular at the genomic level. To tackle this question,
experimental evolution under controlled laboratory conditions, combined with population
genomics is a powerful approach. Such “Evolve-and-Reseq” studies allow uncovering the genetic
basis of adaptive traits in different organisms. A caveat of experimental evolution is that the
potentially reduced genetic diversity of laboratory populations might influence both the speed and
end point of adaptation.

In this thesis, we address these issues using experimental populations of two closely related
species (Tetranychus urticae and T. evansi) of spider mites, which are arrhenotokous haplodiploid
herbivorous species, considered worldwide pests. Both species can feed on tomato plants, which
are known to accumulate heavy metals. These metals can be used as a defence against herbivory,
and it is known that cadmium accumulation can decrease spider mites’ fitness. Taking advantage
of this setup, we addressed two important gaps in knowledge by using population genomic data
of outbred and inbred lines and experimental populations. Namely (1) quantify the genetic
variability of the outbred populations and inbred lines, and (2) understand how spatial
heterogeneity affects the adaptation to new environments, namely on environments with
cadmium.

Using Illumina sequencing of pools of >200 mites (Pool-seq), we estimated expected
heterozygosity as a proxy for the genetic diversity of outbred T. evansi and T. urticae and nine
inbred lines of T. evansi. We expected inbred lines would present lower genetic diversity
compared to the outbred populations, as a result of the inbreeding process. However, we found
that the nine inbred lines had similar expected heterozygosity to the outbred population, leading
us to conclude they are not inbred isogenic lines. These results might be explained by gene flow
between lines and/or outbred population, but we also found an effect of the choice of reference
genome.

To identify genomic regions of adaptation to cadmium on T. urticae and/or to spatially
heterogeneous environments, we analysed Pool-seq data from experimental evolution selection
regimes of T. urticae, evolving with low (control) or high cadmium concentrations (homogeneous
environment) or both (heterogeneous environments). We used consistent changes in allele
frequencies across five replicates as evidence for positive selection, assuming that the control
regime represented the initial allele frequency. We found many SNPs with significant changes in
allele frequencies, both in homogeneous and heterogeneous environments, indicating a polygenic
basis of adaptation. We found that only 10.9% of the candidate genes are shared between
homogeneous and heterogeneous environments, suggesting that adaptation in heterogeneous
environments may select for alleles different from those favoured in the different homogeneous
environments. Furthermore, metallothioneins did not show significative changes in allele
frequencies in environments with cadmium, although they are the best-known stress response
system to heavy metals, but we found a voltage-gated T-type calcium channel (CACNA2D3) with
several SNPs with allele frequency changes consistent with adaptation in homogeneous and
heterogeneous environments.

Keywords: Tetranychus urticae; Tetranychus evansi; Outbred populations; Inbred lines;
CACNA2D3



Resumo

A adaptacdo é um processo gque permite a sobrevivéncia e reproducao dos organismos a alteracdes
no meio ambiente. Com as alteragdes climéticas provocadas pela acgdo antropogénica, que levam
a que muitas espécies tenham que enfrentar ambientes extremos no limite da sua tolerancia, é de
uma importancia extrema o estudo dos processos evolutivos que permitem a adaptacdo das
espécies a novos ambientes.

No entanto, desvendar a base genética da adaptacdo ndo € um processo facil e involve diversos
fatores. A evolucdo experimental envolve observacdo em tempo real de populagbes em
laboratério que permitem elucidar a base genética da adaptacdo. No entanto, no estabelecimento
de populagcbes em laboratério estd implicito uma reducdo do tamanho efetivo da populagdo face
a populagdo existente na natureza. Tal é importante pois a reducdo do tamanho efetivo da
populacdo pode levar a reducédo da diversidade genética. Por outro lado, a fixagdo de uma mutagéo
benéfica esta dependente do tamanho efetivo populacional e da deriva genética: quanto maior o
efetivo populacional, menor vai ser o impacto da deriva genética nas frequéncias alélicas e mais
eficiente a selecdo natural. Assim, ha autores que defendem que as populagBes mantidas em
laboratério podem ndo ser representativas de popula¢bes naturais por ndo terem variabilidade
genética suficiente para produzir respostas aos processos que ocorrem na natureza. No entanto,
as populactes em laboratdrio séo uteis pois permitem um melhor controlo de fatores externos que
sdo dificeis de controlar em estudos com populacBes naturais. Estudos para quantificar
correlagdes genéticas entre variaveis fenotipicas requerem o uso de populacdes endogamicas,
populagdes estas mantidas com um efetivo populacional muito reduzido e geradas através de
cruzamentos entre irmdos, garantindo um nivel de inbreeding elevado, com o objetivo de atingir
um ponto em que todos os individuos sdo iguais entre si geneticamente. Estas populagdes podem
ser criadas a partir de populagbes exogamicas, populagdes em laboratorio, geradas a partir de
varias populacBes naturais e mantidas em nudmeros elevados com cruzamentos ao acaso.
Atualmente, gragas as novas tecnologias de sequenciacdo € possivel quantificar a variabilidade
genética presente em populacGes de laboratorio, quer de linhas endogamicas, quer de populagdes
exogamicas.

Acaros aranha (Acari: Tetranychidae) sdo uma familia de espécies de herbivoros haplodiploides,
em que os machos sdo haploides e sdo produzidos de ovos ndo fertilizados e as fémeas sdo
diploides, produzidas a partir de ovos fertilizados. Sdo acaros aranha pois tém a capacidade de
produzir teias com muitas fungdes, nomeadamente para a protecdo dos ovos e dispersao. O género
Tetranychus Dufour, 1832, é composto por 153 espécies, entre as quais 0 Tetranychus urticae
Koch, 1836. Esta é uma praga generalista que coloniza mais de 1100 espécies de plantas, muitas
destas de grande importancia econdmica para a agricultura como é o caso dos tomateiros. T.
urticae é a Unica espécie de acaro aranha com um genoma de referéncia que atualmente é
composto por trés grandes super scaffolds. Tetranychus evansi € uma outra espécie de acaros
aranha muito estudada devido a sua capacidade de suprimir compostos gerados pelas plantas
como um mecanismo de defesa. Dado que ambas tém tempos de geracdo curtos com a
possibilidade de criacdo de populagdes com um grande efetivo populacional, além de serem faceis
de manusear no laboratdrio s&o ideais em estudos que envolvem evolucéo experimental.

A combinag&o das tecnologias de sequenciagdo com a evolucdo experimental é ideal para o estudo
da base genética da adaptacdo. Estudos com evolucéo experimental focam-se maioritariamente
em perceber como é que 0s organismos se adaptam a apenas a uma Unica e constante alteracdo no
ambiente. Enquanto alguns estudos que envolvem evolucdo experimental introduziram variages
no ambiente numa escala diaria (“fluctuating environments”), poucos destes estudos tém em
consideracdo variagcbes ambientais no espaco. Assim, entender de que forma a existéncia de
ambientes heterogéneos tem impacto nas populagfes, pode ser importante no processo de
adaptacéo.



As plantas e os herbivoros vivem em conjunto desde hd milhares de anos. Desta forma, plantas
desenvolveram diversos mecanismos de defesa, de forma a evitar danos causados pelos
herbivoros. De acordo com a Hipotese da defesa elemental, a acumulacao de metais pesados nas
folhas pode ser considerada um mecanismo de defesa. No entanto, sabe-se que alguns herbivoros,
conseguem adaptar-se a essas condi¢6es e alimentarem-se de folhas com concentragdes elevadas
de metais pesados como o cadmio. Foi proposto que o mecanismo pelo qual os herbivoros sdo
capazes de inativar os efeitos nocivos dos metais pesados é através de metalotioneinas, proteinas
gue regulam a concentracdo de metais pesados nas células.

Assim, nesta tese pretendeu-se: 1) quantificar a variabilidade genética de popula¢Bes endo e
exogamicas criadas e mantidas em laborato6rio e 2) perceber como € que a heterogeneidade ao
nivel espacial afeta a adaptagdo a novos ambientes, nomeadamente em ambientes com cadmio.
Através da sequenciacdo Illumina de “pools” de mais de 200 acaros (Pool-seq), foi estimada a
heterozigotia esperada média das populacfes exogamicas de T. urticae e T. evansi e de nove
populagdes endogdmicas de T. evansi mantidas em laboratério. Era esperado que as populacfes
endogamicas tivessem uma menor diversidade genética em comparacdo com as populacdes
exogamicas. No entanto, os resultados obtidos indicam que as popula¢es endogamicas tinham
heterozigotia esperada média semelhante a popula¢do exogadmica de T. evansi. Tal leva a crer que
estas populagtes ndo sdo populacdes endogamicas como se tinha pensado. Estes resultados podem
ser explicados pela existéncia de fluxo genético entre populagdes endogamicas e/ou com a
populacdo exogadmica durante a manutengdo dos individuos no laboratério. No entanto, o facto de
as populagdes endogamicas e exogamicas terem a mesma diversidade genética também pode ser
explicado por diversos problemas na geracao dos dados gendmicos e no protocolo bioinformatico:
1) erros de sequenciacdo que dependem do tipo de maquina utilizada para a sequenciacao das
amostras; 2) erros de mapeamento associados ao algoritmo de alinhamento utilizado; 3)
enviesamentos devido ao genoma de referéncia utilizado (ndo existe atualmente genoma de
referéncia para a T. evansi); 4) diferengas estruturais no genoma das duas espécies; 5) presenca
de regides gendmicas semelhantes no ndcleo e mitocdndria (e.g. NumtS).

De forma a identificar regides no genoma envolvidas na adaptagdo ao cadmio em T. urticae, foram
criados a partir da populagdo exogamica de T. urticae, trés regimes de selegdo em que os acaros
estavam expostos a plantas com e sem cadmio, em ambientes homogéneos e heterogéneos. De
forma a detetar selecdo positiva, foram aplicados testes estatisticos que detetam alteracdes nas
frequéncias alélicas consistentes nas cinco réplicas, considerando as frequéncias alélicas do
regime controlo como as frequéncias iniciais. Encontramos varios SNPs com alterages
significativas nas frequéncias alélicas, tanto nos ambientes homogéneos como nos ambientes
heterogéneos, indicando que a adaptacdo tem uma base genética poligénica. Verificamos que
apenas 10.9% dos SNPs com alteracBes nas frequéncias alélicas significativas em comparacdo
com o regime controlo eram comuns nos ambientes homogéneo e heterogéneo, o que sugere que
a adaptacdo a ambientes homogéneos pode envolver alelos diferentes dos envolvidos em
ambientes homogéneos, 0 que demonstra a importancia de estudos com variagcdo espacial.
Surpreendentemente, ndo foram encontradas alteragdes significativas nas frequéncias alélicas nos
genes que codificam as metalotioneinas embora estes genes sejam dos mais estudados na resposta
a metais pesados. No entanto, um gene que codifica um canal de célcio (CACNA2D3) respondeu
de forma diferente em ambientes homogéneos e heterogéneos.

No futuro, serd necessario refinar o protocolo bioinformético, mais especificamente analisando
variacdo estrutural (por exemplo, insercdes e delecbes) para além de SNPs. Uma forma de
melhorar a dete¢do de SNPs sobre o efeito de selecdo positiva e balanceadora seria através de
simulacgdes de genomas para modelar a evolugédo de populagdes em condi¢des semelhantes as que
foram mantidas no laborat6rio. Adicionalmente, seria interessante investigar em mais detalhe as
0s genes que conttm SNPs que foram detetados com alteragBes nas frequéncias alélicas
consistentes com adaptacdo ao cadmio. De modo a esclarecer a base genética da adaptacéo a
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ambientes heterogéneos, seria interessante analisar em mais detalhe os genes com SNPs detetados
sobre selecdo exclusivamente nos ambientes heterogéneos.

Palavras-chave: Tetranychus urticae; Tetranychus evansi; Populagdes exogamicas; Populagdes
endogamicas; CACNA2D3
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1. Introduction

Adaptation is a crucial process that allows organisms to survive and reproduce when there are
changes in the environment!2, Over the last few decades, attention on the molecular basis of
adaptation increased mostly thanks to quantitative trait locus (QTL) analysis, molecular
population genetics and microbial experimental evolution studies?. More recently, the study of
adaptation has been focused on assessing the adaptive potential to climate change, since many
species are being forced to confront dramatically changed environments, a consequence of
anthropogenic actions®. Therefore, understanding the genetic basis of adaptation is of utmost
priority and a major goal in evolutionary biology*®.

At the genetic level, adaptation can result from the appearance of new beneficial mutations, by
introgression and standing genetic variation at a single or multiple loci®’. Additionally, it depends
on the interaction of different factors, such as environmental variation in time and space, the initial
allele frequencies of the beneficial mutations and the demographic history of the populations that
englobes gene flow and effective population size. Together these factors determine the impact of
drift and the strength and mode of selection*®*2, For instance, the fate of a beneficial mutation
with a selective coefficient of 0.001 (s=0.001) will depend on the effective population size: the
beneficial mutation can become fixed in a large population, provided that twice the effective size
(Ne) times the selective coefficient s is larger than 1 (e.g., with Ne=10000, 2Ne*s>1), whereas it
is more likely to be lost due to drift in a small population. That is why the effective population
size is important during the establishment and maintenance of laboratory populations, as most
founding events entail a reduction in population size®®, leading to loss of genetic diversity that
can hamper adaptation from standing variation, and/or prevent adaptation due to a stronger effect
of drift. Yet, there are conditions where maintaining populations at a very small effective size is
useful such that drift leads to a quick loss of diversity, ensuring all individuals are genetically
identical. Inbred lines are laboratory populations that can be shared among laboratories, and are
a useful tool to measure the broad-sense heritability of a given trait, allowing for a better
understanding of the genetic architecture of quantitative traits by linking phenotypes to
environmental conditions!#*!®. They can be obtained through sib-mating crossing, which
guarantees high levels of inbreeding after some generations®®. Several inbred lines have been
created for different species, representing different fixed genotypes (reviewed in *°), one of them
being DGRPs for Drosophila melanogaster®. In order to generate lines that represent different
genotypes, it is important that there is enough genetic variability in the populations. This can be
achieved by using outbred populations, which are populations generated via controlled crossings
and maintained with large population sizes and random mating, to avoid loss of genetic diversity
due to genetic drift (which is stronger the smaller the effective population size®™. Although
studies with populations in the laboratory allow for the control of environmental variables, which
is difficult to achieve in nature'”, they have long been criticized because laboratory populations
might not harbour sufficient genetic variability to produce representative responses of the
processes occurring in natural populations'®?°. Therefore, quantifying the genetic variability of
populations is essential for studies involving laboratory populations. This has been done in some
species/systems, but often using just a small number of selected markers (e.g. microsatellites?:?,
which may not effectively reflect genome-wide diversity?).

Recent advances in high-throughput sequencing and the increase in computational power, over
the last decades, changed the way researchers conducted their experiments. Sequencing multiple
individuals from the same or different species is now a common practice in genomic studies?*%
and sequencing several individuals of the same population together is now possible through Pool-
sequencing (pool-seq)?-28. By comparing the genomic composition of populations from different
environments it is possible to identify regions showing genetic differentiation. It is expected that,
in those genomic regions involved in adaptation, there will be a higher genetic differentiation,
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than at the neutral genomic background®®. Studies have shown that adaptation can be highly
specific to certain genomic regions, with a single gene of large effect. A well-known example is
the genetic variation in colour-specific adaptation on deer mice of Nebraska®, where selection
for light-coloured mice in light soil and dark-coloured mice in dark soil is achieved through
multiple mutations at a single gene, the Agouti gene. Another example comes from sexually
selected traits, such as Soay sheep horns®2. Most variation in this trait is maintained by a trade-off
between natural and sexual selection at a single gene, relaxin-like receptor 2 (RXFP2).
Contrastingly, adaptation on complex traits, such as height, is known to have a polygenic basis,
with many genes involved in the process of adaptation, each one of them with a small effect®,
Another example of a polygenic basis is the adaptation to drought in Brassica rapa, where
hundreds of SNPs in stress response genes were identified.

Spider mites (Acari: Tetranychidae) are a family of arrhenotokous haplodiploid herbivorous
species, meaning that males are haploid and are produced from unfertilized eggs and females are
diploid and produced from fertilized eggs®. The name “spider” highlights their ability to produce
silk-like webbing used for the protection of eggs, to make a protective tent for moulting, guarding
of quiescent females deutonymphs by the males and it is also used for dispersal®-%. The genus
Tetranychus Dufour, 1832 gathers 153 valid species®, one of which is the two-spotted spider
mite, Tetranychus urticae Koch, 1836. T. urticae is an extreme generalist pest, colonizing more
than 1100 host species®®3°, some of them being of high economic importance in agriculture such
as tomatoes, hops, strawberries, apples, almond, grapes, corn, greenhouse vegetables and
ornamentals®“°. T. urticae is the first chelicerate with a completed reference genome #!, which is
assembled into 3 super scaffolds*?. Tetranychus evansi is another species of spider mites, native
to South America but spread worldwide, with a highly invasive nature in solanaceous crops,
especially in tomato plants®®#. Given short generation times, the possibility to generate
populations of large sizes and ease of maintenance in the laboratory, spider mites are ideal for
experimental evolution studies*. This methodology, through the control of different
environmental variables on several replicated populations, offers a way to establish a causal link
between evolutionary processes and adaptation patterns*e.

The combination of pool-seq with experimental evolution (evolve and resequence)!®? is a
powerful tool to investigate the genetic basis of adaptation to different environments (e.g. 224647).
Most experimental evolution studies focus only in changes of a single and constant factor
throughout time®*475%, While some studies introduced fluctuating environments to their
experimental design, where populations are subjected to, for example, a trend of successive
increase in temperature over a stipulated number of generations and/or changes in temperature
throughout the day, i.e. circadian fluctuation® 8, a very few experimental designs explore
variable selection in space, despite the probable importance of variable selection in space®. In fact,
to our knowledge, only Huang, Y. et al (2014; ) aimed to examine the effect of environmental
heterogeneity on genetic variance, using high-throughput sequencing technology and
experimental evolution. The authors found a higher within-population diversity (x) on a spatially
heterogeneous regime compared in homogeneous regimes, for both sites under differential
ecological selection (and those closely linked to them) and when the non-neutral variable sites
were included. Therefore, more studies with the same or similar experimental designs are
necessary to better understand how spatial heterogeneity affects adaptation to new environments.

Plants and herbivores have been living together for several million years, and thus plants have
evolved several defence mechanisms (reviewed in ): direct defences, such as the production of
specialized morphological structures (e.g. hairs, trichomes, thorns) or indirect defences such as
the release of volatiles that attract natural enemies of the herbivores (e.g. nectar). In the context
of heavy metal accumulation, a possible defence mechanism has been proposed by the Elemental-
defence hypothesis, explaining why some plants (known as hyperaccumulators) absorve one or
more types of heavy metals from the soil with consequent accumulation in the leaves®%2, In
choice studies, several Lepidoptera larvae preferred plants without Selenium, a non-essential
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heavy metal®®-%, suggesting the importance of the accumulation of Selenium (and heavy metals
in general) as a plant defence. However, some herbivores were able to adapt to feed on plants
with high heavy metal concentrations. For example, Freeman, J.L. et al (2006, ®) identified a Se-
tolerant variety of the Plutella xylostella moth (P. xylostella stanleyi) abundant on the desert
princes plume (Stanleya pinnata) plants that is able to survive on selenium hyperaccumulator
plants of the same species®®. Previous studies from the team where this thesis was developed have
also corroborated this hypothesis, by demonstrating that cadmium accumulation (another non-
essential heavy metal) by tomato plants (Solanum lycopersicum) affects the performance of spider
mites®’. Spider mites also show variance in the response to cadmium on metal-accumulating
tomato plants and depend on both the populations and metal concentrations used®. Therefore,
studies on the adaptation to heavy metals in herbivores are needed, to better understand the
interaction between herbivores and hyperaccumulating plants.

In this thesis, we aimed to 1) quantify the genetic variability of the outbred populations and inbred
lines, described in Godinho et al (2020, **) and 2) understand how spatial heterogeneity affects
the adaptation to new environments, namely on cadmium heavy metal environments. For aim one,
we used genome-wide data from pools of individuals of two spider mites species present in the
laboratory, namely two outbred populations (T. urticae and T. evansi) and 9 inbred lines of T.
evansi. We estimated expected heterozygosity as a proxy of the genetic variability, and we
hypothesized that outbred populations showed similar levels of genetic variability as natural
populations. In addition, we also hypothesized that inbred lines would present lower genetic
diversity compared to the outbred populations, because of the inbreeding process. For aim two,
we used Pool-Seq genome-wide data from an experimental evolution experiment following
changes associated with adaptation to heavy metals in selection regimes with spider mites exposed
in homogeneous or heterogeneous spatial environments composed of tomato plants developed
with or without high cadmium concentrations. We analysed genomic patterns of the experimental
evolution regimes of the T. urticae outbred population to understand the genetic changes
associated with the adaptation of spider mites to cadmium. Namely, we aim to identify genomic
regions of adaptation to cadmium on a homogenous regime. We expect to detect changes in allele
frequencies on metallothioneins, as these proteins are the best-known stress response system to
heavy metals on several taxa from invertebrates to fish and mammals®-"2. Moreover, we also
want to quantify the impact of spatial variation in the environment (i.e. plants with and without
cadmium - heterogeneous regime) on changes in allele frequencies at the genomic level, and
whether they differ from the homogeneous regime.

2. Methods

2.1 Genetic characterization of the populations in the laboratory
2.1.1 Creation and maintenance of Qutbred and Inbred lines

The outbred and Inbred lines were established and maintained in the laboratory of MITE? group
at cE3c, prior to the start of this thesis. Given its importance to interpret results, a brief description
of how they were established and maintained before generating whole genome data is provided
here. A detailed description is given in Godinho et al (2020, *°). In summary, for the creation of
the outbred populations, methods to avoid well-known reproductive incompatibilities in spider
mites were taken into consideration. For T. urticae, only individuals with the green form were
considered, while for T. evansi, only individuals from populations corresponding to clade | were
kept®. Moreover, populations were merged by performing inter-population crosses in a controlled
match design, to avoid the overrepresentation of genotypes from a given population. All mites
were collected from tomato field plants in Portugal. The T. evansi outbred was founded with 576
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females from 4 different nearby locations, 3 of them within the Lisbon district and one in Algarve.
While the T. urticae outbred population was founded with 306 females, from 3 different
geographic locations, within the Estremadura region. Since the creation of both Outbred
populations, they have been maintained in the laboratory at 25 °C and 65% humidity, with
overlapping generations in detached tomato leaves, replaced every two weeks.

Inbred female lines of T. evansi were created by randomly sampling and isolating a single female,
two generations after the creation of the T. evansi outbred population. In total, 9 lines of brother-
sister mating were maintained for over 15 generations. The lines used in this thesis had an
expected inbreeding coefficient of at least 95.1% and a probability of being fully inbred of at least
93.6% when collected®®. We analysed the genomic data of 9 inbred lines coded as Te8, Tel4,
Tel9, Te23, Te27, Te28, Te29, Te32 and Te42.

2.1.2 Creation of experimental evolution populations

To investigate how populations adapt to cadmium in homogeneous and heterogeneous
environments, an experimental evolution study was previously conducted in the MITE?
laboratory, as illustrated in Figure 2.1. Three selection regimes were created by transferring 220
females from the T. urticae outbred population, experimentally evolving with 1) tomato plants
with no cadmium (control, homogeneous environment); 2) tomato plants with high cadmium
concentrations (homogeneous environment); 3) tomato plants with either no cadmium or high
cadmium concentration (heterogeneous environment). Cadmium concentrations of 2 mM were
chosen based on the results obtained in Godinho et al (2018, ¢7). All selection regimes were
replicated five times and maintained for over 55 discrete generations transferring 220 adult
females from the previous generation to a new box.

T. urticae outbred
population

No Heterogeneous

Cadmium Cadmium environment

Figure 2.1: Schematic representation of the experimental design used in the experimental evolution. The three selection
regimes were each created with 220 females from the same outbred population. A non-cadmium regime where T.
urticae evolved on tomato plants (control); a cadmium regime where the population evolved on tomato plants watered
with a cadmium solution twice a week (homogeneous environment); an heterogeneous environment with plants evolved
with and without the presence of cadmium. All three regimes had 5 replicates each and the experiment lasted for 55
discrete generations.

2.2 Whole-genome sequencing (WGS) of pools of individuals (Pool-seq)

After one generation of common garden, DNA was extracted for all samples using a modified
protocol from (Grbi¢ et al. 2011), where the number of females used for pools and the sequencing
technology varied depending on the objectives, as described below.



To assess the genetic diversity of both inbred and outbred populations (section 2.1.1), pools of
400 females were randomly sampled. Library construction and sequencing were performed at
Instituto Gulbenkian de Ciéncia, where pair-end reads of 150 bp reads were sequenced with
Illumina Miseq. Raw data (fastq files) from two Outbred populations and nine Inbred lines were
analysed.

To detect signatures of adaptation to cadmium at the genomic level, and whether those differ
between homogeneous and heterogeneous environments, we extracted DNA and analysed pools
of 200 females randomly sampled from each of the 5 replicates of the 3 selection regimes at the
end of the experiment (section 2.1.2). Sequencing was outsourced at Novogene, obtaining for
each pool pair-end reads of 150 bp using Hlumina Next seq 2000. In total 15 datasets
corresponding to five (replicates) x three (regimes) of raw Illumina data (fastq files) were
processed and analysed.

2.3 Reference genome selection

In this thesis, we used the reference genome of Tetranychus urticae from Wybouw et al (2019,
42). This genome was chosen because it is assembled into three main super scaffolds called
pseudochromosome 1, 2 and 3. This assembly is thus less fragmented than the one published in
2011 (*). To quantify what is the proportion of the genome encompassed by these three super
scaffolds we used Qualimap (version 2.2.2a; "*74). According to Qualimap results, these three
pseudochromosomes represent 94.41% of the entire genome with an estimated size of
approximately 90 Mb. All other scaffolds were discarded. No reference genome is available for
T. evansi and so all reads from T. evansi pools were mapped against the T. urticae reference
genome.

To evaluate the impact of the choice of the reference genome, given that there are full
mitochondria sequences available for several strains of T. urticae and T. evansi, we mapped reads
from the T. urticae outbred population pool against different mitochondria reference genomes of
T. urticae and T. evansi (Table 1).

Table 2.1: Different mitochondria strains of the two species analysed (T. urticae and T. evansi). All genomes were
extracted from NCBI in March 2022. Host plant represents the plant mites were kept in the laboratory; BR-VL is a
strain created from LS-VL; T. evansi was collected directly from eggplant fields and sequenced

Strain Specie Host Plant Reference / NCBI accession humber

London T. urticae Bean \Wybouw et al. 2019 (4?)

LS-VL T. urticae Bean 'Van Leeuwen et al. 2008 ("°) / NC_010526.1
or EU345430.1

BR-VL T. urticae Bean 'Van Leeuwen, Tirry, and Nauen 2006 (76) /
EU556754.1

Red T. urticae Bean Chen et al. 2014 ("?) / KJ729023.1

Green T. urticae Bean Chen et al. 2014 ("?) / KJ729023.1

- T. evansi Eggplant (field)  [Sun et al. 2019 (7") / MN417333.1

2.4 Data Processing

The bioinformatics pipeline was the same for all the reads (fastq files) analysed, unless otherwise
stated. Reads from all outbred and inbred lines (section 2.1.1) were mapped against the T. urticae


https://www.ncbi.nlm.nih.gov/nuccore/EU556754.1

reference genome, available T. evansi mitogenome and all the T. urticae mitogenome strains
present in table 1. Reads from the three experimental evolution selection regimes (section 2.1.2.)
were mapped only to the T. urticae reference genome.

The pre-processing of the raw reads sequenced data involved the following steps. Adapters were
removed from reads by the sequencing facilities. We assessed the quality of the raw reads (without
adapters) with FastQC (version 0.11.9; "®). Due to poor base quality at the tips of reads, trimming
was performed with Trimmomatic (version 0.39, ’®) using a pair-end mode ‘PE’ to remove low
base quality reads. Based on results from FastQC we removed the first 19bp from the tips for the
outbred and inbred lines (CROP: 150 HEADCROP:19), and the first 10bp (HEADCROP:10) for
the three experimental evolution regimes, as those corresponded to regions with a different AT
and/or GC per base sequence content. Quality was accessed again with FastQC (version v0.11.9;
8) to ensure that trimming was successful. We computed several metrics for raw files and trimmed
reads, which are reported in Supplementary Table 1.

Mapping of reads to the different reference genomes was performed using the Burrows-Wheeler
Aligner (BWA) MEM (version 0.7.17, &) with the default settings. To ensure compatibility with
the program Picard tools, which was used for further filtering steps, we included the M argument
in BWA MEM. The resulting BAM files were validated and further filtered using several Picard
tools (version 2.26.11, ®): read groups were added and files were sorted with
AddOrReplaceReadGroups; duplicated sequences were removed with MarkDuplicates; and the
mapping quality was set to zero for unmapped reads using CleanSam. Further filtering was done
to keep only reads properly mapped and with a base quality higher than a Phred score of 20, which
was performed with SAMTOOLS view (version 1.11, 8). Several metrics regarding mapping,
such as coverage and the number of mapping reads, were obtained from QUALIMAP (version
2.2.2a; 1374,

To obtain estimates of allele frequencies in each pool of individuals, we considered the allele
counts for each position in the genome and for each nucleotide, estimated using ANGSD (version
0.933, 8). We assumed that the relative number of reads (depth of coverage) for each nucleotide
for each population and each site reflected the allele frequencies. To account for the effects of
errors during mapping and sequencing associated with genomic regions with low depth of
coverage, we discarded all the sites with base quality lower than 20 (in Phred score) and depth of
coverage less than four reads within each sample. Moreover, to determine the minor and major
alleles, we considered the total counts of each nucleotide for all the populations being analysed,
using a custom script. For example, to detect SNPs under positive selection (for more details
check section 2.6), the minor allele was identified based on the total counts of each nucleotide of
the 10 populations (5 replicas of the control and 5 replicas of the selection regime). If the overall
minor allele is a cytosine (C) for a particular SNP, we considered the counts for the cytosine in
each one of the 10 populations.

For the analysis of variation in the mitochondria, since it is known that there are regions in the
nuclear genome similar to the mitochondria genome (e.g. nuclear sequences of mitochondrial
origin - NumtS) can introduce an additional bias on SNP detection®8%, two additional steps were
performed before the allele count step on ANGSD for the files mapped only against mitochondrial
genomes (Table 1). First, only reads mapped to the mitochondria genome were kept using
SAMTOOLS view (version 1.11, 8). Second, ANGSD read count to estimate the allele
frequencies was done with a minimum mapping quality of 50, based on the mean mapping quality
results obtained from QUALIMAP (version 2.2.2a; ). In all the steps of the bioinformatic
pipeline described above, the default parameter settings were used for all software mentioned,
unless specifically mentioned otherwise.



2.5 Calculation of measures of genetic diversity and differentiation

To quantify genetic diversity and differentiation, we considered statistics that depend on allele
frequencies, such as expected heterozygosity (a measure of diversity within populations) and
pairwise Fs (a measure of differentiation between pairs of populations). These were calculated on
R (version 4.2.2, 8) using custom scripts and are described in the next sections. Sequencing depth
of coverage has a strong influence on allele frequency estimates and the ability to detect SNPs
using poolSeq data?®’. Moreover, the depth of coverage is expected to show substantial variation
across the genome, due to differences in sequencing efficiency. Therefore, to define a set of SNPs
common in all samples, minimising the influence of sequencing errors and mapping errors, we
only kept sites with: 1) allele counts higher than 0.01 * total depth of coverage, for each sample;
2) depth of coverage values between the quantile 25 and 75, excluding both positions with low
and high depth of coverage values; and 3) only two alleles (major and minor alleles). Additionally,
to ensure that the same SNPs existed for the five replicates in the experimental evolution regimes,
sites where minor counts were equal to zero in three or four of the five replicates in each regime
were excluded from the analysis.

2.5.1 Genetic diversity

The expected heterozygosity (He) was used to quantify genetic diversity. It was computed for
each genome position using the following formula:

He=1-fa%— fc?>—fe?— 1%, (2.1)

where fx indicates the allele frequency of nucleotide x. For each position in the genome, the allele
frequencies were calculated as:

fx=cx/D, (2.2)

where fy indicates the frequency of allele X (A, C, G or T) in a given sample, cx is the number of
reads with allele X and D indicates the total depth of coverage for each position in the genome.
Positions with expected heterozygosity equal to zero were removed from the analysis since it is
known that the nucleus and mitochondria genomes have different mutation rates, that will affect
the number of polymorphic sites present in these two genomes®. Therefore, we computed the
average He separately for the nucleus DNA and mitochondria DNA and only for the positions
with He higher than zero.

2.5.2 Genetic differentiation

To estimate the degree of differentiation between pairs of populations we estimated mean Fst
values separately for the mitochondria and for the nuclear genomes. Mean Fst was calculated
between: 1) the two Outbred populations of T. evansi and T. urticae; 2) the nine inbred lines of T.
evansi and outbred T. evansi population; 3) all possible pairs of inbred lines among themselves.
Fst was computed based on the read counts for each nucleotide in the two populations considered
for each pair. The total number of reads for each nucleotide was obtained by summing the read
counts of the two populations for each nucleotide. For each position, the minor allele was defined
as the allele with fewer read counts across the two populations. Fst was calculated using the Nei
(1973; #) estimator as:

Fop = 2221w (2.3)



where m,, is the mean genetic diversity within populations, and m; is the genetic diversity
calculated between populations. Assuming that SNPs are biallelic with a frequency fz of the minor
allele across the two populations in population Z, the mean within the diversity of both
populations was calculated based on the genetic diversity r,,, of each population Z as follows:

Tz = = (L= fF = (1= f; ), (2.4)

where Z can correspond to population 1 or 2 and D indicates the total depth of coverage, as
indicated in equation 2.2. The average m,, was computed as:

T, = @, (2.5)

The diversity between the populations was calculated as:

it ] A-f)+A-1)
12 2)2 _ ( 1 . 2)2,

T =1 ( (2.6)

where f; and f; represent the allele frequency in population 1 and 2, respectively.

2.6 Detecting SNPs under positive selection involved in adaptation in
homogeneous and heterogeneous environments

To detect SNPs with changes in allele frequencies consistent with the action of positive selection
we considered two tests based on comparing allele frequencies in different selective regimes and
replicates. These are based on several assumptions that we detail next (reviewed in %°). In absence
of selection, changes in allele frequencies in populations with the same effective population size
(e.g. replicates) are random, due to genetic drift. On the contrary, when there is positive selection
due to adaptation to a given environment, the frequency of the beneficial allele will increase for
all replicates in the same environment (e.g., increase in all replicates of the homogeneous regime).
In homogeneous environments, we expect directional selection (i.e., positive selection) during
adaptation to cadmium. For heterogeneous environments, predictions are less clear. Directional
selection can also occur, if alleles that are favoured in cadmium are also favoured or neutral in
the environment without cadmium. Directional selection is detectable with the statistical tests we
used. However, these tests cannot detect other types of selection that can occur (e.g. balancing
selection).

To determine whether allele frequencies were consistently different between the control and the
homogeneous and heterogeneous environment regimes, we performed two comparisons: 1)
control vs cadmium (homogeneous), 2) control vs heterogeneous regimes. Two statistical tests
were used to quantify changes in allele frequencies: a general linear model (GLM) with a
quasibinomial error structure proposed by Wiberg et al. (2017; °%) and an adapted version of the
Cochran-Mantel-Haenszel (CMH)®, test for time series pool-seq data®®. For the general linear
model, minor and major allele counts were used as response variables (using the cbind function
from R) and the regime was used as an explanatory variable, using a quasibinomial error
distribution. According to Wiberg et al. (2017; °%), the quasibinomial GLM test produces
appropriate false positive and true positive rates. However, here we did not consider the replicates
of each regime and so, the minor alleles of the five replicates of a selection regime will be
considered as a pool and will be compared with a pool of the minor alleles of the five replicates
of the other selection regime that is being compared to. This can lead to potential false positives
as, during the experiment, replicates were assessed during different days of the same week (i.e.
replicates were treated as blocks on the experimental design). CMH is the most widely used
statistical method to compare allele frequencies across replicates, with several examples in
Wiberg et al. (2017; ). As the CMH test implemented in the Popoolations software performed
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poorly on accurately detecting SNPs®, another version of the CMH test also implemented for
pool-seq data was chosen. Minor and major allele counts of the control and the selected regimes
(control vs. homogeneous regime and control vs. heterogeneous regime) were given as inputs of
the cmh.test function (poolSeq package, version 0.3.0; %). However, we did not have the initial
and final generation of the selection regimes. Thus, we used the assumption that the control
population at generation 55 would be a good representative of the initial frequencies present in
the initial generations of the other selection regimes. This approach has a major caveat, as the
CMH test can, in the absence of time series data, lead to potential false positives, since allele
frequencies of generation zero of control and generation 55 of control will not stay constant due
to drift. Moreover, possible de novo mutations can also appear in the populations®.

In order to mitigate this problem, we used a conservative criteria to identify SNPs with significant
differences in allele frequencies between regimes, by considering only SNPs that showed
statistically significant results after a false discovery rate (FDR) adjustment in both tests. That is,
only SNPs with a p-value < 0.05 in both statistical tests (CMH and quasibinomial GLM) after the
Benjamini-Hochberg adjustment (FDR; *°) were considered to show differences in allele
frequencies between the control and selective regimes. The FDR adjustment was calculated using
function p.adjust from R. Furthermore, we applied an extra criterion to obtain the final list of
SNPs potentially under positive selection. By assuming that positive selection would lead to major
changes in allele frequencies between the control and selection regimes, we only considered SNPs
where the beneficial allele frequency would change from minor (frequency less than 0.5) to major
(frequency larger than 0.5). Mean minor allele frequencies were calculated for each regime,
considering the mean across the five replicates. Thus, we only maintained SNPs where the minor
allele in the control becomes major in the selective regime (green quadrant in Fig. 2.2), or the
opposite, i.e., a major allele in the control becomes minor in the selective regime (blue quadrant
in Fig. 2.2), meaning that the beneficial allele was at a low frequency in the control.
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Figure 2.2: Schematic representation of the mean allele frequencies of the candidate SNPs under positive selection. The
x-axis represents the mean allele frequency of all replicates of the Control Regime and the y-axis represents the mean
allele frequency for all replicates of the selection regime (homogeneous or heterogeneous regimes). SNPs with mean
allele frequencies below 0.5 on control (minor allele) and above 0.5 on the X regime (major allele) are represented in
green; SNPs with mean allele frequencies above 0.5 on control (minor allele) and below 0.5 on the X regime (major
allele) are represented in blue; SNPs with mean allele frequencies below 0.5 on control (minor allele) and below 0.5 on
the X regime (major regime) are represented in pink. Only SNPs in the green and blue quadrants were considered to
show changes in allele frequencies compatible with positive directional selection.

All analyses were done on R (version 4.2.2, ).



2.7 Candidate gene approach to detect SNPs under positive selection

To identify genes that are involved in adaptation in homogeneous or heterogeneous environments
with cadmium we also used a candidate gene approach. This strategy has been used since the last
decade mostly to identify genes associated with diseases®. It consists of the identification of
genetic markers for a gene likely to be involved in the phenotype of interest®.

Metallothioneins are proteins known to play a general role in the metabolism and detoxification
of a number of essential and nonessential heavy metals and were identified in several species from
microorganisms to fish, plants and mammals®-72% making them a key candidate to show
adaptive responses to cadmium. A brief bibliography search was performed using Nordberg, M.
& Nordberg, G.F. (2022; %) as the base article as it gives a historical review on Metallothioneins
and Cadmium Toxicology. Since this review is focused on human health effects, some of the
genes mentioned might be specific for mammals or simply not annotated in the T. urticae
reference genome. Therefore, we searched for articles using the keywords “cadmium” and “gene”
on google scholar to look for genes that can be involved in the response to cadmium. Moreover,
on the T. urticae annotations document*?, we searched for genes of the same gene family and/or
with associated GO terms, as is the case for zinc and ion regulated transporters (ZIP), metal-
inducible proteins (MIP) and solute carrier group of membrane transport proteins (SLC). The list
of genes identified is provided in Supplementary Table 1.

3. Results

Results are divided into two main sections assessing: 1) the genetic diversity of inbred and outbred
populations; and 2) detecting candidate SNPs involved in adaptation to cadmium in homogeneous
and heterogeneous environments. For both sections, we estimated the levels of expected
heterozygosity and the total number of SNPs to quantify the genetic variability of laboratory
populations and the three selection regimes. In addition to the referred aims, in section 1) we used
different mitochondrial strains to assess the impact of the reference genome on the estimation of
the measures of diversity. For section 2) we identified SNPs with significant differences in allele
frequencies between the control and selective regimes with cadmium, allowing us to provide a
list of candidate SNPs associated with adaptation to cadmium, and to assess whether the same or
different SNP show changes in allele frequencies in homogeneous and heterogeneous
environments.

3.1 Genetic variability and differentiation of Outbred and Inbred lines in the
laboratory

3.1.1 Obtaining a High-Quality SNP data set

Information on the total reads obtained from the sequencing platform, before and after mapping
and filtering, as well as depth of coverage, mapping quality and GC content are present in
Supplementary table S2. Whole-genome Illumina sequencing resulted in approximately 17.1
million paired-end reads per population when mapped to the T. urticae reference genome and
approximately 71.9 thousand paired-end reads per population when mapped to the T. evansi
mitochondrion. T. urticae outbred population had the highest percentage of mapped reads
(89.62%) and the highest mean mapping quality (44.6 in Phred score). For the T. evansi outbred
population, a lower proportion of reads (56.56%) were mapped against the T. urticae reference
genome, with a lower mean mapping quality (31.7 in Phred score). For the inbred lines, Te32 had
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the lowest percentage of mapped reads (48.29%) while Tel4 had the highest percentage (60.25%).
Overall, for the inbred lines tested and the T. evansi outbred population, mean mapping quality
was higher when mapping to the T. evansi mitochondria genome compared to mapping to the
reference genome of T. urticae. After mapping and filtering, the mean and standard deviation of
the depth of coverage were calculated for the nucleus and mitochondria, separately. For the
mitochondria, both T. evansi and T. urticae mitochondrial reference genomes were considered.
For the inbred lines, mean depths of coverage ranged from 71.76x to 153.28x and from 82.19x to
155.70x on the mitochondria when mapped to the T. urticae and T. evansi mitochondria reference
genomes, respectively. For the T. evansi outbred population, the mean depth of coverage was
284.21x and 209.99x when mapped against the T. evansi and T. urticae mitochondria reference
genomes, respectively. For the T. urticae outbred population we found a similar pattern, with a
higher coverage when mapping against the mitochondrial reference genome of the same species,
i.e., we found a mean depth of coverage of 332.19x and 557.71x when mapped to the T. evansi
and T. urticae mitochondria reference genomes, respectively. When mapping all reads against the
T. urticae mitochondria reference genome, we found a higher mean depth of coverage for T.
urticae (557.71x) than for T. evansi outbred population (209.99x). For the nuclear genome, only
the T. urticae genome is available. Mean depths ranged from 20.91-44.21x on the inbred lines.
For the outbred populations, we found similar depth of coverage, although they were both mapped
to the reference genome of T. urticae. Namely, for the T. evansi outbred population we obtained
a mean depth of coverage of 34.46x, while for the T. urticae outbred population it was 35.31x.

After filtering, the total number of SNPs detected in the mitochondria and nuclear genomes, when
mapped to the T. evansi and T. urticae genomes are present in Fig. 3.1 A&B, for all populations.
The number of SNPs was higher in the nucleus than in the mitochondria, in particular for the T.
urticae outbred population (Fig. 3.1). We obtained more SNPs for T. urticae than T. evansi
outbred populations, with a total of 1,443,767 and 635,445 SNPs found in the nucleus,
respectively (mapped to the T. urticae reference genome). For T. evansi inbred lines the total
number of SNPs in the nuclear pseudochromosomes was similar to the T. evansi outbred
population, ranging from 377,112 to 645,773 SNPs. When mapped to the T. urticae mitochondria
genome, we found less SNPs in T. urticae oubred than in T. evansi outbred, with 17 and 202
SNPs, respectively. For the inbred lines, the number of SNPs in the mitochondria was similar to
the outbred T. evansi, with values ranging from 178 to 215 SNPs. When mapping reads to the T.
evansi mitochondria reference, we found more SNPs for T. urticae outbred than for T. evansi
outbred, with 311 and 36 SNPs, respectively. For the T. evansi inbred lines, the number of SNPs
tended to be similar or higher than for the T. evansi outbred, with values ranging from 39 to 103
SNPs. Thus, a general pattern observed in our data was that the number of SNPs increased when
mapping reads to the mitochondria genome of a different species.
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Figure 3.1 Total number of SNPs of the T. evansi and T. urticae laboratory populations. A) Total number of SNPs in
the nuclear genome. B) Number of SNPs on mitochondria, when mapped to the T. urticae and T.evansi genomes.
Values were obtained when mapping to the T. evansi mitochondria genome (green bar; MN417333.1) or to the T.
urticae on nucleus (blue bar) and mitochondria (red bar). TeX: T. evansi inbred lines. TeOut: T. evansi outbred
population. TuOut: T. urticae outbred population. In the nucleus (A), T. urticae outbred population had the highest
number of SNPs detected while T. evansi inbred lines and T. evansi outbred population had similar number of SNPs
detected. In the mitochondria (B), when mapped to the T. urticae mitochondria genome, T. evansi populations (inbred
and outbred) had a higher number of SNPs detected when compared to the T. urticae outbred population. When mapped
to the T. evansi mitochondria genome, opposite results were obtained with the T. urticae outbred population having
311 SNPs detected on mitochondria, three times higher than the T. evansi populations.

3.1.2 T. evansi inbred and outbred populations show few differences in expected
heterozygosity across the three pseudo chromosomes

To assess the genetic diversity of populations at the genome-wide level, we estimated mean
expected heterozygosity for each population, separately for the nucleus and mitochondria (Fig.
3.2). Since the mutation rate is higher in the mitochondria genome, compared to the nucleous®®,
we expected a higher number of SNPs in the mitochondria, and thus a higher average expected
heterozygosity in mitochondria. To remove the effect of differences in mutation rates, we
calculated the mean of heterozygosity only for the polymorphic sites (i.e., sites with expected
heterozygosity equal to zero were removed from the analysis). However, the genetic diversity of
the populations considering all sites (i.e., including the sites with expected heterozygosity of zero
as well) is present in Supplementary Figure S1.

The T. urticae outbred population presented approximately four times higher mean expected
heterozygosity in the nucleus than in the mitochondria, when mapped to the T. urticae reference
genome (Fig. 3.2, blue and red bars), i.e., the mean in the mitochondria is 0.037 and, in the
nucleus, itis 0.157. In contrast, the Te23 T. evansi inbred line and the T. evansi outbred population
show similar heterozygosity in the mitochondria and the nucleus (Fig. 3.2, blue and red bars),
while Te27 T. evansi inbred line showed higher mean expected heterozygosity on mitochondria
compared to the nucleus, when reads were mapped to the T. urticae reference genome.

In the nucleus, for the T. urticae outbred population the mean expected heterozygosity was 0.157
(£ 0.159) while for T. evansi outbred population it was 0.111 (£ 0.109) (Fig. 3.2, blue bar). For
inbred lines, the value ranged from 0.099 to 0.156 (Fig. 3.2, blue bar). Overall, T. evansi inbred
lines have similar mean expected heterozygosity values to the T. evansi outbred population.

12



3.1.3 Effect of mitochondria reference genome

When reads of T. evansi inbred lines and outbred population were mapped against the T. evansi
mitochondria reference genome, the heterozygosity ranged from 0.030 to 0.050 for the inbred
lines and was 0.057 (+ 0.060) for the outbred T. evansi population (Fig. 3.2, green bar). These
values are lower than when computing heterozygosity based on reads mapped against the T.
urticae reference mitochondria genome, where values ranged from 0.089 to 0.127 for the inbred
lines, and 0.116 (+ 0.108) for the outbred T. evansi (Fig. 3.2, red bar). A similar trend was found
for the T. urticae outbred, i.e., higher heterozygosity was observed when mapping the reads to the
reference of a different species, compared to when mapped to the same species. Our results
showed a higher heterozygosity of 0.138 (£ 0.122) when mapped against the T. evansi reference
mitochondrial genome (Fig. 3.2, green bar), than when mapped against the T. urticae reference
mitochondrial genome (heterozygosity of 0.0.037 (£ 0.023), Fig. 3.2, red bar). Thus, a higher
heterozygosity in the mitochondria was found when mapping against the reference genome of a
different species.

Region Mitochondria T. evansi Mitochondria T. urticae Nuclear T. urticae
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Figure 3.2: Mean Expected Heterozygosity of the T. evansi and T. urticae laboratory populations. VValues were obtained
when mapping to the T. evansi mitochondria genome (green bar; MN417333.1) or to the T. urticae mitochondria
genome (red bar) and nuclear genomes (blue bar). Error bars represent the expected heterozygosity standard deviation
values across the respective genomic regions, truncated on zero, since expected heterozygosity does not have negative
values. TeX: T. evansi inbred lines. TeOut: T. evansi outbred population. TuOut: T. urticae outbred population. The T.
urticae outbred population presents three times higher mean heterozygosity in the nucleus than in the mitochondria,
when mapped to the T. urticae reference genome (blue and red bars). On the other hand, T. evansi inbred lines have
similar mean He values to the T. evansi outbred population. Moreover, a higher heterozygosity in the mitochondria was
found when mapping against the reference genome of a different species.

We also observe changes in the genetic diversity, total number of SNPs and depth of coverage
when mapping reads of the T. urticae outbred population to mitochondrial genomes of different
strains of T. urticae (Fig. 3.3). In this case, mean expected heterozygosity ranged from 0.033 to
0.138 while total number of SNPs ranged from 17 to 304 (Fig. 3.3 A&B). The highest mean
expected heterozygosity and highest number of SNPs were obtained when reads from the T.
urticae outbred population were mapped to the T. evansi mitochondria genome.

The mean depth of coverage ranged from 332 to 558 (Fig. 3.3 C), with the lowest value found
when mapping T. urticae outbred population reads to the T. evansi mitochondria genome.
Mapping reads from T. urticae outbred population to the T. evansi mitochondria genome produced
many SNPs with low depth (minimum depth was only 65 reads compared to the minimum depth
of 253 reads obtained when mapping to the other mitochondria genome). Because depth of
coverage has a strong influence on allele frequency estimates and on the ability to detect SNPs,
especially on pool-seq?*®’, we added an extra filter on depth of coverage and re-computed the
genetic diversity and number of polymorphic sites (represented by Tel in figure 4). In fact, mean
depth values ranged from 332 to 557, with the lowest value corresponding to T. urticae reads
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mapped to the T. evansi mitochondria genome (Fig. 3.3 C). Mean expected heterozygosity
decreased from 0.138 to 0.101 (Fig. 3.3 A), while the total number of SNPs detected decreased
from 304 to 183 when filtering for minimum depth on the T. urticae outbred population reads
mapped to the T. evansi mitochondria genome (Fig. 3.3 B). Additionally, mean depth increased
from 332 to 465 reads. This indicates that many of the SNPs detected without a filter on depth of
coverage had a low depth of coverage. Yet, overall, depth of coverage does not seem to be the
only factor affecting the genetic diversity estimates, since total number of SNPs detected, when
mapping to the T. evansi mitochondria genome considering the additional depth of coverage
filtering, is still more than three times higher than when mapping to any other T. urticae
mitochondria strains.
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Figure 3.3: Comparisons of different measures of diversity between the different mitochondrial strains of T. urticae.
Mean Expected Heterozygosity (A), Total number of SNPs (B) and Mean Depth of Coverage (C) of the T. urticae
outbred population when mapped to the different mitochondrial strains (see Table 2.1 on Methods section 2.3). Error
bars represent the expected heterozygosity or mean depth standard deviation values across the respective genomic
regions, truncated on zero, since expected heterozygosity does not have negative values. BRVL, Green, London and
LSVL are mitochondria strains of T. urticae species, Red is the mitochondria of T. cinnabarinus and Te is the
mitochondria of T. evansi. Tel represents the mitochondria of T. evansi filtered for a minimum depth of 254. London
is the mitochondria on the reference genome of T. urticae. Measures of diversity depend on the mitochondria used for
mapping reads. Total number of SNPs detected is more than three times higher using the T. evansi mitochondria as a
reference genome to map the reads to the T. urticae outbred population.

3.1.5 Lack of genetic differentiation between the inbred lines tested

Differentiation between outbred and inbred lines and between the different inbred lines was
assessed by estimating average Fsr values across the genome. Additionally, the number of
polymorphic SNPs across each pair of populations compared was also computed (Tables 2,
Supplementary Tables S3 and S4).

Differentiation between the two outbred populations (T. urticae and T. evansi) is high, both on
nucleous and mitochondria genomes (Table 2), with a high number of SNPs that are polymorphic
across the two species. However, we observe very low (slightly negative values) Fsr values
indicating no differentiation between any of the inbred lines and the T. evansi outbred population,
both on nucleous and mitochondria genomes (Table 2). Additionally, similar results were
obtained when we tested the genetic differentiation between all pairs of inbred lines
(Supplementary Tables S4 & S5).
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Table 3.1: Average Fst across the genome and detected SNPs on nucleus and mitochondria for the laboratory
populations. TeOut: T. evansi outbred population; TuOut: T. urticae outbred population; TeX: inbred lines. Negative
Fst values were computed due to the Fst estimator used and should be interpreted as no differentiation

Population Fst between TeOut, Pop SNPs
Nucleus Mitochondria Nucleus Mitochondria

TuOut 0.89 0.96 2332796 682

Te8 -0.0084 0.041 934627 194
Teld -0.010 0.003 936962 187
Tel9 -0.010 0.028 864052 173
Te23 -0.008 0.006 951821 181
Te27 -0.007 0.091 938542 184
Te28 -0.007 0.026 854878 181
Te29 -0.012 0.036 985482 188
Te32 -0.011 -0.006 923983 183
Ted2 -0.009 0.020 979146 193

3.2 Detecting candidate regions involved in adaptation to cadmium
3.2.1 Obtention of a High-Quality SNP data set

Information on the total reads obtained from the sequencing platform, for all replicates of the
three experimental regimes, before and after mapping and filtering, as well as depth of coverage,
mapping quality and GC content are shown in Supplementary Table S5. Whole-genome Illumina
sequencing resulted in approximately 22.7 million paired-end reads per population
(Supplementary Table S6).

After mapping to the T. urticae reference genome, we obtained approximately 19.1 million
paired-end reads (83.84%) per replicate of each of the three regimes, with an average mapping
quality of 43 to 44 in Phred score (Supplementary Table S5). After filtering to keep only biallelic
sites within ranges of depth to minimise the impact of sequencing and mapping errors (see details
in methods section 2.6), we obtained mean coverages of 24-33x, 25-28x and 27-30x for control,
homogeneous and heterogeneous regimes, respectively for the nucleus. For reads mapped against
the mitochondria genome, we obtained a mean coverage of 116-864x, 78-290x and 94-590x for
control, homogeneous and heterogeneous regimes, respectively (Supplementary Table S5). The
total number of SNPs detected for all replicates of the three selection regimes, for nucleus and
mitochondria are shown in Fig. 3.4. On the nucleus, the number of detected SNPs ranged from
627,023 to 677,073, from 587,326 to 741,728 and from 575,456 to 680,708 on control,
homogeneous and heterogeneous regimes, respectively, for all five replicates. On mitochondria
the number of detected SNPs ranged from 10 to 23, 11 to 55, from 12 to 26 for the control,
homogeneous and heterogeneous regimes, respectively, for all five replicates (Fig. 3.4). Mean
number of SNPs over the five replicates (red triangles) are different between selection regimes
and higher on the nucleus for all selection regimes, compared to the mitochondria (Fig. 3.4). The
homogeneous regime presents a higher mean number of SNPs, in comparison to the other
regimes, for both mitochondria and nucleus. Additionally, the control and heterogeneous regimes
show similar mean numbers of SNPs, for both mitochondria and nucleus.
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Figure 3.4: Total number of SNPs of the three T. urticae selection regimes (control, homogeneous and heterogeneous).
Left panel represents the mitochondria and the right panel the nucleus. Boxplots represent variation between five
experimental replicates. Triangles represent the mean value for all replicates. Each point with different colours
represents the total number of SNPs per replicate and selection regime. The homogeneous regime presents a higher
mean number of SNPs for both mitochondria and nucleus, compared to the other two selection regimes, while the
control and heterogeneous regimes show a similar mean number of SNPs, on both nucleus and mitochondria.

3.2.2 Similar level of heterozygosity across selection regimes

On mitochondria, mean heterozygosity ranged from 0.028 to 0.044 on the control regime, from
0.032 to 0.047 on the homogenous regime and from 0.029 to 0.044 on the heterogeneous regime,
showing similar mean heterozygosity values across the five replicates (red triangles; Fig. 3.5). On
the nuclear genome, the same pattern was observed, although there is less overlap between the
three selection regimes. Mean heterozygosity across the genome ranged from 0.247 to 0.274 on
the control regime, from 0.223 to 0.260 on the homogeneous regime and from 0.233 to 0.252 on
the heterogeneous regime (Fig. 3.5). Replicate one of the control regime had mean heterozygosity
slightly higher compared to the other replicates (Fig. 3.5). However, the distribution of mean
heterozygosity across replicates have overlapping distributions across the three selection regimes
for both mitochondria and nucleus.
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Figure 3.5: Mean Expected Heterozygosity for the three T. urticae selection regimes (control, homogeneous and
heterogeneous). Left panel represents the mitochondria and the right panel the nucleus. Violin plots represent variation
between five experimental replicates. Each point with different colours represents the total number of SNPs per
replicate in each selection regime. Triangles represent the mean values for all replicates. We found similar distributions
of expected heterozygosity for all selection regimes both on mitochondria and nuclear genomes.
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3.2.3 Polygenic response to cadmium during evolution in homogeneous and
heterogeneous environments

To detect changes in allele frequencies in response to cadmium, we compared allele frequencies
in the last generation between control and high cadmium (homogeneous) and control and
heterogeneous regimes. We performed two complementary statistical tests, and only considered
as candidate SNPs under positive selection those SNPs with a significant p-value (lower than
0.05) in both tests after FDR adjustment (see methods section 2.6, Table 3.2, Supplemental Figure
S1, S2 & S3).

As expected, as the nuclear is much larger than the mitochondria genome, we detected a higher
number of SNPs under positive selection in the nuclear genome than in the mitochondria (Table
3.2), which are SNPs potentially involved in the adaptation to cadmium in homogeneous and/or
in heterogeneous environments.

In the mitochondria, four SNPs showed significant changes in allele frequencies, comparing
homogeneous and control regimes (SR1SR2, Table 3.2 and Supplementary Figure S1).

In the nuclear genome, more SNPs showed significant changes in allele frequencies comparing
the heterogeneous regime with the control (224586 SNPs on Table 3.2; Supplementary Figure
S3), than when comparing the homogeneous regime with the control (210345 SNPs on Table 3.2;
Supplementary Figure S2). However, from the total number of SNPs initially observed, 29% and
23% on Control vs Homogeneous and Control vs Heterogeneous, respectively, showed significant
changes in allele frequencies (i.e. they were significantly different in both statistical tests, after
FDR adjustment, see methods section 2.6). If the control represents the allele frequency of the
ancestral population at the start of the experiment, comparing the homogeneous regime with
control, 4672 SNPs (7.66 % of the candidate SNPs under positive selection) increased in
frequency on the homogeneous regime, while 5196 SNPs (8.51 % of the candidate SNPs under
positive selection) decreased in frequency (Table 3.2). On the other hand, we detected 3685 SNPs
(7.14 % of the candidate SNPs under positive selection) with increased allele frequency in the
heterogeneous regime, while 5660 SNPs (10.96 % of the candidate SNPs under positive selection)
decreased in frequency (Table 3.2). Although the percentage of SNPs detected was similar among
the two selected regimes, as can be seen in the next sections they are involved in the adaptation
to cadmium in different ways (see detail below).
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Table 3.2: SNPs detected under positive selection and involved in adaptation to cadmium and/or in heterogeneous
environments. To detect positive selection, the total number of SNPs was used, which correspond to the number of
sites that were polymorphic for each comparison performed, i.e., the number of sites to which we applied the CMH and
GLM tests. Candidate SNPs correspond to SNPs with p-values (from both CMH and GLM tests) lower than 0.05, after
a FDR correction. SR1SR2: control vs homogeneous regimes; SR1SR3: control vs heterogeneous regimes

Nuclear Mitochondria
SR1SR2 SR1SR3 SR1SR2 | SR1SR3
Total number of SNPs 210345 224586 19 4
61023 51645 4
Total (% of the detected SNPs that were 0
statistically significant in both tests) 29 %) (23%) @7 %)
SNI_’s with minor allelic frgquencies in the cqntrpl 4672 3685
regime that changed to major allele frequencies in 0 0
the selection regime (% of the candidate SNPs
Candidate SNPs | under positive selection) (7.66 %) (7.14 %)
under positive
selection SNPs_with m_inor allelic frequgncies in the 5196 5660
selection regime that were major allele 0 0
frequencies in the control (% of the candidate 0 0
SNPs under positive selection) (851 %) (10.96 %)
. . L 51155 42300
SNPs with minor allele frequencies in both 4 0
control and selection regimes
9 (8383%) | (81.91%)

Looking at changes in allele frequencies between the control and both homogeneous and
heterogeneous regimes, we found that no SNP with a significant change in allele frequencies
reached a frequency of 1 (i.e. no allele reached fixation on the homogeneous or heterogeneous
regimes). In fact, the highest value of allele frequency is approximately 0.8 on both regimes (Fig.
3.6).
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Figure 3.6: Changes in allele frequency between the control and the two selection regimes (homogeneous and
heterogeneous), on nuclear genome. Mean allele frequency of the minor allele of the five replicates of the Homogeneous
(A) and Heterogeneous (B) regimes were plotted against the mean allele frequency of the minor allele of the five
replicates of the Control Regime. Each point represents the mean allele frequency of the five replicas for each candidate
SNP, previously identified on Table 3.2. SNPs in green represent an increase in allele frequencies on the selected
regime, compared to the control (mean allele frequency on the control regime lower than 0.5 but higher than 0.5 on the
selection regime). SNPs in blue represent a decrease in allele frequencies on the selected regime, compared to the
control (mean allele frequency on the control regime higher than 0.5 but lower than 0.5 on the selection regime). SNPs
in pink represent changes where the allele remains minor on both control and the selected regime (mean allele
frequencies lower than 0.5 on both regimes). Vertical dashed line represents the mean allele frequency of 0.5 on the
control regime whereas horizontal dashed line represents the mean allele frequency of 0.5 on the selection regime.

Additionally, we found that the SNPs with a significant change in allele frequencies were
distributed along the three pseudochromosomes, for the two comparisons of homogeneous vs
control, and heterogeneous versus control. Interestingly, SNPs with decreased allele frequency
(blue) are evenly distributed across the three pseudochromosomes, while SNPs with increased
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allele frequency on the selected regimes (green) are mainly present on the second and third
pseudochromosomes (Fig. 3.7; Supplementary Figure S4).
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Figure 3.7: Genome-wide distribution of candidate SNPs associated with adaptation of T. urticae to cadmium in
homogeneous and heterogeneous regimes, on the nuclear genome. Results of the CMH test are in (A) for the
Homogeneous and (B) for the Heterogeneous regimes. Each point represents a candidate SNP, i.e., SNPs with p-values
(from both CMH and GLM tests) lower than 0.05, after a FDR correction. Results of the general linear model with a
quasibinomial error structure are available in Supplementary Materials S4. SNPs in green represent an increase in allele
frequencies on the selected regime, compared to the control. SNPs in blue represent a decrease in allele frequencies on
the selected regime, compared to the control. SNPs in pink represent changes where the allele remains minor on both
control and the selected regime. SNPs with a significant change in allele frequencies are distributed along the three
pseudochromosomes.

Overall, the response to cadmium seems to differ in homogeneous and heterogeneous
environments, as there was a small overlap of the regions with a change in allele frequency leading
for an allele to become major in the treatment when it was minor in the control or vice-versa (blue
or green, Fig. 3.7 and Supplementary Figure 4) comparing Fig. 3.7A with Fig. 3.7B. Additionally,
1 281 SNPs are common between homogeneous and heterogeneous regimes (Fig. 3.8).

Control vs Control vs
Homogeneous regimes Heterogeneous regimes
8 587 SNPs 1281 SNPs 8 064 SNPs

Figure 3.8: Venn diagram of the SNPs with an increase or decrease in allele frequencies on the selected regime
(homogeneous or heterogeneous), compared to control. Total SNPs in each comparison correspond to the SNPs
represented in green or blue, on Fig.3.7 and Supplementary Materials S4. In total, 9 868 SNPs are associated to the
response to cadmium in the homogeneous regime and 9 345 SNPs are associated to the response to cadmium in the
heterogeneous regime. Moreover, 1 281 SNPs were found in common between both environments. The small overlap
between SNPs showing signs of selection in both regimes, suggests that the response to cadmium was not the same in
homogeneous and heterogeneous regimes.
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3.2.4 Adaptation to cadmium does not seem to be through protection against
metal toxicit

To detect genes under selection we also used a candidate gene approach, focusing on 34 genes
present in the T. urticae genome (Table S1), involved in metabolism and detoxification of
cadmium. From the 34 genes analysed, 13 are in pseudochromosome 1, 14 are in
pseudochromosome 2 and seven are in pseudochromosome 3 (Table S1). Two correspond to
metallothioneins (metal binding proteins), two are genes codifying for subunits of a calcium
transporter (Cacna), two are associated with MIP proteins (metal-inducible proteins), two are
associated with Zinc transporters (ZIP family) and 26 are associated with metal ion transporters
(SLC family). For most of the candidate genes (including the metallothioneins), no SNPs showed
significant changes in allele frequencies consistent in the two statistical tests. However, for six
genes relevant results were found: two genes of the SLC family (SLC12 and SLC4A), three genes
with GO terms associated with the SLC family and the calcium transporter gene (CacnalG). For
the SLC12 gene, the same four SNPs show an increase in allele frequencies on both homogeneous
and heterogeneous regimes, compared to the control regime. For the SLC4A gene, we found two
SNPs with decreased allele frequencies only on the heterogeneous regime, compared to the
control. Two genes (tetur01g00260, tetur11g01900) with GO terms associated with the SLC
family showed decreased allele frequencies only on the homogeneous regime, compared to the
control while the other gene (tetur06g04620) showed a decrease in allele frequencies only on the
heterogeneous regime (Suplementary Table S1). Interestingly, CacnalG, a gene coding for a
subunit of a voltage-gated T-type calcium channel, had the highest number of SNPs showing
significant changes in allele frequencies: 43 SNPs were detected on the homogeneous regime,
with a significant increase in allele frequencies, compared to the control, and 14 SNPs were
detected on the heterogeneous regime, with a significant increase in allele frequencies compared
to the control (Fig. 3.9, Table S1, Supplementary Figure S5).
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Figure 3.9: Candidate SNPs detected on homogeneous and heterogeneous regimes, compared to the control, for the
CacnalG gene. Results of the CMH test are in (A) for the Homogeneous and (B) for the Heterogeneous regimes. The
gene is highlighted by the grey region. Each point represents a candidate SNP, i.e., SNPs with p-values (from both
CMH and GLM tests) lower than 0.05, after a FDR correction. Results of the general linear model with a quasibinomial
error structure are available in Supplementary Materials S5. SNPs in green represent an increase in allele frequencies
on the selected regime, compared to the control. SNPs in blue represent a decrease in allele frequencies on the selected
regime, compared to the control. SNPs in pink represent changes where the allele remains minor on both control and
the selected regime. Only SNPs with an increase in selection regime compared with the control were found on both
homogeneous and heterogeneous regimes: 43 SNPs on the Homogeneous regime and 14 on the Heterogeneous regime.

3 Discussion

Two long-term and important questions in evolutionary biology are “How do populations adapt
to different environments?” and “What are the genomic signatures of the underlying selective
process?”. Uncovering the genetic basis of adaptation is complex, as adaptation depends on the
interaction of several factors*®12, A powerful approach is to use experimental evolution and/or
to perform experiments with laboratory populations under controlled environmental conditions,
which is difficult to achieve in natural populations’8, However, such experimental studies often
require the establishment of outbred populations in the laboratory, which is usually associated
with a founder effect (i.e., reduction in effective population size due to sampling few individuals
from nature), implying that the laboratory populations will have lower genetic diversity than
natural populations®™. Experimental studies have been criticized because laboratory populations
might not harbour sufficient genetic variability to produce representative responses of the
processes occurring in natural populations®®?, Therefore, quantifying the genetic diversity of
laboratory populations is important to understand if the response observed (or lack of it) is due to
initial genetic variability present in the population.

Additionally, most studies involving experimental evolving laboratory populations focus only on
comparing changes in a single and constant factor throughout time®*4*°. However, we know that,
in nature, populations are exposed in heterogeneous environments and that organisms are able to
move into different local environments *°. Therefore, understanding how populations adapt to
different environmental changes in spatially heterogeneous environments is important.
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In this thesis, we first aimed to quantify the genetic variability of outbred and inbred lines of two
spider mite species established and maintained in the laboratory. Moreover, by combining
experimental evolution and high-throughput sequencing (NGS) technology, we sought to detect
genomic signatures of positive selection to a homogeneous environment of host plants watered
with cadmium, and to an heterogenous environment where organisms were exposed to both plants
watered with and without cadmium. By quantifying the expected heterozygosity genome-wide,
our results indicate that T. evansi inbred lines had similar genetic diversity to the T. evansi outbred
population, and that estimates of genetic diversity (expected heterozygosity and number of SNPs)
are highly dependent on the choice of the reference genome. Moreover, our results suggest that
the response to cadmium was not the same in homogeneous and heterogeneous environments, as
only 1 281 SNPs with a statistically significant change in allele frequencies were found in
common between the two regimes of homogeneous and heterogeneous environments. We found
9 868 SNPs and 9 345 SNPs with changes in allele frequencies consistent with positive selection
that were spread across the genome in the homogeneous and heterogeneous regimes, respectively,
suggesting that adaptation to cadmium in homogeneous and heterogeneous environments
involves many genes, i.e., a polygenic selective response. Additionally, we found that candidate
genes such as metallothioneins that are involved in detoxification of heavy metals, and hence
were expected to be under positive selection in environments with cadmium, did not show
significant changes in allele frequencies neither in the homogeneous nor the heterogeneous
environments with cadmium. However, a subunit of a voltage-gated T-type calcium channel
(Cacnal G) showed statistically significant changes in allele frequencies in more than 40 SNPs
that responded differently to the homogeneous and heterogeneous environments.

4.1 Genetic variability and differentiation of Outbred and Inbred lines in the
laboratory

4.1.1 Genetic diversity and differentiation of inbred and outbred populations

Understanding how genetic diversity affects adaptation is important for predicting how
populations respond to changing environments, since the fate of a beneficial mutation, of a
population exposed to a new environment, will depend on the selective coefficient and
demographic history of the populations’*2%. Quantification of genetic diversity is especially
important in populations created and maintained in the laboratory, as most founding events entail
a reduction in population size'®. In small populations, the genetic diversity will decrease at a
faster rate compared with larger populations, since the magnitude of genetic drift is proportional
to the effective population size'®. Therefore, keeping populations with large effective population
sizes and random mating (outbred populations, Godinho et al (2020, *°) is essential to maintain
sufficient genetic variability to produce representative responses of the processes occurring in
natural populations. However, there are cases where forcing all individuals in a population to be
genetically identical (i.e., inbred lines), is useful, for example, to measure genetic correlations
between traits’*1°, Therefore, we proceeded on estimating expected heterozygosity, as a proxy for
the genetic diversity, of the populations of spider mites established and maintained in the
laboratory (outbred and inbred lines).

We found that the two outbred populations of the two species (T. urticae and T. evansi) have
expected heterozygosity values between 0.111 to 0.157 on the nucleus when mapped to the T.
urticae reference genome (Fig. 3.2), which is similar to expected heterozygosity values obtained
for outbred laboratory populations of Drosophila subobscural®. These values of expected
hererozygosity were also in accordance with estimates of some natural populations of other
haplodiploid species, such as ants and paper wasps. For example, Formica aquilonia and Formica
polyctena populations in Scotland and Switzerland have mean genome-wide values of
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heterozygosity around 0.12-0.13, while populations in Finland have slightly higher
heterozygosity (0.14 and 0.19, respectively) due to the hybridization in this region®. Previous
studies on paper wasps of the species Polistes fuscatus reported mean genome-wide
heterozygosity values lower than 0.1 but in these populations the average positive Fis was 0.296,
consistent with a high degree of inbreeding®2. However, other natural haplodiploid populations
of species such as sawflies and honey bees have mean heterozygosity values around 0.2 ( 103104),
a value slightly higher than the ones obtained for both outbred populations. Overall, the genetic
diversity estimated for the T. urticae and T. evansi outbred populations is similar to the ones
obtained on natural haplodiploid species, suggesting that our outbred populations harbour enough
genetic variability to respond to different selective pressures. However, we should note that
having similar genetic diversity levels in the laboratory and nature does not mean that the
laboratory populations are able to respond to the same selective pressures as the ones occurring
in nature.

We also analysed inbred lines maintained in the laboratory that were established using sib-mating
crossings and small population sizes Godinho et al (2020, °). After 15 generations of sib-mating,
inbred lines are expected to have between 93.6 and 95.1% inbreeding coefficient for haplodiploid
populations Godinho et al (2020, *). Thus, we would expect a lower heterozygosity for inbred
lines than outbred populations. However, our results based on Pool-seq show that the nine inbred
lines tested have similar genome-wide expected heterozygosity to the T. evansi outbred
population (Fig. 3.2), suggesting that the inbred lines are not true inbred lines and do not represent
a fixed genotype.

Moreover, genome-wide differentiation was also estimated between: 1) the two outbred
populations T. evansi e T. urticae, to assess the level of genomic differentiation of the two species;
2) populations of the same species (T. evansi outbred population and the T. evansi inbred lines)
and 3) all possible pairs of inbred lines. We found high levels of differentiation between the two
outbred populations (T. urticae and T. evansi) (Fst huc = 0.89 and Fs mit= 0.96; Table 3.1). This
result was higher than other natural populations of haplodiploid species. For example, our results
are higher than the Fsr value (Fst = 0.66) found between species of paper wasps, P dorsalis and
P. metricus'®, and between the M and C lineages of the honey bees (Fsr = 0.52; 1%). This high
discrepancy of values might be due to the fact that the articles mentioned did not calculate the Fst
measure separately for the nucleus and mitochondria, which might not be totally correct since the
nuclear and mitochondria genomes have different evolutionary histories®. Additionally, the Fst
estimator used in this thesis and the one used in the articles mentioned above are not the same,
which might further contribute to the discrepancy between results'%’. In this thesis, the Nei (1973;
8)  estimator was used. On the other hand, the Weir and Cockerman (1984; 1%) estimator was
used in most of the articles mentioned above and assumes that the two populations being analysed
have experienced identical amounts of drift since splitting’®’. However, according to Bathia et al
(2013, 197, although the choice of the estimator has an impact on the values of Fsr, the use of
average of ratios (not used in this thesis) affect the estimated values of Fsr between pairs of
populations. Despite differences in estimators of Fsr, we know that Fsr reflects the amount of drift
between populations, and hence the older the separation time between species the larger the Fsr,
while the higher the gene flow levels and the larger the effective population sizes, the lower the
Fst (*%°). Moreover, the establishment of the populations in the laboratory entail a reduction in the
population size®. Therefore, the high Fsr values we observed between the two outbred
populations of the two different species could be a result of the demographic history of these
species, with low levels of migration and an older separation time, compared to the other
haplodiploid species mentioned above. Moreover, a potential founder event or bottleneck related
with the establishment of the populations in the laboratory would increase drift, and hence could
also increase Fsr values.

Even though the levels of differentiation between the two spider mite species was relatively higher
than in other populations of haplodiploid species, no differentiation was found between
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populations of the same species, with Fst values close to zero for all pairwise comparisons of T.
evansi (Table 3.1 & Supplementary Tables S3 and S4). In fact, Fsr values estimated for nucleus
and mitochondria were similar when we compared the T. evansi outbred population with all the
nine inbred lines and when we compared all pairs of inbred lines. This suggests that, contrary to
what was expected'*!>1% the inbred lines did not fix different genotypes during their
establishment. Therefore, we can conclude that the inbred lines tested in this thesis are likely not
inbred lines since 1) inbred lines are expected to have heterozygosity values close to zero, and
we found expected heterozygosity similar to the outbred population, 2) we found similar total
number of SNPs in the lines and outbred population of T. evansi, and 3) we found no genetic
differentiation between all pairs of inbred lines and between the inbred lines and the T. evansi
outbred population. These results suggest that very likely there were some problems during the
establishment or maintenance of inbred lines in the laboratory. For instance, if the lines were
manipulated at the same time on the same bench or were maintained close to each other in the
incubator chamber, dispersal and crossing of individuals of different lines could be possible. Also,
dispersal of individuals between the outbred and inbred lines would also be possible if the outbred
population was manipulated and maintained close to the inbred lines during the 15 generations of
the inbreeding process. This dispersal and reproduction of individuals of different lines and with
the outbred population would lead to similar values of expected heterozygosity across all
populations. Moreover, cross-contamination during the DNA extraction could also explain similar
heterozygosity values, if each pool were incorrectly obtained by mixing individuals of inbred and
outbred lines.

4.1.2 Impact of reference genome on estimates of diversity

Mapping reads obtained from NGS sequencing technology against a single reference genome is
one of the key steps in population genomic studies. Recent studies have been addressing potential
biases associated with this approach'*13, As most of these errors originate from the genetic
differences between the reference and the sequencing data*'* !’  using a reference genome from
a species different from our input data might not be the best way to perform the subsequent
analysis.

In our case, a reference genome is available for the T. urticae species but not for the T. evansi.
Therefore, the outbred and inbred lines of T. evansi were mapped to the T. urticae reference
genome, where only 59.56% of the reads from the T. evansi outbred population were mapped to
the T. urticae nuclear reference genome (Supplementary Table S2). Moreover, for all T. evansi
populations, the ratio between nucleus and mitochondria mean heterozygosity was different from
the T. urticae outbred population, where mean heterozygosity was higher on the T. evansi
mitochondria, compared to the mitochondria of the T. urticae outbred population (Fig. 3.2). This
might have happened as the reference genome used is from a different species (T. urticae). Indeed,
the depth of coverage of mitochondria was higher for T. urticae outbred population (478.06x;
Supplementary material table S2) compared to T. evansi outbred population (228.72x;
Supplementary material table S2) and inbred lines (71.76x - 153.28x; Supplementary material
table S2).

To further explore the impact of the reference genome in the estimates of heterozygosity, we
mapped the T. urticae and T. evansi outbred populations as well as the T. evansi inbred lines to a
T. evansi mitochondria available on NCBI (MN417333.1; Sun et al. 2019; 7). Interestingly, for
the T. evansi populations, it is possible to recover the !5 expected proportion between
mitochondria and nuclear heterozygosity when mapped to the T. evansi reference (considering a
model with neutral markers and assuming sex ratio of 50:50), due to the different effective
population size between the mitochondria and the nucleus!!®, a result obtained for T. urticae
outbred population mapped to the T. urticae reference genome (Fig. 3.2). Additionally, depth of
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coverage has a strong influence on allele frequency estimates, especially on Pool-seq data, and so
can be used to identify possible errors associated with mapping to a different species?®’. Indeed,
mean depth values increase for the T. evansi outbred population and for some inbred lines, when
mapped to the T. evansi mitochondria genome, compared to when mapping to the T. urticae
mitochondria genome (Fig. 3.3 C & Supplementary Figure S2). However, when looking at T.
urticae outbred population mapped to the T. evansi mitochondria genome, the mean
heterozygosity and total number of SNPs more than doubled (Fig. 3.1; 3.2; 3.3 A & B) while the
depth of coverage decreased, compared to when mapping with the T. urticae mitochondria
genome. These results help elucidate the importance of the depth of coverage in estimating allele
frequencies because, even though the genetic diversity increases when mapping the reads to a
different species, the depth of coverage decreases affecting the allele frequency calculations (Eq.
2.2, Methods section 2.5.1).

Additionally, to further test the impact of the reference genome, the T. urticae outbred population
was mapped to different mitochondria strains of T. urticae, which was compared to results
obtained when mapping T. urticae outbred population reads to the T. evansi mitochondria
genome. When comparing the depth of coverage and the total number of SNPs of the T. urticae
outbred population mapped to the different mitochondria strains, we observed a lower depth of
coverage and a higher number of SNPs when mapped to T. evansi (Fig. 3.1 B; Fig. 3.3 B & C).
Therefore, to understand if the depth of coverage had an impact on the SNP detection, we
increased the minimum depth of coverage to a value similar to the one presented by the T. urticae
mitochondrial strains (Minimum depth = 254). With the additional filter for depth, we found a
decrease in the total number of SNPs and mean expected heterozygosity, compared to the T.
urticae strains. However, the difference in the number of estimated SNPs is still high (more than
double when compared to mapping to the T. urticae strains). These results show that coverage is
not the only feature playing a role in the observed values of expected heterozygosity and the total
number of SNPs. Overall, our results suggest that patterns obtained when mapping populations
to a different reference genome should be taken with caution.

A possible explanation could be associated with the sequencing of reads (i.e., DNA fragments)
obtained through next-generation sequencing. Despite the widespread use of genomic data
studies?*?, it is commonly acknowledged that this process is still prone to error, starting with the
production of errors while labelling the nucleotides necessary for the creation of reads, especially
on lllumina sequence technologies'®®. In fact, Stoler, N. and Nekrutenko, A. (2021; 1'°) compared
error rates of several Illumina sequencing platforms, with median values varying from 0.087% in
HiSeq X Ten to 0.613% in MiniSeq. lllumina MiSeq (which was used to obtain the pool-seq data
for the first part of this thesis) had a median error rate of 0.473%. Although the sequencing
machine used had one of the higher median error rates, it is not enough to explain the difference
in the values of expected heterozygosity and the number of SNPs obtained when mapping reads
to different mitochondria genomes. However, sequencing noises should be removed before any
kind of analysis, especially in pool-seq data, even though Chen et al (2022; %) revealed near
identical population structure and genetic diversities between pool-seq and individual whole-
genome sequencing. This is because one of the major problems of pool-seq data is the
identification of rare variants and the alleles present at low frequencies in the pools can be
confounded with the sequencing errors?®288’ Here, we used a series of filters based on depth of
coverage and minimum number of reads of each allele to remove, as much as possible, sites
affected by sequencing errors.

Moreover, errors associated with sequence alignment can also happen as mapping algorithms
have to efficiently find the location of each read while distinguishing between technical
sequencing errors and true genetic variation?®*-113, Mapping reads to a reference genome is
particularly problematic on regions with insertions and deletions (indels), repetitive regions, such
as centromeres, telomeres and transposable elements, as reads can align equally well to several
positions, reporting low confidence (low mapping quality)*?®*%, In fact, T. evansi outbred
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population had higher mapping quality (and coverage) when mapping to the T. evansi
mitochondria genome (same species) compared to when mapping to the T. urticae reference
genome (whole genome) and to the T. urticae London mitochondria genome (Supplementary
Table S2). The same pattern was observed in T. urticae, with higher mapping quality when
mapping was done to the reference of the same species (Supplementary Table S2). These results
reinforce the existence of regions in the mitochondria genomes which are different between the
different species, leading to possible mapping errors. Chen et al (2014, '?) compared the
phylogeny and evolution of several species of Tetranychus, including the red and green forms of
T. urticae, and concluded that these two mitochondria strains have limited divergence and short
evolutionary distance. These genomes differ by only 4 bp with some slight structural differences,
namely on the start codons of nad3 and cox1 gene Chen et al (2014, ). However, that study of
Chen et al. 2014 did not include T. evansi mitochondria genome. According to Sun et al. 2019 ("),
T. evansi mtDNA has a length of 13064 bp, smaller by 33bp compared to the London strain of T.
urticae. Comparing the size of mitochondria genomic regions provided by Sun et al. (2019) and
Chen et al (2014, ), differences in length are mainly on the tRNAs present in the mitochondria
and on the 16S and 12S ribosomal subunits but also on the control region (Chen et al 2014, 72
Sun et al 2019, 7). Differences in the length of the several regions of the different mitochondria
can be responsible for the different values in mapping quality obtained for the T. urticae mapped
to the London and T. evansi mitochondria genomes. Additionally, the control region (also called
the D-loop region) is known to be generally rich in adenine and thymine nucleotides (A+T rich
region) in insects and length variations between closely related taxa are mainly due to tandem
repetitions!?®, As mentioned in section 4.1.2), repetitive regions can be particularly problematic
during sequence alignment. Moreover, heteroplasmy has been widely observed in the
mitochondria of different animals (reviewed in 2%), a phenomenon that describes the different
mitochondrial DNA haplotypes on a single individual. The differences in the mitochondria can
be due to point mutations or differences in lengths, with the latter being associated with tandem
repetitions!?®, In spider mites, heteroplasmy has been identified, where there was a variation in
the frequency of resistant haplotypes between mothers and the offspring’, which might be an
additional hurdle in detecting rare variants, especially when working with pool-seq data.

A last explanation for the observed differences between the genetic diversity and total number of
SNPs when mapping T. urticae outbred population to the different mitochondria can be the
nuclear insertions of mitochondrial origin (also known as NumtS;*??), produced by the transfer of
genetic material between the nucleus and the mitochondria. In the human genome, more than 700
NumtS have been identified®*. In arthropods, reports show that the honey bee nuclear genome has
a high density of NumtS (> 1 bp NumtS/kb)?® but, the identification of NumtS on spider mites is
yet to be reported. Since these are highly similar sequences shared between nuclear and
mitochondrial DNA, it can introduce an additional bias and cause wrong mapping®%. Thus,
specifying only the mitochondria sequence as the reference genome when mapping reads whole
genome libraries of T. urticae outbred population to the different mitochondria strains and species
is not ideal as, without proper NumtS filtering, reads can be mapped to the wrong positions in the
mitochondria. Additionally, mapping the T. urticae reads to the reference genome including the
mitochondria and mapping the reads only to the mitochondria we obtain a different number of
reads (146241 and 149122 reads, respectively), suggesting the existence of NumtS on T. urticae
genome.

Overall, the outcome of mapping T. urticae outbred population to different mitochondrial strains
of the same species (T. urticae mitochondria strains) gives an similar number of SNPs and mean
depth of coverage (Fig. 3.3 B). However, when mapping to a different species (in this case,
mitochondria genome of T. evansi) there are differences, especially on the total number of SNPs
(3 times higher, compared to mapping to the same species; Fig. 3.3 B). These results might be
explained by the explanations mentioned in the paragraphs above, which are summarised here: 1)
sequencing errors that depend on the type of sequencing machine used to produce reads; 2)
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mapping errors associated with the algorithm used to perform the alignment; 3) reference genome
bias, depending on the reference genome used to map the reads; 4) structural differences in the
genome of the two species (e.g., indels, copy-number variation, different length of mitochondria);
5) regions in the nuclear genome similar to regions in the mitochondria genome (e.g. NumtS).
More studies are needed to quantify and explain the biases associated with mapping to a reference
genome of a different species, such as trying different mapping parameters or removing indels
(not performed in this thesis). Moreover, an assembly of the T. evansi genome would be ideal to
further study the genetic diversity of populations of this species, since only 56.56% of the reads
from the T. evansi population were mapped to the reference genome of the T. urticae.

4.2 Detecting candidate regions involved in adaptation to cadmium
4.2.1 Genetic Diversity of the Homogeneous and Heterogeneous selection regimes

Adaptive evolution is shaped by the genetic diversity of a population. The fate of an adaptive
allele depends on several factors, such as changes in the environment through time and space*®.
Studies with populations in the laboratory allow for the control of such factors and have been used
to study adaptation'’®, However, most studies involving experimental evolving populations
focus on changes of a single factor throughout time3447:54+%8% despite the probable importance of
variable selection in space®. Therefore, to understand the impact of spatial heterogeneity on
genetic diversity we first estimate the expected heterozygosity harboured by both homogeneous
and heterogeneous regimes.

When testing whether evolution in homogeneous and heterogeneous environments affects
genomic patterns of diversity, we found that populations of T. urticae evolving without cadmium
(control) or in environments with cadmium in homogeneous or heterogeneous environments
(selection regimes) show similar levels of mean expected heterozygosity at nucleus and
mitochondria (Fig. 3.5). The total number of SNPs detected was higher for the homogeneous
regime in the mitochondria (Fig. 3.4).

The similarity of mean expected heterozygosity values obtained for the three selection regimes
fit the expectation that most SNPs present in the genome are neutral, as predicted by the Neutral*?’
and Nearly Neutral'?® theories of molecular evolution (reviewed in %°). Given that all control and
selection regimes populations were derived from the same ancestral population and maintained
with the same population size, we would expect similar effective population sizes and hence
similar strengths of genetic drift and similar mutation rates in all populations, explaining the
similar average genome-wide levels of genetic diversity. Additionally, another possible
explanation would be that there was no adaptation to cadmium, with no strong effect on the
genomic levels of diversity. If populations had adapted to the new environment, we would expect
changes in allele frequencies, due to positive selection, leading to the fixation of beneficial alleles,
and as a result a decrease in genetic diversity. This lack of response could be because 55
generations of experimental evolution were not enough for adaptation to occur. However, the
possibility of no adaptation to cadmium seems unlikely as 1) phenotypic changes (both on fitness
and fecundity) were detected (Sara Magalhdes, personal communication), and 2) we found
significant changes in allele frequencies across the five replicates consistent with positive
selection for several SNPs for both homogeneous and heterogeneous regimes, compared to the
control (see section 4.2.3 for details). It is also important to mention that during the experimental
evolution of the three selection regimes, some additional measures had to be performed to
maintain populations with 200 individuals at each generation. In the initial generations, it was
necessary to transfer mites from the previous generation maintained in leafs with no cadmium or
from the base population (T. urticae outbred population) due to the elevated mortality, especially
on the replicates of the homogeneous regime. This was probably due to the high selective pressure
caused by the chosen cadmium concentration as high concentrations of cadmium are known to be
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toxic for spider mites®. This gene flow from the source population could also potentially explain
why the genetic diversity is similar among the three regimes. Indeed, selection acts on allele
frequencies decreasing the genetic diversity of the population, whereas the introduction of mites
coming from populations without cadmium might bring alleles of the ancestral source population
to the selected regime, preventing fixation of beneficial alleles and increasing genetic variability.

We detected more SNPs in the mitochondria of the homogenous regime, compared to the other
regimes (control and heterogeneous; Figure 3.4), although this did not change the respective mean
expected heterozygosity values. Our initial hypothesis was that this was likely due to the
maintenance of rare alleles on the mitochondria of populations of the homogeneous regime. To
maintain all selection regimes with the same population size it was necessary to introduce new
mites from the previous generation or from the base population (T. urticae outbred population)
especially on the homogeneous regime since, as explained in the previous paragraph, cadmium is
known to be toxic to spider mites. These newly introduced mites were not exposed to cadmium
and so the introduction of new alleles in the population can affect the estimates of diversity.
Overall, our results suggest that evolution on cadmium did not have a strong impact on the genetic
diversity of mitochondria.

4.2.2 Methods to detect positive selection

There are several methods that have been used to identify regions under selection, each one of
them presenting benefits and drawbacks'?. Genetic differentiation methods are usually based on
many different statistics used in genome scans, calculated with a windows size approach and
choosing SNPs that exhibit a significant value above a pre-stipulated threshold of
differentiation®®, These methods assume that all windows share the same sampling distribution,
which is untrue as it is known, for example, that different regions of the genome have different
recombination rates**!. Another drawback is if the genetic basis of adaptation is explained mostly
by alleles of small effect, those will be hardly detected by differentiation measures such as Fsr,
as the values will be low*?, not passing a pre-stipulated threshold.

In this thesis, we tried to overcome the problems associated with choosing a subjective window
size and threshold by looking at changes in allele frequencies in each SNP, possibly associated
with cadmium. Therefore, to detect signs of selection we applied two statistical tests (CMH and
a general linear model) with an FDR adjustment to the SNPs with equal or lower than 0.05
significance in both statistical tests. The CMH test®** looks for a similar pattern in the allele
frequencies between all five existent replicates of each selection regime, considering the control
as the generation zero. We are aware that considering generation 55 of the control regime as the
generation zero when comparing changes in allele frequencies between the other two regimes,
comes with some drawbacks as allele frequencies will not be the same as they were on the actual
generation zero, due to drift and possibly de novo mutations. Therefore, we also implemented a
general linear model test with a quasibinomial distribution recommended by Wiberg et al. (2017;
°1), where minor and major allele counts were used together as dependent variables to account for
the different depth of coverage in each SNP and the regime was used as an explanatory variable.
We used an approach similar to that done by Seabra et al 2018 (*%°), where they followed allele
frequency changes between two different time points at candidate SNPs, to have a more detailed
characterization of the adaptive process at the genomic level. We adapted the approach since we
do not have time series data, comparing the allele frequency changes from minor to major (and
vice versa) between the control and the two selection regimes (in green and blue respectively, Fig.
3.7). That is, we only focus on alleles that changed from minor to major or vice versa. This means
that one SNP with mean allele frequency on all five replicates of 0.4 on control and 0.6 on the
homogeneous regime (or heterogeneous regime) would be considered under positive selection,
while other SNP with mean allele frequency on all five replicates of 0.1 on control and 0.4 on the
homogeneous regime (or heterogeneous regime) would not be considered, despite the second SNP
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having a higher change in allele frequencies between regimes (0.4 - 0.1) compared to the first
SNP (0.6-0.4). In the future, performing simulations of population evolving according to the
conditions maintained in the laboratory could be used to verify if the observed genomic patterns
(allele frequencies) fit neutral theoretical predictions, allowing a more accurate way to detect
SNPs under positive selection and involved in adaptation to cadmium. Furthermore, obtaining
sequence data at different time points, and especially from the initial generations would be ideal,
and in line with evolve and reseq approaches, as performed by Seabra et al 2018 (%),

4.2.3 Genome-wide patterns of adaptation in homogeneous and Heterogeneous
environments

Understanding the genetic basis of local adaptation is one of the major goals of evolutionary
biology. Recent advances in high-throughput sequencing and increases in computational power
allow us to have access to more information on genomic data for different organisms?*%, While
some studies have shown that adaptation can be highly specific for a single gene, as the variation
in colour-specific adaptation on deer mice of Nebraska® and variation in the Soay sheep horn®
other studies have shown that adaptation can have a polygenic basis such as adaptation to drought
in Brassica rapa®. Even though the genetic architecture of adaptation to cadmium is not well
known, we expected adaptation to have a highly polygenic basis as it is known that heavy metals
can affect the gene expression of several genes involved in cytoplasmic metal influx,
nicotiannamine/thiol biosynthesis pathways and other genes associated with membrane transport
proteins, as they are the first barrier between the environment and the individualst®*12¢

Overall, we detected 61023 candidate SNPs (corresponding to 29% of the total number of SNPs
found), dispersed on the three pseudochromossomes in the homogeneous regime, compared to
the control (Table 3.2). This result suggests a polygenic response on the adaptation to cadmium,
as we were expecting, influenced by many genes, each one of them possibly having small
effects'®, i.e., our results are in agreement with the infinitesimal model proposed by Fisher (1919;
137, This polygenic response has been detected in several studies on adaptation to complex traits?,
such as height in humans. Moreover, it was also detected in the mycorrhizal fungus Suillus luteus
driven by soil heavy metal contamination'®3, one of the few studies investigating genomic
signatures of adaptation on heavy metals. However, the authors applied measures of
differentiation to detect selection, such as Fsr and dyy, which were not used in this thesis.
Moreover, the studied sites sampled were geographically close to each other, lacking clear barriers
to gene flow. However, Bazzicalupo, A.L. et al (2020;133) provide a useful list of gene
annotations with different heavy metal tolerance strategies that were not taken into consideration
in this thesis but that will be useful in the future, especially a cadmium chelating agent in the
cytosol  (S-adenosyl-lI-methionine-dependent methyltransferase). Other studies applied
transcriptomics to determine differential gene expression associated with heavy metal tolerance
which sustains the hypothesis of a polygenic response to cadmium”13813° indicating possible
candidate genes that will be interesting to look into in more detail for the future using our data.

Environmental heterogeneity has been hypothesized to help maintaining genetic variation of
populations if alternative alleles are favoured in different environments®. However, the effect of
heterogeneity depends on the genetic basis of ecological adaptation (in heterogeneous
environments), which is unknown. To our knowledge, only Huang, Y. et al (2014; 54) tried to
identify genome-wide patterns of genetic variation, not only in temporally variable environments
but also in changes of two different variables in space. Therefore, our initial expectations for
homogeneous versus heterogeneous environments were not clearly defined. Nevertheless, we
found 29 % of SNPs detected to be under positive selection on the homogeneous environment,
which is similar to 23 % of SNPs detected to be under positive selection on the heterogeneous
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environment (Table 3.2). This could suggest a similar response to the selection in homogeneous
and heterogeneous environments.

The candidate SNPs found along the three pseudochromosomes when comparing the
heterogeneous environment with the control, also suggest a polygenic response on the adaptation
in heterogeneous environments (Fig 3.7; Supplementary Figures S2, S3 & S4). Huang, Y. et al
(2014; 54) explored three possibilities, not mutually exclusive, on the effect of spatial
heterogeneity on allele frequencies in their study on Drosophila melanogaster experimental
evolving populations adapting to four selection regimes, including a spatially heterogeneous
treatment in which the populations were exposed to cadmium and salt-enriched environments: 1)
environmental heterogeneity sustains elevated levels of genetic variation through antagonistic
pleiotropy between environments, which can result in balancing selection; 2) genetic diversity
can increase with environmental heterogeneity when two alleles can be selectively neutral in one
environment but with different fitness effects on another environment (i.e. conditional neutrality);
3) heterogeneity may select for alleles different from those favoured in either single habitat.
Huang, Y. et al (2014; 54) concluded that their results are more consistent with an antagonistic
pleiotropy, but they also find indirect evidence for selection on loci exclusively favoured on the
heterogeneous environments. In our results, we are not able to distinguish between antagonistic
pleiotropy from the conditional neutrality, as our methods only detect positive selection.
However, we do find evidence for unique sites being favoured exclusively by heterogeneity (Fig.
3.8), a result also found in Huang, Y. et al (2014; 54). In fact, only 10.9% of the SNPs with a
significant change in allele frequencies are common between homogeneous and heterogeneous
regimes (Fig. 3.8), meaning that cadmium is not the only factor playing a role in the adaptation
of spider mites in heterogeneous environments. This is a conclusion consistent with results found
in Huang, Y. et al (2014; 54). In the future, it will be interesting to look more specifically at the
genes that are shared between the homogeneous and heterogeneous environments to better
understand the evolutionary response to the adaptation to cadmium.

4.2.4 Adaptation to cadmium is not through protection against metal toxicity

Metallothioneins (MT) are cysteine-rich metal binding proteins present in all vertebrates but also
in invertebrates, plants and microorganisms*4%141, Although they have been long associated with
metal metabolism®*® and protection against metals such as cadmium?®, their primary biological
role remains unresolved®*. In spider mites, two MT isoforms are known*#2, In our results, no
association to cadmium was found for both MTs, a result also shown in some studies with mice
(reviewed in %1, indicating that factors other than MTs are important in dealing with cadmium
toxicity. We looked into 32 candidate genes other that MTs, specifically genes associated with
MIP proteins (metal-inducible proteins), Zinc transporters (ZIP family), metal ion transporters
(SLC family) and two are genes codifying for subunits of a calcium transporter (Cacno). Although
some studies found an association between MIP, ZIP, SLC genes on cadmium uptake>**¢142 our
results suggest the absence of positive selection in these genes (Supplementary Table S1).
However, the results are consistent with an association of a calcium transporter gene subunit
Cacnal G on the adaptation to cadmium (Fig. 3.9, Supplementary Table 1, Supplementary Figure
S5). This gene has been previously studied by Leslie, E. et al. (2006, '**) on metallothionein
knockout cells. The authors found a decrease in expression of CacnalG protects the cells from
cadmium exposure by limiting its uptake. Additionally, it is known that the major route for the
uptake of cadmium ions in insects is via calcium channels*414, reinforcing the importance of this
CacnalG gene on the adaptation to cadmium. Although further studies must be performed to
validate the potential role of this calcium transporter, our results suggest and agree with a
hypothesis that adaptation to cadmium is not through protection against metal toxicity, as
expected, but by limiting its uptake. In the future, we want to look at more genes that were found
associated with metal decontamination®**-135146, Additionally, and even though no association was
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found on mitochondria, nuclear genes regulating mitochondria could be involved in adaptation to
cadmium, as the effects of cadmium on mitochondria damage have been previously described’.

5. Conclusions

In this thesis we sought to identify the genetic basis of the adaptation of cadmium in
heterogeneous environments. We started by estimating the genetic diversity of laboratory
populations and comparing outbred and inbred lines.

Overall, the genetic diversity of the T. urticae and T. evansi outbred populations are equivalent to
haplodiploid natural populations, suggesting that our outbred populations harbour enough genetic
variability to respond to different selective pressures. However, we found that the nine inbred
lines also tested had similar expected heterozygosity to the T. evansi outbred population, leading
us to conclude that those are not inbred isogenic lines. This could have been due to contamination
resulting in gene flow between different inbred lines and the outbred population. By estimating
the expected heterozygosity of the populations tested in this thesis, we sought to explore more in-
depth problems associated with mapping using genomes from different species. The genetic
diversity results that we obtained might be explained by: 1) sequencing errors due to sequencing
machine used, 2) mapping errors due to alignment algorithm used, 3) reference genome bias, 4)
structural differences between the genome of the two species, 5) regions in the nuclear genome
similar to regions in the mitochondria (e.g. NumtS). Our results suggest that more studies are
required to assess the impact of the choice of the reference genome, as we show it affects estimates
of genetic diversity and number of SNPs.

Moreover, to identify genomic regions of adaptation to cadmium on T. urticae we looked at
consistent changes in allele frequencies on all five replicates of each selection regime, assuming
that the control regime represented the initial allele frequency. Our results show that the
adaptation of T. urticae to cadmium in homogeneous environments and the adaptation in
heterogeneous environments both seem to have a polygenic basis, as we found many genomic
regions with statistically significant results in both statistical tests used (CMH and GLM with a
quasibinomial error distribution) after correcting for a false discovery rate. It was interesting to
notice that only 10.9 % of the candidate genes are shared between homogeneous and
heterogeneous environments, suggesting that: 1) only 11,154 (10.9 % of the total number of
SNPs) are important for the adaptation to cadmium, assuming that only SNPs that respond in
both homogeneous and heterogeneous environments are involved in cadmium; 2) adaptation in
heterogeneous environments may select for alleles different from those favoured in the different
homogeneous environments. Additionally, we found that candidate genes and especially
metallothioneins did not show significative changes in allele frequencies in response to cadmium,
as predicted, but a voltage-gated T-type calcium channel (CACNA2D3) responded differently to
the homogeneous and heterogeneous environments.

In the future, we would like to refine the pipeline on the detection of SNPs, more specifically
removing indels since they can be problematic when mapping reads to a reference genome.
Moreover, we aim to improve the method to detect positive selection by explicitly taking into
account drift, simulating populations evolving according to the conditions maintained in the
laboratory. The simulations can be useful to detect SNPs under selection, also allowing to
simulate expected patterns due to other types of selection (e.g., balancing selection). Moreover,
comparing the last generation of both selection regimes (Homogeneous and Heterogeneous) we
are able to find significant changes in allele frequency throughout time, consistent in all five
replicates. Thereafter, we can compare both selection regimes with the control regime, retaining
only SNPs with minor allele frequencies increasing in all five replicas and keeping SNPs with
larger changes in allele frequency than expected by drift alone. Additionally, to better understand
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the genetic basis of adaptation to cadmium we want to specifically know the location and function
of the genes with candidate SNPs found common in both homogeneous and heterogeneous
environments. Lastly, to better understand the impact of the spatial variation on adaptation we
also want to investigate more in-depth the SNPs that show signs of selection exclusively in the
heterogeneous regime.
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7. Supplementary Materials

Table S1: Candidate genes associated with the response to cadmium. SR1SR2: Control vs. Homogeneous; SR1SR3:
Control vs Heterogeneous; “-” = the allele remains minor on control and on the selected regimes (homogeneous or
heterogeneous), “|” = minor allele on control but major allele on one of the selected regimes (homogeneous or
heterogeneous), “1” = major allele on control but minor allele on one of the selected regimes (homogeneous or
heterogeneous)

1D Name Chr Reference SR1SR2 SR1SR3 Annotation
! 1 - l 1

tetur23g01920 Cacna2D3 1 143 0 0 0 0 0 0

tetur01916522 SLCP3 1 136 1 0 0 0 0 0

tetur01g16530 SLCP2 1 136 0 0 0 1 0 0

tetur06904620 n/a 1 136 0 0 0 0 0 6 GO term associated with
SLC proteins

tetur03g08310 SLC38A7 1 136 3 0 0 6 0 0

tetur08904660 n/a 1 136 0 0 0 4 0 0 GO term associated with
SLC proteins

tetur08901780 n/a 1 136 1 0 0 1 0 0 GO term associated with
SLC proteins

tetur27902556 SLCP1 1 136 0 0 0 0 0 0

tetur07902970 n/a 1 136 12 0 0 0 0 0 GO term associated with
SLC proteins

tetur35900420 n/a 1 7257 0 0 0 0 0 0 MIP family channel
protein

tetur01g15060 n/a 1 .28 39 0 0 6 0 0 MIP family channel
protein

tetur03g09570 n/a 1 142148 0 0 0 0 0 0 Zinc transporter ZIP9

tetur03g08340 n/a 1 142148 0 0 0 0 0 0 Zinc transporter ZIP9

tetur10g03040 n/a 2 98,140,141 0 0 0 0 0 0 Metallothionein

tetur10g03080 n/a 2 98,140,141 0 0 0 0 0 0 Metallothionein

tetur01900260 MGTE 2 136,149,150 12 0 4 0 0 0 GO term associated with
SLC proteins

tetur29g01770 | CacnalG 2 143 9 43 0 86 14 0

tetur10g03010 n/a 2 136 1 0 0 3 0 0 GO term associated with
SLC proteins

tetur10g05190 SLC4A 2 136 33 0 0 18 0 2

tetur18900240 n/a 2 136 3 0 0 2 0 0 GO term associated with
SLC proteins

tetur17903150 SAT1 2 136 0 0 0 0 0 0 GO term associated with
SLC proteins

tetur24901090 n/a 2 136 20 0 0 4 0 0 GO term associated with
SLC proteins

tetur04908240 n/a 2 136 0 0 0 6 0 0 GO term associated with
SLC proteins

tetur04992275 n/a 2 136 4 0 0 1 0 0 GO term associated with
SLC proteins

tetur049g08720 n/a 2 136 2 0 0 0 0 0 GO term associated with
SLC proteins

tetur01g16520 SLCP4 2 136 1 0 0 0 0 0

tetur25901540 n/a 2 136 0 0 0 0 0 0 GO term associated with
SLC proteins

tetur16903886 SLCP1 3 136 0 0 0 0 0 0

tetur02913160 n/a 3 136 0 0 0 0 0 0 GO term associated with
SLC proteins

tetur02915193 SLC38A11 3 136 0 0 0 0 0 0

tetur20g00330 SLC9A7 3 136 0 0 0 1 0 0

tetur11g01900 n/a 3 136 1 0 7 0 0 0 GO term associated with
SLC proteins

tetur13g92980 n/a 3 136 2 0 0 3 0 0 GO term associated with
SLC proteins

tetur13g04280 SLC12 3 1% 23 0 4 11 0 4
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Table S2: Read summary metrics for raw and quality trimmed reads of the T. evansi and T. urticae laboratory
populations. Fastq files of all populations were mapped to the T. evansi mitochondria genome and the T. urticae
reference genome. Values extracted from fastqc and qualimap reports. Seq.: Sequences; DP: depth of coverage; SD:
standard deviation; MQ: Mapping Quality; TeX: inbred lines; TeOut: T. evansi outbred population; TuOut: T. urticae
outbred population; nuDNA: Nuclear DNA; mtDNA: Mitochondrial DNA; Mit.: Mitochondria genome. For the
outbred populations, we also mapped the pools to only the mitochondrial genome of T. urticae, which is present here
on the rows where the Reference is the T. urticae and the Genomic Region is “Mit.”

Genomic After Mapping nuDNA mtDNA
Region
Population | Reference | Raw Se Trimmed Reads Rijds GC Mean Mgsn SDE M;sn o PP
P %1 seq. oty | @ | @) | mo
T. evansi Mit. 55566 039 [ 1979 | 5854 | - - [100.32f 31.21
Te8 28614934 | 28422014
T urticae Whole {00 | 5276 [ 555 | 2160 [2333]388 | 8168 | 2836
genome
T. evansi Mit. 69960 | 0.31 [ 19.21 [ 59.08 | - | - [154.51] 54.71
Teld 22556314 | 22434888
T urticae Whole | ocioa0y [ 6025 | o) oo | oy 6p [2231] 334 [114.39] 46.89
genome
T. evansi Mit. 32558 | 012 [ 1931 | 584 | - | - [8219] 13.66
Tel9 28045298 | 27962082 , 94| 4. , ,
T. urticae Whole | 1 cor3010 | 5588 | 329 | 3186 2894417 | 7176 | 2072
genome
T. evansi Mit. 45308 | 016 | 1955|5853 | - | - |[84.05] 16.75
Te23 28597308 | 28549440
T urticae Whole || oo0aog [ 5850 | g5y | 5.9q [30-44] 443 | 85.93 | 2439
genome
T. evansi Mit. 85882 | 0.18 | 19.26 [ 58.84 | - | - [121.54] 4351
Te27 47072636 | 46984284
T urticae Whole | cppmaen | 5416 | 4300 | 3 77 [4431] 6.94 [153.28| 7359
genome
T. evansi Mit. 57986 | 0.24 | 1841 [ 59.07 | - | - [107.05] 36.57
Te28 24292316 | 24255290
T urticae Whole [ oo | 5591 [ 556, [ 5109 [2444] 389 [13260] 59.42
genome
T. evansi Mit. 53160 | 023 | 18555899 | - | - [155.70] 73.73
Te29 23522996 | 23412016
T urticae Whole [ e [ 4975 [ o5 () [ 51 g [1984 306 [117.04f 43585
genome
T. evansi Mit. 68804 | 0.26 | 18.00 [ 59.37 | - | - [150.33] 71.94
Te32 26194162 | 26103970
T urticae Whole [ coee | 4829 [ 550y [ 319 [2092]307 [137:53( 79.38
genome
T. evansi Mit. 58216 | 0.20 | 1836 [ 5896 | - | - [112.24] 47.06
Ted2 29593444 | 29459858 . 46| 3. . .
T urticae Whole | coconcy | 5421 | 557, | 5 79 [26:46] 390 [115.21] 47.03
genome
T. evansi Mit. 144216 | 0.40 | 1861 | 5924 | - | - |284.21|183.04
Whole 59.56 34.46( 4.98 [228.72] 141.77
TeOut _ 35830232 | 35630308 | genome | 21221814 32.31 | 3173
T. urticae
Mit. 121946 | 034 | 1962 | 5004 | - | - [209.99] 115.02
T. evansi Mit. 119186 | 039 [ 1916 | 5396 | - | - [332.19]197.45
TuOut Whole 89.62 35.31( 3.90 [478.06| 214.58
T. urticae
Mit. 149122 | 949 | 1802 | 5071 | - | - [557.72] 25162

Table S3: Average FST across the genome and detected SNPs on nucleus between all inbred lines pairwise
combinations. Average FST (bottom) and total number of SNPs (top). Negative FST values were computed due to the
FST estimator used and should be interpreted as no differentiation

Te8 Teld Tel9 Te23 Te27 Te28 Te29 Te32 Ted2

Te8 762851 706824 747288 726562 666864 809681 741328 780978
Teld -0.013 779978 785703 765224 704867 863637 773973 837737
Tel9 -0.010 -0.012 666125 633732 595113 744259 672353 704294
Te23 -0.005 -0.009 -0.011 642839 626383 774605 709358 726536
Te27 -0.005 -0.008 -0.0100 -0.0088 531460 631168 574259 587840
Te28 -0.004 -0.008 -0.0108 -0.0104 -0.0077 729051 657458 697527
Te29 -0.011 -0.012 -0.0134 -0.0129 -0.0124 -0.013 802691 840867
Te32 -0.008 -0.012 -0.0148 -0.0150 -0.0131 -0.0142 -0.0148 776235
Ted2 -0.006 -0.009 -0.0106 -0.0100 -0.0093 -0.0097 -0.0145 -0.0137
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Table S4: Average FST across the genome and detected SNPs on mitochondria between all inbred lines pairwise
combinations. Average FST (bottom) and total number of SNPs (top). Negative FST values were computed due to the
FST estimator used and should be interpreted as no differentiation

Te8 Teld Tel9 Te23 Te27 Te28 Te29 Te32 Te42

Te8 183 167 171 179 175 182 169 189
Teld 0.0040 189 159 169 160 170 161 174
Tel9 -0.0061 0.0061 154 164 159 179 162 177
Te23 -0.0056 -0.0003 -0.0066 170 154 165 159 170
Te27 -0.0076 0.0163 -0.0029 -0.0036 154 168 154 164
Te28 0.0061 -0.0036 0.0049 -0.0020 -0.0012 160 153 158
Te29 -0.0016 -0.0014 -0.0017 0.0018 -0.0050 0.0017 166 180
Te32 0.0134 -0.0046 0.0225 0.0097 0.0149 0.0054 0 169
Ted2 0.0233 0.0196 0.0205 0.0143 0.0268 0.0325 0.0404 0.0227

Table S5: Read summary metrics for raw and quality trimmed reads of the three T. urticae selection regimes (control,
homogeneous and heterogeneous). All populations were mapped to the T. urticae reference genome. Values extracted
from fastqc and qualimap reports. Seq.: Sequences; DP: depth of coverage; SD: standard deviation; MQ: Mapping
Quality; SR1: No cadmium (control); SR2: High concentrations of cadmium (homogeneous environment); SR3: with
and without cadmium (heterogeneous environment); nuDNA: Nuclear DNA; mtDNA: Mitochondrial DNA

After Mapping nuDNA mMtDNA
Regime | Replica | Raw Seq. | Trimmed Reads Reads | GC Mean Mean SD Mean SD
Seq. (Total) %) | (%) MQ DP DP DP DP
SR1 1 20185276 | 20161266 | 17011854 | 84.38 33 43.87 24.42 2.77 147.3 54.80
2 19921384 | 19900678 | 16844778 | 84.64 | 32.82 43.9 24.39 2.76 | 863.91 | 135.19
3 23279490 | 23255494 | 19636160 | 84.44 | 32.84 43.85 28.06 3.03 | 115.88 | 53.97
4 27748822 | 27713584 | 22621086 | 81.62 | 32.88 43.87 32.50 3.31 | 152.71 | 87.03
5 20249518 | 20224558 | 17529346 | 86.67 | 32.92 44.01 25.40 277 | 116.17 | 56.99
SR2 1 22840000 | 22810264 | 19553928 | 85.72 | 32.9 43.99 27.98 3.04 | 160.79 | 64.28
2 23637006 | 23613100 | 19674580 | 83.32 | 32.88 43.99 27.95 3.03 | 283.36 | 52.65
3 22082466 | 22054768 | 18382356 | 83.35 | 33.03 43.8 26.43 277 | 149.56 | 61.75
4 21935206 | 21906744 | 18587920 | 84.85 | 33.16 43.92 26.87 3.04 77.53 23.65
5 20757398 | 20729018 | 17705418 | 85.41 33 43.77 25.42 2.76 | 289.72 | 55.20
SR3 1 22835992 | 22812262 | 19021500 | 83.38 | 33.04 43.79 27.39 3.29 94 47.63
2 25445914 | 25413026 | 21000608 | 82.64 | 32.83 43.77 30.46 3.31 | 108.16 | 37.29
3 21945552 | 21922964 | 18493230 | 84.36 | 32.93 43.81 26.93 3.04 | 119.62 | 55.46
4 24553526 | 24515992 | 20340004 | 82.97 | 32.89 43.77 29.44 331 516 74.53
5 23607154 | 23574950 | 19523010 | 82.81 | 32.81 43.85 27.97 3.03 | 589.92 | 201.99
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Figure S1: Genetic diversity on nucleus and mitochondria of the T. evansi and T. urticae laboratory populations
considering all sites. Sites are filtered as explained in methods section 2.5 and include the sites were the expected
heterozygosity is equal to zero. Tex: T. evansi inbred lines. TeOut: T. evansi outbred population. TuOut: T. urticae
outbred population. For all T. evansi populations mean expected heterozygosity is higher in mitochondria when
compared to the nucleus, a consequence of the effect of the different mutation rates in the 2 genomic regions.
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Figure S2: Genome-wide distribution of all SNPs detected in the mitochondria genome between the control and the
two selection regimes (homogeneous and heterogeneous). Control vs Homogeneous environments (A e B) e Control
vs Heterogeneous environments (C e D). For both comparisons, a general linear model with a quasibinomial error
structed (A e C) and a CMH test (B e D) were considered with a FDR adjustment, represented as -log10(p-value) in
the y axis. Points in red represent candidate significative SNPs in both statistical tests used.
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Figure S3: Genome-wide distribution of all SNPs detected in the nuclear genome between the control and the
homogeneous regime. Results of the general linear model with a quasibinomial error structure are in (A) and a CMH
test in (B). Each point represents a SNP. Points in red represent candidate significative SNPs in both statistical tests
used, i.e., SNPs with p-values (from both CMH and GLM tests) lower than 0.05, after a FDR correction.
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Figure S4: Genome-wide distribution of all SNPs detected in the nuclear genome between the control and the
heterogeneous regime. Results of the general linear model with a quasibinomial error structure are in (A) and a CMH
test in (B). Each point represents a SNP. Points in red represent candidate significative SNPs in both statistical tests
used, i.e., SNPs with p-values (from both CMH and GLM tests) lower than 0.05, after a FDR correction.
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Figure S5: Genome-wide distribution of candidate SNPs associated with adaptation of T. urticae to cadmium in
Homogeneous and Heterogeneous regimes, on the nuclear genome. Results of the general linear model with a
quasibinomial error structure are in (A) for the Homogeneous and (B) for the Heterogeneous regimes. Each point
represents a candidate SNP, i.e., SNPs with p-values (from both CMH and GLM tests) lower than 0.05, after a FDR
correction. Results of CMH test are available in Fig. 3.7. SNPs in green represent an increase in allele frequencies on
the selected regime, compared to the control. SNPs in blue represent a decrease in allele frequencies on the selected
regime, compared to the control. SNPs in pink represent changes where the allele remains minor on both control and
the selected regime. SNPs with a significant change in allele frequencies are distributed along the three
pseudochromosomes.
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Figure S6: Candidate SNPs detected on homogeneous and heterogeneous regimes, compared to the control, for the
Cacnol G gene. Results of the general linear model with a quasibinomial error structure are in (A) for the Homogeneous
and (B) for the Heterogeneous regimes. The gene is highlighted by the grey region. Each point represents a candidate
SNP, i.e., SNPs with p-values (from both CMH and GLM tests) lower than 0.05, after a FDR correction. Results of the
CMH test are available in the Figure 3.9. SNPs in green represent an increase in allele frequencies on the selected
regime, compared to the control. SNPs in blue represent a decrease in allele frequencies on the selected regime,
compared to the control. SNPs in pink represent changes where the allele remains minor on both control and the selected
regime. Only SNPs with an increase in selection regime compared with the control were found on both homogeneous
and heterogeneous regimes: 43 SNPs on the Homogeneous regime and 14 on the Heterogeneous regime.
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