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“Snow has been such a constant feature of
their environment that many northern
animals have become well adapted to it and
depend on it. Perhaps none depends on
snow more than the snowshoe hare. (...) it
would not take long for the predators to
deplete them if it were not for their
camouflage. The snowshoe (...) changes
from a brown to a coat of pure white fur in
winter. However, the more effective the
camouflage is for one season, the less
effective for another and a hare’s trick to
survival requires getting the timing just right.
(...) off-color hares are the first to be eaten
and have their meat be reconverted into the

next life, that of predators”

Bernd Heinrich, in “Winter World”
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Sumario

Evidéncias dos efeitos das altera¢des climéaticas na biodiversidade em todo o planeta
criam, por um lado, um problema de conservagdo mas, por outro, uma oportunidade para
estudar a evolucao de fendtipos adaptativos que surgem em resposta as novas condicoes
ambientais. Uma adaptacdo importante de espécies articas/boreais a habitats
periodicamente cobertos de neve é a mudanca sazonal da cor da pelagem. A diminui¢ao
dramética do periodo em que existe neve no solo causada pelo aquecimento global pora
em causa a sobrevivéncia destas espécies devido a um aumento do periodo em que
existe um desfasamento entre a cor do habitat e a do animal, potenciando um aumento da
predacdo e consequente decréscimo da capacidade de sobrevivéncia. Perceber a base
genética deste fendtipo é por isso fundamental para estudar o potencial adaptativo destas

espécies e determinar se irdo conseguir adaptar-se.

A lebre americana (Lepus americanus) muda sazonalmente a pelagem para castanho no
verdo (muda de primavera) e para branco no inverno (muda de outono), havendo algumas
populacdes que mantém a pelagem castanha durante todo o ano. Esta espécie € por isso
um excelente modelo para realizar andlises comparativas de expressao diferencial e de
gendmica populacional com o objetivo de compreender a base genética e o potencial
adaptativo deste fenétipo. Neste trabalho, apresenta-se uma primeira abordagem para a
compreensdo da base genética da mudanca sazonal da cor da pelagem na perspetiva da
expressao genética e usando sequenciacao de alto débito de RNA. Bidpsias de pele que
representam trés fases de muda da cor do pelo, “branco”, “muda” e “castanho” foram
recolhidas durante a muda de primavera em cinco espécimes de lebre americana
capturados em Seeley Lake, Montana, Estados Unidos da América. O RNA foi extraido e
sequenciado em plataformas Illumina HiSeq. As sequéncias obtidas foram entdo usadas
para construir de novo um assembly do transcriptoma da pele, que foi anotado e usado
para realizar uma andlise de expressdo diferencial entre os tipos de tecido que
representam as diferentes fases da muda. Isto permitiu identificar genes envolvidos na

magquinaria genética por trds da mudanca sazonal da cor da pelagem.

Depois de filtrar possiveis erros no assembly, 14568 componentes do Trinity (potenciais
genes) foram retidos, correspondendo a 12210 anotacGes ENSEMBL de genes. Da

andlise de expressdo genética foi possivel identificar 943 potenciais genes
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diferencialmente expressos entre as trés fases de muda definidas, e as principais
diferencas ocorrem entre o inicio e o final da mudanca de cor, que séo paralelas as
mudancas observadas durante o ciclo de crescimento de pelo. As funcbes que se
descobriu estarem significativamente enriquecidas no conjunto de genes diferencialmente
expressos incluem resposta imunitaria, morfogénese da pele e termos relacionados com a
organizacdo da componente celular como a organizagcdo do citoesqueleto. Estas
categorias estdo provavelmente relacionadas com mudancas fisiolégicas que ocorrem
durante o ciclo de crescimento do pelo. Um analise mais aprofundada a alguns genes
relacionados com a morfogénese do foliculo capilar revelou a expresséo diferencial de
genes que tém um papel importante na proliferacdo de queratindcitos, formacao da
medula do pelo, estratificagdo da epiderme e producdo de queratina. Adicionalmente,
genes especificos relacionados com a melanogénese (ex. ASIP, MC4R), transporte de
melanossomas, (ex. MYOVIIA) e ritmo circadiano (NR1D1, RORa, RBSLO1/KCNMA1)

estdo diferencialmente expressos entre as fases de muda.

Estes resultados providenciam uma primeira imagem sem precedentes das principais
mudancas de expressao génica que ocorrem durante o ciclo de muda e identificam genes
gue possivelmente estdo envolvidos na mudancga de cor da pelagem que ocorre na lebre
americana. Este trabalho fornece assim as bases para estudos futuros que pretendam
pintar um quadro detalhado de como genes e interagBes genéticas determinam este
fendtipo, e abre a porta para o estudo molecular do potencial adaptativo deste fenétipo

num contexto de mudanga climatica.

Palavras-chave

Mudancas climaticas; Lepus americanus; lebre-americana; mudanca sazonal da cor da

pelagem; transcriptoma; sequenciacdo de RNA; expressdo génica;
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Summary

Evidences for the effects of climate change in biodiversity worldwide are both a
conservation concern and an opportunity to study the evolution of adaptive traits in
response to the new environmental conditions. A remarkable adaptation of arctic/boreal
species in habitats periodically covered with snow is seasonal coat color change. The
dramatic decrease of days with snow on the ground due to global warming will challenge
the survival of these species due to increased mismatch with the background and
potentially increased predation. Understanding the bases of this phenotype is thus
fundamental to study the adaptive potential of these species and ultimately to understand
whether they will be able to adapt.

The snowshoe hare (Lepus americanus) undergoes seasonal coat color change from a
brown summer coat (spring molt) to a white winter one (autumn molt), despite the
existence of individuals in some local populations that retain their summer coat color year-
round. This species is thus an excellent model to perform comparative analyses of
differential expression and population genomics with the aim of understanding the genetic
bases and adaptive potential of this phenotype. In this work, a first insight on the genetic
basis of seasonal coat color change is provided using a gene expression perspective and
an RNA sequencing approach. Skin tissues representing three molting stages, “white”,
“molting” and “brown” were sampled in five specimens of snowshoe hare undergoing the
spring molt captured in the Seeley Lake region of Montana, United States of America.
RNA was extracted and sequenced in high throughput using an lllumina HiSeq platform.
The obtained reads were used to produce a de novo assembly of the skin transcriptome,
which was annotated and used to perform a differential expression analysis among tissue
types representing the different molt stages. Finally, a gene ontology term enrichment
analysis was performed to understand the functional categories of the differentially
expressed genes. This allowed identifying genes involved on the genetic machinery

underlying seasonal coat color change.

After filtering out possible assembly errors, 14568 Trinity components (putative genes)
were retained, corresponding to 12210 ENSEMBL gene annotations. After gene
expression analysis, 943 putative genes were found to be differentially expressed between

the three defined stages of molt, and major transcriptional changes occur between the
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onset and end of the color change, which are parallel with the changes observed in the
hair growth cycle. Gene functions significantly enriched in the set of differentially
expressed genes include immune response, muscle tissue and structure development,
metabolism, appendage development, skin morphogenesis and terms related with cellular
component organization such as cytoskeleton organization. These categories are likely
related with physiological changes occurring during the hair growth cycle. A deeper
analysis into some genes related with hair follicle morphogenesis revealed the differential
expression of genes that play a role in keratinocyte differentiation, hair shaft medulla
formation, epidermis stratification and keratin production. Furthermore, specific genes
related with melanogenesis (e.g. ASIP, MC4R), melanosome transport (e.g. MYOVIIA)
and circadian rhythms (NR1D1, RORa, RBSLO1) were found to be differentially expressed

among molting stages.

These results provide unprecedented insights on the major transcriptional changes
occurring during the molt cycle and identify genes possibly involved in seasonal coat color
change in snowshoe hares. This work sets the bases for future studies aiming at painting a
detailed picture showing how genes and gene pathways determine this phenotype, and
opens the door to the molecular study of the adaptive potential of this phenotype in a

context of climate change.

Key-words

Climate change; Lepus americanus; Snowshoe-hare; seasonal coat color change;

transcriptome; RNA sequencing; gene expression
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1.Introduction

The global concern about anthropogenic-induced climate change and its effects on
biodiversity worldwide has brought together efforts of scientists, governments and other
people to produce evidence both of the phenomenon and its effects on Earth’s organisms.
The anthropogenic production of greenhouse effect gases, such as CO,, will perpetuate a
change in world climate leading, for example, to increased temperatures, changes in
patterns of rainfall, sea level rise (Solomon et al., 2009) and acidification (Hoegh-Guldberg
et al.,, 2007), and reduction of snow cover (Pederson et al., 2011). In this context,
biodiversity worldwide faces new conditions that challenge their adaptive capacity and

ultimately their survival.

Although some prospects are not optimistic and extinction is the fate for many species
(Thomas et al.,, 2004), with a consequent decrease in biodiversity and ecosystem
disruption, the new selective pressures may promote new adaptations (Franks and
Hoffmann, 2012). Several studies show that human disturbances are in fact causing more
phenotypic changes than what would be expected by natural environment action alone
(Hendry et al., 2008). Also, shifts in species ranges and life cycle events (phenology) have
been found to be globally consistent with patterns of climate change (Parmesan and Yohe,
2003; Parmesan, 2006). Changes in the patterns of seasonality are for instance inducing
changes in the migratory behavior of birds (Jenni and Kéry, 2003; Bearhop et al., 2005),
sometimes with maladaptive consequences (Inouye et al., 2000). It is also inducing
adjustments to an enlarged breeding season by promoting an advancement in
reproduction time (Réale et al., 2003; Franks et al.,, 2007) and shortening diapause
(Bradshaw and Holzapfel, 2001) and hibernation (Inouye et al., 2000; Adamik and Kral,
2008).

1.1. The study of the genetic bases of adaptive traits

Climate change can thus be regarded as an evolutionary force that may induce species to
change and adapt to new conditions by the emergence of new phenotypes. In this case,

phenotypes better adapted to the new environmental context will thus be favored and tend
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to be predominantly passed to the following generations (Darwin and Wallace, 1858).
Although selection acts on phenotypes, these are determined by genotypes and therefore
selection leads to change in the frequency of the underlying genotypes. Understanding
how to link phenotypes to genotypes is thus a relevant question that needs to be
addressed in the context of human induced habitat change.

1.1.1. The genetic basis of phenotypes

Genetic variation at different levels may underlie different phenotypes. The simplest model
possible is to consider one single gene where mutations may affect protein-coding genes
that confer a change in phenotype (see e.g. Nachman et al., 2003), and/or changes in
non-coding regions that affect expression level of a gene rather than its coding sequence
(see e.g. Huang and Kang, 2007). At this level, structural variation such as gene
duplications can also be considered (Maroni et al., 1987). Nevertheless, the strength of
this type of genetic variation has to be contextualized within gene networks and
biochemical pathways that ultimately lead to the expression of a trait (Dalziel et al., 2009).
Some phenotypes can result from the interaction of several proteins and therefore a
single-locus-based genetic variation will only have an effect on the trait if the allele
promoting the change has a very strong effect (Hoffmann and Willi, 2008). For example,
the success of variation arising at pleiotropic genes involved in more than one pathway is
restricted by the effect it has in each of the pathways (Papakostas et al., 2014). Also,
although the neutral theory of evolution states that new mutations are the main source of
genetic variation (Kimura, 1984), standing genetic variation — variation that exists previous
to the onset of a selective force — being immediately available has been hypothesized to
be of great importance to provide a quick response to selective pressures (Barrett and
Schluter, 2008). Finally, hybridization between closely related species can also be a

source of new genetic variation (Anderson et al., 2009).

Different techniques have thus been developed to reveal genotype-phenotype
associations. For instance, if the phenotype under search had been studied before it is
possible that a candidate list of genes can be advanced from the scientific literature. For
example, color phenotypes have been studied using the well-known pigmentation pathway
(Bennett and Lamoreux, 2003; Nachman et al., 2003; Steiner et al., 2007). When this

2
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knowledge is not available other solutions may be adopted. Linkage based methods such
as Quantitative Trait Loci (QTL) and Genome-Wide Association Studies (GWAS) assume
that loci under selection will be physically linked to known genetic markers (Orr, 2005).
However, these methodologies have some challenges such as being dependent on the
linkage disequilibrium between markers and loci, on the resolution that the markers
provide (Orr, 2005; Hoffmann and Willi, 2008) and often require the use of inbreed lines
(see for example Atwell et al., 2010). Moreover, outlier based methodologies base their
principle on the fact that strong directional selection will increase the frequency of loci
associated with adaptive traits in a given population (Le Corre and Kremer, 2012). The
methodology is based on scanning for genetic markers in groups of individuals with
different phenotypes and searching for outliers that are highly differentiated between them
and correlate with the phenotype variation, even though these signals may be confounded
by demographic effects and population structure (Excoffier et al.,, 2009). Finally,
expression studies can also be used to assess regulatory changes in gene expression that

may explain phenotype-genotype links (Stoughton, 2005).

1.1.2. The study of gene expression

Regulatory features and gene expression can also be linked to phenotypic changes that
can be captured by looking at gene expression. The expression shifts can merely translate
plastic responses (Hoffmann and Willi, 2008) but mutations on regulatory regions
themselves can change the expression of genes (Huang and Kang, 2007). Furthermore,
the phenotype of a gene is affected by the protein and RNA machinery that acts above the
gene level to produce functional proteins (King and Wilson, 1975; Eddy, 2001; Huang and
Kang, 2007). Gene expression studies can also be valuable as an exploratory approach to
draw a list of candidate genes for a given trait (see for example Henning et al., 2013;
Marra et al., 2014; Zhou et al., 2014) and are particularly suitable to understand the

genetic machinery behind cyclic and seasonally variable traits (Lin et al., 2004).

Expression can be studied using hybridization or sequencing-based techniques. The first
use microarrays with DNA probes onto what fluorescence cRNA or cDNA tags hybridize
(Wang et al.,, 2009). However, microarrays require a previous knowledge about what

markers to screen for to construct the array and face problems with cross-hybridization
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(Eklund et al., 2006) and saturation of the fluorescent signal (Wang et al., 2009). On the
other hand, sequence based techniques also known as Digital Gene Expression (DGE),
use sequences or tags representing sequences to measure gene expression. Examples
are expression sequence tags (EST) (Bouck and Vision, 2007), serial analysis of gene
expression (SAGE) (Velculescu et al., 1995) and cap analysis of gene expression (CAGE)
(Shiraki et al., 2003), that differ mainly in tag size or region of the mRNA from where the
tag is produced. The shortcoming of these three methodologies is that they rely on
expensive Sanger sequencing and vector cloning and although it is possible to produce
these types of markers for non-model organisms they are expensive (Wang et al., 2009).
Also, to determine the tag annotation is necessary to map them onto a reference genome
what might be relatively difficult since the tags are a shorter representation of the original
cDNA sequence (Bouck and Vision, 2007; Wang et al., 2009). Nevertheless, ESTs have
indeed been applied to study adaptive traits and can be used to draw a panel of genetic

markers of genome scans, for instance (Bouck and Vision, 2007).

RNA sequencing (RNA-seq) is the next generation alternative for gene expression studies.
The molecular reactions implemented by the different sequencing platforms exclude the
traditional cloning step and allow simultaneous sequencing of DNA from different samples
(Shendure and Ji, 2008; Metzker, 2010; Mardis, 2013). Consequently, this allows the
production of unprecedented amounts of genomic level data at lower price and time,
opening the door for non-model organisms and to complex traits (Stapley et al., 2010). It is
based on the sequencing of a population of RNA (or mRNA) by reverse transcription to
cDNA, ligation of each fragment to an adaptor that can be specific for every sample and
sequencing in a NGS platform generating a single-end (if the fragments are sequenced
from one end) or paired-end (if sequenced from both ends) dataset of reads (Mortazavi et
al., 2008). Reads can then be aligned to a reference or de novo assembled transcriptome
and the number of reads mapped to specific genetic regions will be the proxy for gene
expression level (Mortazavi et al., 2008). Because of the high throughput and coverage of
the output, RNA-seq data has more power to detect lowly or highly expressed features and
does not require a prior knowledge about the transcriptome, as opposed to microarrays
(Wang et al., 2009). Also it does not require sequencing with cloning vectors and reads are
longer that EST, CAGE and SAGE tags, allowing the performance of more reliable
assemblies and mapping (Wang et al., 2009). RNA-seq generated data can be applied for
de novo transcriptome assembly of transcriptomes (Mortazavi et al., 2008; Cahais et al.,
2012; Henning et al., 2013; Gui et al., 2013; Hershkovitz et al., 2013; Gayral et al., 2013;



FCUP | 5

Understanding the genetic basis of seasonal coat color change in the snowshoe hare, Lepus americanus:
an RNA sequencing approach

Vellichirammal et al., 2014), genetic marker discovery (Zhou et al., 2014), gene expression
analysis to pinpoint candidate genes for important adaptive traits such as osmoregulation
(Marra et al., 2014), coloration (Henning et al., 2013), immune response and adaptation to
aquatic life (Gui et al., 2013) or extreme adaptation in snakes (Castoe et al., 2013). It also
can be applied to study patterns of splicing (Merkin et al., 2012), improve the knowledge
about transcriptome structure (Nagalakshmi et al., 2008), gene expression analysis of
developmental timelines (Wang et al., 2010) or spermatogenesis (Margolin et al., 2014).
The major drawback of RNA-seq is related with the large amount of data that require large
storage space, computational power and specific bioinformatics pipelines (Wang et al.,
2009). Nevertheless, methodologies to obtain the best results with this type of data have
emerged. Examples are RNA preservation, storage and extraction protocols for RNA-seq
(Gayral et al., 2011), different quality trimmers (Del Fabbro et al., 2013), de novo assembly
optimization strategies (Martin and Wang, 2011; Duan et al., 2012; Cahais et al., 2012;
Singhal, 2013), the different available assembly algorithms (Miller et al., 2010), the
performance of different methodologies for isoform detection and gene expression
evaluation (Steijger et al., 2013; Angelini et al., 2014) or the different programs or pipelines

used during the overall process (Vijay et al., 2013; Wolf, 2013).

1.2. The adaptive role of color phenotypes

An important and well known adaptive trait is coloration and color patterns of hairs, scales,
skin or feathers, and several adaptive hypothesis have been delineated to explain the role
of coloration in Nature (Protas and Patel, 2008). One of them is communication for
example in sexual interactions (Rowland et al., 1991; Cuadrado, 1998; lbafez et al.,
2014). Contrasting tail or ear tips seem also to be important for communication for
example in mammal carnivores (Ortolani, 1999) and lagomorphs (Stoner, 2003).
Moreover, color is thought to be also important for thermoregulation with dark bodies
allowing higher body temperatures or dark patches having an antiglare function, for
example (Forsman, 1997; Ortolani, 1999; Hegna, 2013). Finally, coloration plays an
important role in pray-predator interactions since it can either serve as a warning to
predators or concealment. On the one hand, some species advertise their toxicity by
displaying colors that make them conspicuous to predators such as Heliconius butterflies

(Parchem et al., 2007 and references therein). Color can also be used to mimic other
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species advertisements to trick predators into thinking they are toxic as well (Kraemer and
Adams, 2014). On the other hand, the fithess cost of the disruption of crypsis between
animals and their background is high because it will unveil their location either to prey or
predators, and thus color phenotypes that allow camouflage tend to be favored by natural
selection. Matching coat color with the background has been described in the rock pocket
mice (Chaetodipus intermedius) were two color morphs exist, one light-colored that lives in
sandy habitats and a melanic form that lives in lava fields (Nachman et al., 2003).
Similarly, two subspecies of oldfield mice (Peromyscus polionotus), P. p. subgriseus and
P. p. leucocephalusseems, seem to have adapted to different colored habitats by evolving
a dark coat in the mainland habitats and lighter coat in sand beach habitats (Steiner et al.,
2007). Spots and vertical and horizontal stripes are associated with disrupting the body
shape in different habitats in mammals carnivores, with the first being associated with life
in closed forests, vertical stripes with grasslands and horizontal stripes with canopies
(Ortolani, 1999). Additionally, some animals change their color or color patterns according
to the changing background such as the cuttlefish (Chiao and Hanlon, 2001) or according

with the type of predator as in the case of the dwarf chameleon (Stuart-Fox et al., 2006).

1.2.1. Seasonal coat color change

Another remarkable adaptation involving coat color is the seasonal coat color change in
some mammals and bird that live in artic or temperature regions around the globe.
Seasonal shedding of epidermal appendages such as feathers and hairs is common
among vertebrates (Chuong, 1998), but these species are interesting because the color of
their coating changes with season. Some examples are the rock ptarmigan (Lagopus
mutus) (Jacobsen et al., 1983), the Artic fox (Alopex lagopus) (Vage et al., 2005), the
Siberian hamster (Phodopus sungorus) (Logan and Weatherhead, 1978), the stoat
(Mustela erminia) (Rust, 1965), the long-tailed weasel (M. frenata) (Bissonnette and
Bailey, 1944), the collared lemming (Dicrostonyx groenlandicus) (Gower et al., 1994), the
white-tailed jackrabbit (Lepus townsendii) (Flux and Angermann, 1990), the mountain hare
(L. timidus) (Angerbjorn and Flux, 1995), the Artic hare (L. articus) (Flux and Angermann,
1990), the Japanese hare (L. brachyurus) (Nunome et al., 2014), the Alaskan hare (L.
othus) (Best and Henry, 1994) and finally the snowshoe hare (L. americanus) (Severaid,

1945). Seasonal color change has a clear adaptive significance since it allows
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concealment depending on the predominant color of the background, i.e, white in the
winter that matches snow cover, or brown in the summer when snow melts. Given that it
has been shown that the period of snow on the ground has been decreasing as a
consequence of climate change (Pederson et al., 2011), global warming may thus induce
strong mismatches between coat color and the background, and endanger the survival of
these species (Mills et al., 2013).

1.2.2. The genetic basis of seasonal coat color change

The biochemistry, genetics and hormonal control of pigmentation in mammals has been
studied and reviewed (Slominski et al., 2004). Pigmentation in mammal’s hair results from
the accumulation of eumelanin (black to brown color) or pheomelanin (yellow to red color)
inside melanosomes in the melanocytes of the hair bulb, which are then transferred to
keratinocytes of the hair shaft (Slominski et al., 2004). Eumelanin and pheomelanin are the
end product of a pathway that starts with L-tyrosine (Slominski et al., 2004) (see Figure
1.1). However, the color of the hair will depend not only on the type of melanin in the
melanosome but also on the size and shape, number and distribution of the melanosomes
deposited inside the hair shaft (Hearing, 1999).

Candidate genes for color morphs in the wild can be drawn from extensive literature on
pigmentation patterns and colors described and studied in mammals, specially using mice
as models (reviews in Bennett and Lamoreux, 2003; Hoekstra, 2006; Nakamura et al.,
2002). Two of the most well-known candidate genes are the melanocortin-1-receptor gene,
(MC1R) and the agouti signal peptide (ASIP) gene. For example, in the already mentioned
example of the rock pocket mice, the color morphs have been shown to relate with
mutations in melanocortin-1-receptor gene, MC1R (Nachman et al., 2003). This MC1R
receptor plays an important role in the change between eumelanin and pheomelanin
production since its activation by a-melanocyte-stimulating-hormone (MSH) induces the
production of eumelanin and its antagonist, the agouti signal peptide (ASIP), inhibits its
function and leads to the production of pheomelanin (Voisey and Daal, 2002). A study in
the Artic fox (A. lagopus) addressed the genetic basis of two winter color coats — gray and
white — and two amino acid substitutions in MC1R have been implicated (Vage et al.,

2005). However, a recent study has failed to encounter a role for this gene’s
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polymorphisms in the genetic mechanism that explains the existence of populations that
either do or do not change color in the winter in the willow grouse (L. lagopus) (Skoglund
and Hoglund, 2010).

Little is thus known about the genetic basis of the seasonal coat color change. However,
the change likely involves a regulatory mechanism that prevents the accumulation of
melanin in the hair without disruption of the mechanism that allows the production of
melanin and consequently brown hair. Therefore, permanent mutations in genes that
determine a permanent color phenotype may not be involved. For example, Logan and
Weatherhead (1978) studied the seasonal variation in the concentration of tyrosinase
(TYR) — the enzyme that takes part in the first steps of melanogenesis (Marmol and
Beermann, 1996) — and melanin in the hair follicle of Siberian hamsters (P. sungorus) and
observed that two peaks of tyrosinase are observed in spring and autumn, corresponding
to the two molts observed in these hamsters. On the contrary, only one peak of melanin is
observed and this occurs in spring, when brown hair is produced. No peak of melanin is
observed in autumn, accordingly with the production of unpigmented hair which leads to
the conclusion that, in this case, the pathway was disrupted between tyrosine and melanin
production (Figure 1.1).
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Figure 1.1 — A simplified scheme of melanogenesis pathway with the most important intervenients in the
cascade. Abbreviates stand for L-dihydroxyphenylalanine (L-DOPA), Dihydroxyindole (DHI), DHI carboxylic
acid (DHICA), Tyrosinase-related protein 1 (TYRP1) and Tyrosinase-related protein 2 (TYRP2). Based on
Slominski et al. (2004).

As other seasonal phenotypes, such as reproduction, hibernation and migration, molts are
regulated by a circannual rhythm controlled by the photoperiod (Goldman, 2001). In
mammals, the integration of the photoperiodic signal is made by the pineal gland that
receives that signal through the retina and suprachiasmatic nuclei (SCN) of the
hypothalamus and produces a hormone, melatonin, in a rate inversely proportional to day
length (Goldman, 1999). Melatonin is thus produced during the night and the longer the
night period (shorter the day) the longer is the production of melatonin. Therefore, this
production will change throughout the year and integrate the seasonal variation of
photoperiod (Goldman, 2001). Melatonin then exerts a negative control over the Pars
Distalis (PD) of the pituitary gland to mediate the production of prolactin; high levels of
melatonin suppress the production of prolactin (Lincoln et al., 2006). In Soay sheep
studied by Lincoln et al (2006), the increased prolactin levels induced a molt in the pelage.
Establishing the link between melatonin or prolactin production and hair follicle
morphogenesis and pigmentation or seasonal coat color change has been attempted
before. Sites for the ligation of melatonin on the murine skin have been found, especially in
keratinocytes and epithelial bulb of the hair follicle (Slominski et al., 1994). Kobayashi et al.

(2005) described that the expression of melatonin receptor membrane (MT2) and retinoid-
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related orphan receptor alpha (RORa) in murin and human cells coincide with the hair
growth cycle, which suggest that they can be involved in the control of the cycle. Melatonin
administration has been shown to inhibit tyrosinase (TYR) activity, and therefore
melanogenesis, in a dose-dependent response and because only high doses have this
effect, Slominski and colleges (1994) hypothesized that there is a non-identified ligand that
mediates the process. The same dose-dependent relationship between melatonin and
tyrosinase activity was observed in Siberian hamster (P. sungorus) (Logan and
Weatherhead, 1980). An administration of a-MSH did not reverse this effect and despite
the high levels of tyrosinase melanogenesis was still inhibited. This suggests a mechanism
of inhibition that acts post tyrosinase in the pathway in Figure 1.1. Furthermore, prolactin
injections in Siberian hamster inhibits the winter molt and are important to promote the
onset of the summer molt (Duncan and Goldman, 1984). The action of melatonin was not
inhibited in these hamsters and the injection of prolactin in hamsters kept at short-day
photoperiod prevented the winter molt. Therefore, the action of prolactin seems to overlay
the inhibitor action of melatonin on hair pigmentation described before. Also, a relationship
with temperature has been established in Siberian hamster, with lower temperatures
accelerating the appearance of the winter coat in hamsters kept in short days by
increasing the responsiveness of melatonin target tissues (Larkin et al., 2001). Despite this
effect, variations in temperature do not explain completely the changes in the rate of molt
and therefore it is not likely that it is the environmental cue triggering seasonal coat
change (Mills et al., 2013).

Although the knowledge about the hormonal regulation of seasonal coat color change is
well established, the genetic basis of the mechanism is not known. Where does the
melatonin/prolactin signal acts in the melanin pathway production? Although it seems that
it acts beyond the step of tyrosinase production, there are several steps where the
pathway can be interrupted. The inhibition could be on the production of melanin itself or
on the transport of melanosomes to keratinocytes. Knowing the genetic basis behind this
phenotype is vital to test its adaptive capacity to a changing environment and a scenario of

mismatch and decreased fitness.
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1.3. Seasonal coat color change in the genus Lepus

Genus Lepus spp., which includes hares and jackrabbits, is an excellent model to study
the adaptive relevance of seasonal coat color. The genus has more than 30 described
species that are widespread around the world and that occur in contrasting types of
habitats from desert to tundra (Alves and Hacklander, 2008). Associations of coat colors to
specific habitats, and consequently to specific background colors, has been studied in
hares (Stoner, 2003). Generally, light color hares are associated with open habitats such
as desert, tundra or barren land whereas dark colors are more frequent in forests or rocky
habitats. Hares tend to display coats with shades of brown but some species living in high
latitudes change their color to white in the winter which matches the snow covered ground.
The seasonal coat color change phenotype has been described in species from Eurasia,
such as L. timidus and L. brachyurus, and from North America, such as L. othus, L.
arcticus, L. americanus and L. townsendii. Taking into account the phylogenetic analysis
and biogeographic history of these species described by Melo-Ferreira et al. (2012),
seasonal coat color change seems to occur in more than one evolutionary clade, and may
thus have arisen independently. Furthermore, it is interesting to note that at least L.
timidus, L. americanus and L. brachyurus have populations of individuals that retain
summer coat color in the winter (Dalquest, 1942; Angerbjorn and Flux, 1995; Nunome et
al., 2014). This provides opportunities to perform comparative studies between color
changing and non-color changing populations of hares within a species allowing to control
for the genetic background variation and to determine the genetic basis of the phenotype
(Dalziel et al., 2009). The attempts to understand the bases of seasonal coat color change
variation in hares are restricted to the work of Nunome et al (2014). However, no
differentiation between populations of white winter morph and brown winter morph of L.
brachyurus was found in three candidate genes related with coat color in mammals (ASIP,
TYR and MC1R).

1.4. Snowshoe hares and seasonal coat color change

The snowshoe hare (L. americanus) is one of the species that undergo seasonal coat
color change and will be used as model in this work. It is a widespread species in North

America (Figure 1.2) and inhabits mainly forest areas (Flux and Angermann, 1990).
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Recently, it has been proposed that snowshoe hares are divided in three Evolutionary
Significant Units (ESU) — Boreal, Pacific Northwest and United States Rockies — based on
the species genetic structure (Cheng et al.,, 2014). Populations from the southernmost
range show signs of genetic fragmentation but are the most unique genetically.
Furthermore, evidences for mitochondrial DNA introgression from L. californicus, the
black-tailed jackrabbit that has a brown winter coat, into the Pacific Northwest population
of L. americanus have been described (Seixas, 2012; Cheng et al., 2014; Melo-Ferreira et
al., 2014).

Snowshoe hares require areas with abundant understory vegetation, such as high grasses
and shrubs, to use as forms to hide and rest during the day (Flux and Angermann, 1990;
Hodges, 2000a). Unlike other hares, they do not build burrows to escape predation and do
not flee until very nearly threatened and thus rely on their ability to stay still and
camouflaged to avoid predators (Flux and Angermann, 1990; Zimova and Mills, 2014).
Predation is in fact the major cause of death among hares (Hodges, 2000a, 2000b) and
hares’ behavior has been shown to be shaped by the presence of predators (Griffin et al.,
2005). For instance, hares’ anti-predator behavior increases, i.e, tend to move less, in
snowy winters with full moon when they are more likely to be seen by predators and when
the predation risk is high (Griffin et al., 2005). Therefore, they strongly depend on their

coats for concealment while resting and foraging.
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Figure 1.2 - The distribution of snowshoe hare (Lepus americanus) in North America. Adapted from IUCN (2008).

Snowshoe hares undergo two molts during the year, changing from a summer coat to a
winter coat between October and November and changing back to the summer coat
between April and May (Figure 1.3; Mills et al., 2013). Generally, the winter phenotype
consists of a white coat color with black year tips. This white phenotype is produced by the
guard hairs, since the underfur is tawny or pinkish, which determines that hares do not
become completely white in winter, especially in the body extremities such as legs, feet,
ears and face, where the hair becomes worn with use (Dalquest, 1942; Severaid, 1945).
The summer phenotype is generally brown with a white belly and occasionally partly white
hind feet that fail to lose the white winter hairs. The brown hairs of the summer coat are

black-tipped, giving a variegated aspect to the upper body coat (Severaid, 1945). The
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summer coat is also less bulky than the winter coat, and hairs grow flat against the skin
(Dalquest, 1942). Little variation is reported between sexes (Severaid, 1945). According to
Severaid (1945), the spring molt is less defined than the winter molt, being more difficult to
define specific stages but generally in the spring the molt starts in the body and face in the
direction of the feet and ears, while in the autumn molt the direction is reversed and starts
in the ears and feet.
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Figure 1.3 — The snowshoe hare molting cycle. Months of molting are based on Mills et al. (2013). Photographs are courtesy
of L. Scott Mills.

Phenotypic plasticity of coat color phenology has been assessed recently at two study
sites in Montana with different elevations and for a period of 3 years were variation in the
snow cover duration was observed (Mills et al., 2013; Zimova and Mills, 2014). Molt lasted
approximately 40 days to be completed (Mills et al., 2013; Zimova and Mills, 2014). In both
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studies, initiation date was fixed both in the autumn and spring molt. However, although
the rate of change of the autumn molt showed no phenotypic plasticity, the spring molt rate
was not fixed and it was slower in the years of longer snow cover duration (Mills et al.,
2013). Nevertheless, the magnitude of the effect of predictors such as temperature or
percent snow around hares was not enough to explain all the variation in the spring molt
rate (Mills et al., 2013; Zimova and Mills, 2014) suggesting that this factors are not the
environmental cue that triggers the seasonal coat color change even if they can affect the
rate of change. Furthermore, Zimova et al. (2014) found that hares do not modify their
hiding behavior, flight response to an approaching predator or preference for a resting spot
accordingly to the degree of color mismatch with the background. Despite the apparent
lack of behavioral plasticity, it was reported that hares at the most elevated study site
retained their winter coats longer than at the least elevated, suggesting a relationship
between temperature and/or snow cover and molt duration (Zimova and Mills, 2014).
Latitudinal differences have been also reported by Dalquest (1942), who described that
generally the white phenotype exists in the northwest populations, while populations from
Washington state varied from white to dark brown, with intermediate phenotypes being
described as gray, light and dark tan. This is in accordance with current observations in
Washington and Oregon States’ populations where individuals that molt to winter
phenotype and that retain the summer coat coexist. Interestingly, this is the population
which has recently shown signs of introgression with L. californicus (Seixas, 2012; Cheng
et al., 2014; Melo-Ferreira et al., 2014). The knowledge about the genetic mechanism
behind the seasonal coat color change in this species is restricted to what has been

referred before for other mammals.

1.5. Objectives

Considering that there is already some knowledge about the fithess consequences of the
seasonal coat color change phenotype (Griffin et al., 2005), its (lack of) plasticity (Mills et
al., 2013; Zimova and Mills, 2014) and a growing literature about the demography and
phylogeny (Seixas, 2012; Cheng et al., 2014; Melo-Ferreira et al., 2014) of this species as
well of other hares (Matthee et al., 2004; Melo-Ferreira et al., 2007, 2012; Alves and
Hacklander, 2008), the snowshoe hare can be used as a valuable model to understand the

genetic basis of seasonal coat color change, which would then allow studying the adaptive
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relevance of the trait in a context of climate change. We hypothesize that the regulatory
mechanisms that either block or allow the expression of the genetic pathway responsible
for the production of melanin are involved in the seasonal expression of the coat color.
Here, a gene expression study of the skin along the molt was performed to detect these
regulatory changes and identify the machinery involved in seasonal coat color change.

The specific objectives of this work are:

- Using RNA-seq to sequence the skin transcriptome of five snowshoe hares
undergoing spring molt and construct a de novo assembly of the skin transcriptome
- Following gene expression changes along the spring molting cycle, testing for
differential expression of genes between time points in the molt that are defined by

the color of the hairs growing in the skin — “white”, “molting” and “brown”.

- Identifying what genes and gene functions are involved in the molt.

This work is expected to provide valuable insights into the genetic determination of the
seasonal coat color change, which can in the future be used to study the adaptive
relevance of the trait in a molecular perspective and in a context of climate change.
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2. Materials and methods

2.1. Sampling

For this work, samples were collected from 5 specimens undergoing spring molt captured
from the Seeley Lake valley Lepus americanus population, in Montana, United States of
America, in April 2012, and euthanized. This population is monomorphic regarding the
coat color molt phenotype, since all individuals exhibit a white phenotype in winter and a
brown phenotype in summer. For each individual, three skin biopsies where performed,
each in a different part of the body displaying one of the three stages of molt — “white”,
“molting” or “brown”. The stages were identified by the color of the hair growing in the skin.
Therefore, each individual was a replicate, and sampling the three tissue types from the
same individual allowed standardizing the information between tissue types. After
collection, skin samples were immediately preserved in RNAlater and then stored at -80°C
until RNA extraction. In total, 15 samples were used, each representing the three different
stages from the five different individuals.

2.2. RNA extraction, library preparation and sequencing

RNA extractions and library preparation for each sample had been performed in the
University of Montana. Briefly, frozen skin samples were shaved and grinded in liquid
nitrogen with the help of a ceramic mortar and pestle to make cell lysis more efficient. RNA
extraction was performed using the RNeasy® Mini Kit from QIAGEN. After extraction, RNA
guality and quantity was accessed using a NanoDrop IMPLEN P330 to calculate 260/280
and 260/230 ratios and using an Agilent's 2100 Bioanalyzer to calculate RNA
concentration (ug/pL) and RNA Integrity Number (RIN). All samples had RIN values above

8, which is ideal for library preparation.

One pg of total RNA per sample was used to construct cDNA libraries for each sample
using SureSelect Strand-Specific RNA Library Prep for Illumina Multiplexed Sequencing

from Agilent Technologies. Briefly, olygo d(T) magnetic particles were used to capture the
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poly(A) tails of mRNA contained in a sample. After this, the poly(A) RNA was
enzymatically fragmented and the first strand of cDNA was synthesized. Afterwards, the
second strand of cDNA was synthesized using deoxyuridine triphosphate (dUTP) instead
of deoxythymidine triphosphate (dTTP) which marked it to be later degraded by uracil-DNA
glycosylase (UDG), which allowed the production of a strand-specific library. After the
formation of the second strand, end repair was performed and 3’ ends of the cDNA were
adenilated to allow adapter ligation. A PCR step was then used to amplify and index the
adapter-ligated cDNA libraries. cDNA from each sample was individually barcoded which
allowed multiplexing the samples in the sequencer while retaining their identity. During this
step, UDG was introduced and the second cDNA strand was thus degraded. After
concluding the library preparation, library size and the presence of adapter dimmer was
inferred in an Agilent 2100 Bioanalyzer. KAPA Library quantification kit (KAPA
BIOSYSTEMS) was used to estimate the molarity of the libraries with a qPCR and allow

equal molarities of each library in the final pool.

All libraries were sequenced in two lanes of a HiSeq2000 and two lanes of a HiSeq 2500
(4 lanes in total) in the research facilities of University of California, Berkeley, producing
100bp paired-end sequence reads from the strand-specific libraries. All libraries were

sequenced in each lane to avoid lane-specific biases.

2.3. Data and quality trimming

During sequencing, two of the lanes finished prematurely, leading to a truncation of the
second read after the 70™ nucleotide. Because of this, the CROP function of Trimmomatic
(Bolger et al., 2014) was used to discard the last 30 bases in these two lanes. After this,
treatment of sequence data was performed equally for all reads from all sequencing lanes.
The quality of the samples was checked with FastQC v0.10.1 (Andrews, 2014) and
duplication levels assessed using custom scripts (Corsat, T., personal communication).
The Illumina CASAVA-1.8 FASTQ Filter (Gordon, 2011) was used to filter out reads
flagged by the CASAVA-1.8 as failing quality control. Then, technical sequences such as
adapters were removed using Cutadapt 1.3 (Martin, 2011) and quality trimming was
performed with Trimmomatic 0.32 (Bolger et al., 2014). In the Trimmomatic command, it

was specified that the first thirteen bases of every read would be cut due to a bias
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observed in nucleotide composition that is possible due to the non-random hexamer
primer activity of the primers used in library preparation (Hansen et al., 2010). In addition,
a 4bp trimming sliding window approach with a 15 phred quality score threshold was used.
In the end, synchrony between read 1 and 2 was checked with fastq_sync.pl script
(Johnson, 2013).

2.4. De novo assembly, annotation and assembly filtering

De novo assembling was performed using Trinity 2013-11-10 (Grabherr et al., 2011) with
the default parameters, including all obtained sequence data. TrinityStats.pl, a script
included in the Trinity package, was used to assess the quality of the assembly by
calculating general parameters such as number of reads assembled, N50 and mean contig
length. Also, the Trinity algorithm has the capacity to predict putative genes and isoforms,
which it classifies as components and isoforms, respectively (Grabherr et al., 2011).
Therefore, TrinityStats.pl also reported the number of components and isoforms in the
assembly. Contig annotation was performed using the rabbit (Oryctolagus cuniculus)
peptome present in the ENSEMBL database (Flicek et al., 2014), downloaded using
BioMart (Kasprzyk, 2011). Blastx, implemented in Blast+ 2.2.29 (Camacho et al., 2009),
was used to blast the transcriptome against the reference, requiring a maximum e-value of
le-20 and only reporting the best database target for each contig. The script
analyze blastPlus_topHit_coverage.pl of the Trinity package was used to calculate the
percentage of length covered or completeness, defined as the percent length of the
database covered by the transcriptome. For each blast hit the percentage of the database

protein covered by the contig was calculated.

During the de novo assembly it is likely that some contigs are produced erroneously,
meaning that they are chimeras, resulting from the assembly of two or more reference
genes, or dubious predicted contigs that originated from lowly covered and/or highly
similar regions, such as alleles, isoforms or paralogous genes that result in the formation
of redundant contigs (Cahais et al., 2012; Singhal, 2013). In fact, mistakes such as
formation of chimera and report of dubious predicted isoforms have been observed in
Trinity produced assemblies (Vijay et al., 2013). Also, isoform prediction is specially

untrustworthy in a de novo assembly for lowly expressed isoforms (Angelini et al., 2014).
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In an effort to mitigate this problem, contigs that were not annotated during the blastx were
excluded from the assembly. Although this might also exclude correctly inferred
contigs/genes that are not annotated in the reference database, we used this conservative
approach to increase the probability to include only real genes in the final assembly.

2.5. Mapping and relative abundance estimation

Relative abundances were calculated using RSEM 1.2.8 (Li and Dewey, 2011), which is
specially designed to perform abundance estimations with reads mapping to a transcript
set rather than a reference genome (Li and Dewey, 2011). This allows using a de novo
transcriptome, as the one constructed here. Furthermore, it has the advantage of dealing
with reads aligning to multiple regions in the transcriptome rather than excluding them from
the analysis, as other approaches do. This program uses Bowtie 1.0.0 (Langmead et al.,
2009) to align reads back to the transcriptome, reporting as valid alignments those with
less than 2 mismatches in the first 23bp. RSEM'’s algorithm then determines the likelihood
of the alignment (Li and Dewey, 2011). RSEM was run with default parameters whereas
Bowtie was used establishing a 23bp seed length (--seed-length) and allocating 512mb of
memory for the calculation of the best first alignment (--bowtie-chunkmbs). RSEM has also
the advantage of outputting relative abundances based on the Trinity components and
isoforms. Beyond this point, the analysis was performed with abundance estimates for the

components.

2.6. Differential gene expression analysis

Differential expression analysis between the three different molt stages was evaluated
using edgeR (Robinson et al., 2010) in RStudio v0.98.976 using R 3.0.3 (R Core Team,
2014). edgeR applies a Generalized Linear Model (GLM) to accommodate an
experimental design with a non-normally distributed response variable, which is the case
of count data. The GLM implemented in edgeR uses a negative binomial (NB) distribution
to model read counts (McCarthy et al., 2012). Although read count data is often fitted to a

Poisson model, this has been proven to be too simplistic for RNA-seq data because it
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assumes less variation than it actually exists due to biological variation between samples
(Robinson and Smyth, 2007). If Y4 symbolizes the read counts for sample i and gene g,
the NB distribution is fitted as,

Ygi~ NB(Ugi, 9g)

Where the mean (ug) can be obtained by multiplying the library size with the relative
abundance of the gene in the sample and the dispersion (¢g), as demonstrated by
McCarthy and colleges (2012), is

var(Yq)= g+ @g Hgi’
which dividing by pg” becomes:
CVA(Yg)=1/ Ugi+ @g

The first term represents the squared technical coefficient of variation (TCV) and the
second the squared biological coefficient of variation (BCV). edgeR allows the estimation
with a Cox-Reid adjusted profile likelihood assuming that all genes have the same
dispersion (common dispersion), and that the dispersion follows a trend (trended
dispersion) or calculating a dispersion value for each gene (tagwise dispersion) (McCarthy
et al., 2012). The common and trended dispersion are most often oversimplifications since
each gene has most likely its own dispersion (McCarthy et al., 2012). However, if the
number of samples is small, the estimation of BCV will not be representative of the real
biological variability, skewing the tagwise dispersion. Because of this, Robison and Smith
(2007) implemented a weighted likelihood empirical Bayes approach that uses the
common dispersion (that since it is calculated from all the genes is likely more
representative) to improve the tagwise dispersion estimates for each gene, and this is the
approach implemented in edgeR. QQplots of goodness of fit statistics can be drawn to
understand how these three different dispersions fit the data (McCarthy et al., 2012).

Steps in the edgeR analysis consisted first of excluding components that did not have at
least 1 count per million (CPM) mapped reads (which represents roughly 8-19 mapped
reads to a contig) in at least 5 samples. This can be considered as another filtering step
that will exclude data from misassembled contigs. It has been shown that the lowest
expressed transcripts are very often False Positives (FP), i.e., transcripts that are wrongly

predicted to be expressed (Angelini et al., 2014). Angelini and colleges (2014) have shown
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that filtering these lowly expressed transcripts increases the precision — fraction of True
Positives (TP) relatively to the total (TP+FP) — of methods such as RSEM. Furthermore, it
has been shown that filtering for low expression/coverage eliminates chimera and
redundant or dubious contigs, that might have resulted from assembly errors (see above;
Cahais et al., 2012; Yang and Smith, 2013).

Second, to allow the comparison of expression estimates across samples (libraries) and
features, a normalization step was performed. The trimmed mean of M-Values (TMM) is
the method implemented in edgeR to normalize data across libraries. The TMM takes into
account the underlying differences of the RNA population between samples and calculates
a scaling factor to be applied to the read counts (Robinson and Oshlack, 2010). According
to Robinson and Oshlack (2010), estimates of expression level will vary not only with
library size or gene length (the greater the length, more likely that a gene will have more
reads mapped to it) but also with the population of genes being expressed in each sample.
For example, consider two samples A and B, where a given set of genes is expressed in
both samples. However, sample A has a particular group of genes expressed that are not
expressed in B, meaning that sample A has twice the number of genes being expressed
comparing to sample B. If the sequencing effort is equal for both samples, the expression
level of a gene that is both expressed in A and B will be the double in B than it is in sample
A. The TMM normalization assumes that the majority of genes is not differentially
expressed and therefore will search for these genes to calculate a scaling factor between
samples. By choosing one reference sample, the algorithm will calculate the gene-wise
log-fold change (M values) between samples and the reference and the absolute
expression levels (A values) in each sample. The principle here is that after trimming x% of
the M and A values (i.e., genes with high log fold changes or high read counts), the genes
that remain are those not differentially expressed and should have the same expression
value across samples. Therefore, they are suitable to be used to calculate the scaling
factor to normalize the samples expression levels. The scaling factor for each sample is

the weighted mean of M values, after trimming.

Third, the common, trended and tagwise dispersion were calculated using a Cox-Reid
adjusted profile likelihood. The GLM was then fitted to the data using a log-linear model to
link the response variable (count data) and the predictors. The predictors used were “Molt
Stage” and “Individual” as a blocking factor. The blocking factor is used to group samples

according to their individual origin, controlling for underlying variation between individuals
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that might influence the results and make the variation between molt stages stand out
(Quinn and Keough, 2002). A likelihood ratio test (LRT) was used to test for differential
expression in three pairwise comparisons (“white” vs “brown”, “white” vs “molting” and
‘molting” vs “brown”) and a Benjamin-Hochberg multiple test correction was applied.
Genes with a false discovery rate (FDR) lower than 0.05 were identified as being
differentially expressed.

To better interpret expression patterns, a hierarchical clustering analysis was performed to
group genes and samples by their expression patterns. The analysis was done using
expression levels calculated as fragments per kilobase of exon per million reads mapped
(FPKM) using read counts normalized as stated above, log2 transformed and mean-
centered to reduce the effect of outliers. The correlation of expression levels between
samples was calculated using a Pearson’s correlation coefficient to understand how molt
stages correlate. Expression levels of genes that were differentially expressed in at least
one comparison were used to calculate the Euclidian distance. Then, a complete linkage
hierarchical clustering analysis was performed to draw the patterns of similarity of
correlation coefficients between samples and of the genes expression levels. The package
ggplots 3.4.1 (Warnes et al., 2014) was used to produce the heatmap.

Using the same expression levels (log2 FPKM, mean centered) a partitioning type
clustering analysis was performed to encounter groups of genes with similar expression
patterns. Because a k number of clusters needs to be assessed for this analysis, two
methods were used to estimate k for comparison. First, a gap statistics approach was
used to infer the number of k clusters, as implemented in the R package cluster v1.15.2
(Maechler et al., 2012). This methodology compares the change in the within cluster
dispersion with the expectation under a null reference distribution that is generated from
sampling uniformly from the original population with a Monte Carlo algorithm (Tibshirani et
al., 2001). The function clusGap from the package referred above was used establishing
1000 bootstraps resampling and the PAM clustering algorithm. Then, silhouettes were also
used to estimate the number of k. The rationale consists on performing the clustering with
several values of k and then to determine which k maximizes the average silhouette width.
The silhouette value s(i) compares the average distance between a given object with all
the others that are inside the same cluster C; and the smaller distance between the same
object and another outside the cluster (Reynolds et al., 2006). The mean of these values

for all the objects in a cluster is the average silhouette width and the best cluster is then
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the one that maximizes this value. Therefore, the PAM function of the package cluster was
used to perform the partition clustering analysis using the Partitioning Around Medoids
(PAM). Traditionally the kmeans method, which uses the means of the points in the cluster
as coordinates to form centroids and looks for minimizing the sum of square distance
between points, has been used to cluster gene expression data (D’haeseleer, 2005). PAM
is a generalization of kmeans that instead of centering data around centroids centers
around medoids that aim at reducing the dissimilarity within the clusters (Reynolds et al.,
2006). Here, we repeated the analysis with k ranging from 2 to 20 in order to access the k
that maximized the average silhouette width. Because different values of k were obtained
with the Gap statistics (k=4) and the silhouette method (k=3), results with k=3 and k=4
were produced for comparison. Finally, using the plot_expression_patterns.pl script
provided by the Trinity pipeline, the expression values of clusters of genes with common

expressed profiles were plotted.

2.7. Gene-Ontology term enrichment analysis

To understand whether differentially expressed (DE) genes were enriched in particular
functions, a Gene Ontology (GO) term enrichment analysis was performed. As explained
by Bauer et al. (2008), the principle of this analysis is to annotate with GO terms the
population of genes (in this case the transcriptome) and the groups of genes of interest,
such as the groups of genes differentially expressed in the three comparisons made in the
differential expression analysis. Then, by sampling at random a number of genes equal to
one of the study sets from the population, the probability of drawing the same or higher
number of genes annotated to a given GO term is calculated. If that probability is low (and

smaller than a given threshold) the GO term is significantly enriched in the study set.

A custom annotation was performed for the rabbit (Oryctolagus cuniculus) with the help of
BioMart tool (Kasprzyk, 2011) at the ENSEMBL (Flicek et al., 2014) website and custom
scripts. Then this annotation was used to make a GO analysis in Ontologizer 2.1 (Bauer et
al., 2008). The implementation of the Parent-Child test is an advantage in Ontologizer
since this method takes into account the true-path rule that results from the hierarchical
nature of the GO term annotation and implies that when a gene is annotated to a GO term

it will also be annotated to all the parents of that term which will generate overlapping
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annotations (Grossmann et al., 2007). Therefore the Parent-Child-Union test was used,
with the Benjamini-Hochberg multiple test correction. Significance was established at a
FDR<0.05.

2.8. Candidate gene perspective

Using the ENSEMBL annotations and associated gene names for each differentially
expressed component, a final search in the list of differentially expressed genes was
performed for gene names related with melanin synthesis pathway, melanosome
transporters and circadian rhythm related genes based on literature on the subject
(Bennett and Lamoreux, 2003; Slominski et al., 2004; Meredith et al., 2006; Hoekstra,
2006; Lin et al., 2009).
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3. Results

3.1. Raw data and quality control

After library preparation, the 15 strand-specific cDNA libraries, with fragment length
varying between 252 and 363bps (including adapters), were paired-end sequenced in 2
lanes of a HiSeq 2000 and 2 lanes of a HiSeq 2500, totaling 4 lanes, producing a total of
385887081 100bp read pairs. After the quality filtering steps, which removed adapters and
low quality reads, the number of read pairs was 323917483, with sizes ranging between
23 and 87bp. Percent of unique inserts ranged between 89 and 97%. All cleaned reads

were assembled de novo using Trinity.

3.2. Assembly and annotation

The assembling yielded 321441 contigs (representing 239909 components) in the raw
assembly (Table 3.1). Filtering out the contigs with no Blastx hit, i.e. with no annotation,
the number of contigs was reduced to 85967, representing 40001 Trinity components. The
85967 contigs blasted against 15105 proteins or 14421 genes (Table 3.1). Contig lengths
varied between 201bp (as Trinity, by default, excludes all contigs smaller than 200bp) and
33280 bp, before and after filtering.

Table 3.1 — Summary of assembly parameters before and after annotation against the rabbit peptide reference

Raw assembly Annotated assembly

Nr. assembled bases 287,693,282 176,947,733

Nr. Trinity componentes 239909 40001

Nr. Trinity isoforms/contigs 321441 85967

Contig N50 2087 3360

Median contig length 376 1504

GC contente (%) 52.97 53.72

Nr. of gene annotations 14421

Nr. of protein annotations 15105

26



FCUP

Understanding the genetic basis of seasonal coat color change in the snowshoe hare, Lepus americanus:
an RNA sequencing approach

Completeness, defined as the percent length coverage of the reference proteins by the
contigs in the assembly (Martin and Wang, 2011), was calculated and is shown on Figure
3.1. Because each reference protein is, for some cases, the best Blastx hit for more than
one contig, only the contig that provided the highest coverage was used to draw the
histogram. From that it is possible to see that 11162 of 15105 (74%) of the reference

proteins were covered in more than 70% of their length by the transcriptome.
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Figure 3.1 — Histogram of frequency (gray) and cumulative frequency (blue) of the percent length coverage (completeness)
of the reference proteins by the contigs in the assembly. Bar height represents the number of reference proteins covered in
the given percentage class.
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3.3. Mapping and relative abundance estimation

Mapping reads back to the transcriptome using bowtie, as implemented by RSEM,
resulted in a mapping percentage, here defined as the proportion of reads that
successfully mapped back to the transcriptome, of approximately 73%. Since RSEM
generates abundance estimates for both Trinity components and isoforms, and it refers to
them as “gene” and “transcript” respectively, the results here reported are for a gene level
analysis. For a matter of simplicity and for a first approach, this work focuses on the gene
results generated by RSEM. Therefore, the term “gene” or “genes” will for convenience be

used as synonymous of “Trinity component(s)”.

3.4. Differential gene expression analysis

3.4.1. Filtering lowly expressed components

The initial step of the differential expression analysis, which consisted in only keeping
contigs with counts per million (CPM) mapped reads higher than 1 in at least five or more
samples reduced the number of putative genes (Trinity components) to 14568 that blasted
against 12210 unigue ENSEMBL gene codes. Then, in order to understand how different
factors, such as assay design, might have affected the quantitative measures of gene

expression, read files were maintained separated and counts were also obtained per lane.

3.4.2. Assessment of variability and dispersion in the dataset

Counts were plotted in a multidimensional scale where the distance between samples was
calculated as the average root-mean-square (Euclidian distance) of largest absolute log2
fold change between each sample (Figure 3.2). This showed that the logFC for each lane

for the same individual tended to overlap, suggesting that variation between lanes is small
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and therefore the results of each sample could be collapsed (Figure 3.2a). Nevertheless,
although there is an aggregation of “molting stages” observable on dimension 2, with
“‘white” on top, “brown” on the bottom and “molting” between both, the first dimension
separates individual amel2 from all the others, suggesting that variation between
individuals might influence the results and thus should be a factor to take into account in
the statistical analysis. Because of this, in the differential expression analysis and GLM
model counts were grouped by individual to block any differences between them (see
Materials and Methods). After concluding this step, the results of the different lanes were
concatenated (the different fastqc files were concatenated and RSEM was run again to
produce new abundance estimates) and the results observed before - clustering by

individual and “molting” stage - remained (Figure 3.2b).
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Figure 3.2 - Multidimensional scaling plot of the distance between samples according to their leading log2 Fold Change. In
a) expression estimates for each lane were kept separate in order to understand the overlap of each sequencing replicate
and in b) expression estimates were obtained by concatenating results for each lane and therefore only an unique point for
each individual is seen. Labels of the points represent the individual code of each sample with the “molting” stage
symbolized as WS (“white”), MS (“molting”), BS (“brown”), plus a number that identifies the lane in plot a). Points are colored
according to the molt stage.
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Dispersion estimates assuming a common, trended or tagwise dispersion were calculated
in edgeR (Figure 3.3). The common dispersion estimated a biological coefficient of
variation (BCV) of 22%, meaning that the abundance for each gene between biological
replicates varies 22% (McCarthy et al., 2012).
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Figure 3.3 - Plot of biological coefficient of variation (BCV), calculated either assuming a common value of dispersion (red),
trended value (blue) or tagwise (black), as a function of the average log counts per million (CPM) of mapped reads.

QQ-plots were used to assess the goodness of fit of the different dispersion allowed in
edgeR, which suggested that the common and the trended dispersion do not provide a
good fit to the dataset since a group of genes show greater variability than the one
assumed by the first two methods (Figure 3.4, in blue). This is a statistical justification for
the use of a tagwise method to calculate the biological coefficient of variability.
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Figure 3.4 - QQ-plots showing the fithess of common, trended and tagwise dispersions to the data. Genes that show a
significant poor fit (Holm-adjusted P-value < 0.05) are shown in blue.
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3.4.3. Number of differentially expressed genes

Differential expression analysis was carried on next and, overall, of the 14568 genes, 943
were found to be differentially expressed (DE) (FDR < 0.05) in at least 1 comparison
between stages (Figure 3.5). The complete list of differentially expressed genes in each
pairwise comparison as well as their annotations is provided in Appendix 1 — Table S1. Of
this, only 10 genes were common to the three comparisons and more than half were
exclusively differentially expressed between “brown” and “white” (568; approximately 60%
of all DE genes). The highest number of DE genes was found for comparisons with the
“white” stage, with 739 and 312 genes being DE between “white” and “brown” and “white”

and “molting”, respectively (Table 3.2,Figure 3.5 and Figure 3.6).

Brown
VS
Molting

12

568 186

Brown Molting
Vs Vs
White White

Figure 3.5 - Venn diagram showing the overlap of differentially expressed genes between comparisons of “molting” stage.

There was a higher number of up regulated genes in the “white” stage (Table 3.2 and
Figure 3.6). It was also noticeable that fewer genes were found to be DE between “brown”
and the “molting” stage, relatively to the other two comparisons.

Table 3.2 — Number of differentially expressed genes (FDR<0.05). For each pairwise comparison results are given relatively
to the second referred molt stage. For example, there are 480 genes upregulated in “white” relatively to “brown”. If a gene is

differentially expressed, upregulation is determined when the log fold change is positive and downregulation when fold
change is negative (see Figure 3.6).

Comparison (GLM #Differentially Not differently

Upregulated Downregulated

paired analysis) expressed genes expressed
Molting vs Brown 79 39 40 14489
White vs Brown 739 480 259 13829

White vs Molting 312 279 33 14256
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Figure 3.6 - Smear Plots of the average log counts per million (CPM) reads plotted against log Fold Change. For each of
the three comparisons made, differentially expressed genes (FDR<0.05) between the molt stages referred in each graph are
shown in red. Arrows symbolize upregulation in the respective molt stage of the number of genes in brackets.
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3.4.4. Gene expression patterns

Hierarchical clustering of gene expression levels resulted in the formation of four clusters,
with samples being grouped according to molting stage (Figure 3.7). “Molting” stage
samples were divided between the two main clusters, which separated “white” and “brown”
stage samples. It is discerned a change in the global expression pattern as the molt

progresses from “white” to “brown” and “white” stage shows the highest levels of
expression.
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Figure 3.7 - On the top, a dendrogram of samples clustering with correlation of distances between nodes, depicted on the
yy-axis. On the bottom, the heatmap of log 2 transformed, mean centered FPKM levels of expression per DE gene (row) and
sample (column). The dendrograms are resultant of complete linkage hierarchical clustering of Pearson’s correlation
coefficient between samples and Euclidian distances between gene expression levels, which is displayed in the yy axis.
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To better understand the patterns of expression, partitioning clustering of expression was
performed to extract qualitative clusters of genes with similar expression patterns. Prior to
the analysis, as explained in the Materials and Methods section, the number of k was
estimated with two approaches, the Gap statistics and the silhouette method. While the
Gap statistics estimated k=4, the silhouette method estimated k=3 (Figure 3.8).

025
|
"
/

average silhouette width
0.20
|

015
|

#clusters

Figure 3.8 - Average silhouette with of the centered log 2 FPKM expression levels for PAM clustering of k=2:20. The
maximum average silhouette width is k=3.

Clustering was thus performed with both values of k and at least three distinct expression
patterns stand out from the clusters: 1) an overall increase in expression as the molt
progresses (cluster 2 in Figure 3.9 and 3.10), 2) a decrease in expression along the molt
(cluster 3 in Figure 3.9 and cluster 3 and 4 in Figure 3.10), and 3) a decrease in
expression in the intermediate stage of the molt compared to the other two (cluster 1 in
Figure 3.9 and 3.10). It is noticeable that this last pattern was not consistent in all
individuals or genes since individual amel4 and amel5 follow either a stable or a
decreasing change in expression, respectively. A decrease in expression along the molt is
the most frequent pattern in the dataset (either 507 in k=3 or 516 in k=4), followed by an
increase and an intermediate pattern. The complete list of Trinity components in each
cluster is provided in Appendix 1 — Table S2. The classification made for the expression
patterns is merely qualitative and because the clustering with k=4 does not add a new
expression pattern to those found with k=3, the clustering results from k=3 were used as

reference for further analyses.
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Figure 3.9 — Gene clusters obtained from PAM clustering analysis with centered log2 FPKM levels of expression for each

gene establishing k

3. Numbers at the right top corner of each graph symbolize the number of genes in each cluster.
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Figure 3.10 - Gene clusters obtained from PAM clustering analysis with centered log2 FPKM levels of expression for each
gene establishing k=4. Numbers at the right top corner of each graph symbolize the number of genes in each cluster.

3.5. Gene-Ontology term enrichment analysis

To identify GO categories significantly enriched in our dataset, a GO enrichment analysis
was performed. From the population of 14421 gene annotations, it was possible to
annotate 12912 with Gene Ontology terms in all of the three main categories. Of notice is
the fact that each Trinity component is composed of several sequences (i.e., isoforms) that

in a few occasions have its best Blastx hit in different genes. Because of this, the number
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of ENSEMBL and GO annotations is not the same as the number of DE genes (i.e, Trinity

components) (Table 3.3). In this analysis, all the multiple ENSEMBL codes were used to
produce the GO term annotation.

Table 3.3 — List of the number of differentially expressed genes (i.e Trinity components), the number of annotations to
ENSEMBL genes and number of GO terms associated with the ENSEMBL gene codes for each pairwise comparison
between the different “molting” stages.

Pairwise Comparison # DE Trinity #ENSEMBL Gene # ENSEMBL codes
Components Codes annotate to GO terms
Molting vs Brown 79 93 91
White vs Molting 312 324 308
White vs Brown 739 733 676

The results of the enrichment analysis, for each of the GO term categories and
differentially expressed genes in each pairwise comparision, are displayed in Figures 3.11
to 3.14 and in Appendix 1 — Table S3 to S5. The lower number of significant enriched
terms is encountered among the differentially expressed genes between “molting” and
“brown” stage (Figure 3.11) with only one term per GO category, which might be related
with the fact that this is the pairwise comparison showing the smaller number of DE genes
(Table 3.2).

Molting vs Brown

MHC protein complex | & ®m CelularComponent
antigen processing and presentation | & [ Biological Process
iron ion binding | 8 I Molecular Function
o 5 10
Number of

Figure 3.11 - Gene Ontology enriched terms (FDR<0.05) of all GO categories for genes being differentially expressed
between “molting” and “brown” stage. The different colors of the bars represent the three different GO categories. Numbers
next to the bars in the graphs represent the number of genes (in this case, ENSEMBL gene codes) that are associated with
the respective GO term.
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Figure 3.12 — Gene Ontology enriched terms (FDR<0.05) of all GO categories for genes being differentially expressed
between “molting” and “white” stage. Numbers next to the bars in the graphs represent the number of genes (in this case,
ENSEMBL gene codes) that are associated with the respective GO term.
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The main aim of this analysis was to find which categories could be related with the coat
color phenotype, and those related with skin development and morphogenesis are obvious
candidates. Such categories are only significantly enriched in DE genes between “brown”
and “white” stage (Figure 3.14; Appendix 1 — Table S3), with “hair follicle development”
and “epidermis morphogenesis” being significantly enriched with 8 and 9 genes
respectively (pointed with red arrows in Figure 3.14). However, this analysis allowed
identifying additional categories that might be involved in the process.
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Figure 3.13 - Gene Ontology Celular Component and Molecular Function enriched terms (FDR<0.05) and categories for
genes being differentially expressed between “white” and “brown” stage. Numbers next to the bars in the graphs represent
the number of genes (in this case, ENSEMBL gene codes) that are associated with the respective GO term.
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Figure 3.14 - Gene Ontology Biological Process enriched terms (FDR<0.05) and categories for genes being differentially
expressed between “white” and “brown” stage. Numbers next to the bars in the graphs represent the number of genes (in
this case, ENSEMBL gene codes) that are associated with the respective GO term. Red arrows point out the two GO terms
related with skin development.
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A closer look at the list of genes associated with the terms reveals that genes associated
with “hair follicle development” and “epidermis morphogenesis” are actually the same
except one (Table 3.4), which is logical since “hair follicle morphogenesis” is a child term
of “epidermis morphogenesis” in the GO annotation. In Table 3.4, the component codes
annotated to the ENSEMBL gene codes and the gene names associated with them are
listed. One of the components is annotated to two ENSEMBL gene codes which, as
explained before, is due to the fact that the isoforms of this component were annotated to
different genes. The expression patterns of these components were drawn from the
clusters they fell in in the partition cluster analysis referred before. They either fell in
cluster 2 (Figure 3.15) or cluster 3 (Figure 3.16) meaning that their expression generally

either increased or decreased along the molt, respectively.

Table 3.4- List of ENSEMBL gene codes in each of the GO terms in bold. For each ENSEMBL code the respective Trinity
component code and associated gene name is listed. All of the components are differentially expressed only in “white” vs
“brown” pairwise comparison

Hair follicle Epidermis
morphogenesis morphogenesis
ENSEMBL gene code Component Associated
code gene name
ENSOCUG00000008499 ENSOCUG00000008499 compl35860_c0 FGF10
ENSOCUG00000008992 ENSOCUG00000008992 compl152336_c2 KRT25
ENSOCUG00000009003 ENSOCUG00000009003 compl52485_c0 KRT27
ENSOCUG00000013731 ENSOCUGO00000013731 compl52403_cl RUNX1
ENSOCUG00000016465 ENSOCUG00000016465 compl52107_cl TP63
ENSOCUG00000017751 ENSOCUGO00000017751 compl52403_cl RUNX3
ENSOCUG00000025513 ENSOCUG00000025513 compl45734_c0 IGFBP5
ENSOCUG00000029234 ENSOCUG00000029234 compl49548_c2 KRT71
ENSOCUG00000021812 compl52197_c0 PLOD3
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Figure 3.16 - Expression levels for each of the Trinity components showing an overall decrease in expression and
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3.6. Candidate gene perspective

The candidate gene perspective allowed finding six cases related with the functions
analyzed. Some of these genes were associated with the GO term “response to stimulus”
such as the genes coding for the agouti signaling protein (ASIP), melanocortin-4 receptor
(MC4R), nuclear receptor Rev-erba (NR1D1), retinoic acid receptor—related orphan
receptor (RORa) (Table 3.5; Appendix 1 — Table S3). The calcium-activated potassium
channel subunit a-1 (RBSLO1/KCNMA1) has been implicated in the circadian rhythm
regulation (Meredith et al., 2006). This gene was associated with Biological Process GO
terms such as “muscle system development” and Cellular Component GO term
“transmembrane transporter complex” (Appendix 1 — Table S5). Myosin type Vlla
(MYOVIIA) encoding gene was the only one related with melanosome transport
encountered in the dataset (Table 3.5). This gene was associated with GO terms such as
Biological Process term “developmental process” and Cellular Component term
“cytoskeleton” (Appendix 1 — Table S3). The expression pattern of these genes decreased
towards the end of the molt and therefore they fall in the “cluster 3" of the partitioning

clustering analysis (Figure 3.17).

Table 3.5 - List of components which are associated with “response to stimulus” GO term category (NRD1, RBSLO1, RORaq,
ASIP, MC4R), transporters of keratinocytes (MYOVIIA) and melanogenesis (ASIP) and their respective component code,
ENSEMBL gene code, associated gene name, pairwise comparison where they are differentially expressed, and the genes
pairwise comparison associated with significantly enriched GO terms. BSWS — Brown vs White; MSWS — Molting vs White

GO terms of DE

ENSEMBL Associated Pairwise : _—
Component code ; genes in the pairwise

gene code gene name comparison .

comparison

comp140510_c3 ENSOCUG00000009732 NR1D1 BSWS BSWS
comp152200_cO0 ENSOCUG00000009543 RBSLO1/KCNMAl MSWS MSWS
comp140802_c4 ENSOCUG00000012900 RORa BSWS BSWS
compl46368_cO ENSOCUG00000025457 MC4R BSWS BSWS
comp152787_c1 ENSOCUG00000023355 MYOVIIA BSWS BSWS

compl110590_cO0 ENSOCUG00000011138 ASIP BSWS;MSWS BSWS
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Figure 3.17 - Expression levels for each of the Trinity components associated with the genes in Table 3.5. In the xx axis, in
the individual codes of each sample the “molting” stage is symbolized as WS (“white”), MS (“molting”), BS (“brown”).
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4.Discussion

Seasonal coat color change translates an important adaptation in arctic and boreal
species. It allows these species to match the seasonal change in background color due to
snow fall and thus to conceal from other organisms, namely predators, i.e. crypsis.
Although there is some evidence for the hormonal control and, in the light of some studies,
it is possible to rule out or to advance possible candidate genes for the seasonal coat color
change, the genetic mechanism responsible for the change is unknown. Changes in gene
expression are known to be one of the mechanisms that allow species to adapt to different
local environments (Larsen et al., 2007). Furthermore, gene expression studies have also
been applied to study time-course gene expression and understand which genes might be
involved in specific phenotypes (Schlake et al., 2004; Lin et al., 2004; Stoughton, 2005;
Margolin et al., 2014). In this study, RNA-seq, a high throughput sequence technology,
was successfully applied to obtain an initial snapshot of the transcriptional changes
occurring during the spring molt in the snowshoe hare. The full transcriptome of the skin
was assembled and used as reference for mapping and estimation of relative abundances.
Furthermore, this method allowed the identification of differentially expressed genes at
different molt stages, and the expression patterns of these genes might elucidate the
transcriptional changes occurring in the molting skin. Finally, functional categories
associated with the DE genes have validated the potential of the methodology to capture
the molecular machinery involved in skin-related processes such as hair growth cycle and
epidermis development and opened the possibility to draw a list of candidates related with

seasonal melanogenesis.

4.1. Bioinformatics pipeline

One of the objectives of this work was to set up and apply a bioinformatics analytical
pipeline to uncover differentially expressed genes in different skin types during the coat
color molt. It is thus important to discuss the robustness of the applied methodology and
possible improvements that can be introduced in the future, particularly taking into account

the difficulties of de novo transcriptome assembly.
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Despite allowing the discovery of new transcripts and opening the door for high throughput
analyses in non-model organisms without a reference genome (Martin and Wang, 2011),
which dramatically increases the number of cases where expression studies are possible,
de novo assemblies have some associated difficulties. Among them is the generation of
dubious contigs due to lack of coverage in some regions or due to the existence of errors
or highly similar regions such as isoforms or paralogous (Cahais et al., 2012; Singhal,
2013). Quality trimming prior to the assembly is one of the strategies used to remove
errors related with sequencing or library generation and has been proven to increase the
quality of the dataset and assembly (Del Fabbro et al., 2013; Singhal, 2013). In this work,
this step was not overlooked and low quality reads and adaptors were removed resulting in
the reduction of ~15% in the number of initial read pairs. Also, coverage/sequencing depth
is an important aspect influencing the quality of de novo assemblies. Here, however, deep
sequencing was performed (data from 2+2 lanes of data from lllumina HiSeq2000 and
2500 was collected), exceeding what is deemed enough for a reliable transcriptome

assembly (Vijay et al., 2013).

The raw assembly (previous to the filtering step implemented) yielded a large number of
contigs (321441). When compared to other transcriptome assemblies performed in Lepus
with different sequencing and assembly strategies (38540 contigs in Cahais et al., 2012;
below 85000 contigs in Gayral et al., 2013) or with other assemblies performed with Trinity
with a similar sequencing strategy (same sequencer and number of lanes) in other
organisms (from ~84000 to ~113000 contigs in Singhal, 2013), this number is higher.
Filtering out non-annotated contigs lowered the number of contigs (85967) but still resulted
in 4 times the number of protein coding genes annotated in mouse, human and rabbit, in
the ENSEMBL database (22740, 22836 and 19293, respectively). Thus the numbers of
contigs in the transcriptome seem higher than what expected, despite providing high
completeness and contiguity (N50). The filter for coverage finally reduced the number of
components to 14568, suggesting that these filtering steps allowed recovering a realistic
number of genes when compared to the reference. However, some Trinity components
(that may represent genes) had multiple annotations and improvements can be made in
the pipeline followed in this work. Because RSEM sums isoform counts to obtain the
respective components relative abundances, this fact has an implication in the
interpretation of gene expression. If one component corresponds in fact to several genes
this means that Trinity was not completely successful in classifying the isoforms of multiple

genes into different components. In the future, the codification of these components may
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be revised based on the annotation to ensure that each component corresponds only to

one gene annotated by blastx hit.

The above properties of the generated assembly show that de novo assemblies should be
carefully analyzed and undergo several filtering steps (Singhal, 2013). Additional filters
may be introduced in the pipeline. For example, completeness results may be used to filter
contigs that did not cover the reference more than a specific length. Also a more tight
Blastx analysis (e.g. lower e-value or imposing a minimum length of blastx hit) may be
used to reduce the probability of annotation of erroneous contigs. Alternatively, the rabbit
transcriptome could be used as reference both for mapping and annotation in a parallel
pipeline of analysis. Even though this would introduce other sorts of biases in the data that
we wished to avoid here, such as lower efficiency and quality of mapping or bias towards
mapping in conserved genes, a comparison of the strategies could provide valuable
insights on the robustness of the analyses.

4.2. Gene expression in the skin along the spring molt

4.2.1. Individual variation in gene expression

The multidimensional scaling plot revealed a consistent log fold change among expression
estimates resulting from different sequencing lanes (Figure 3.2a). However, the relative
sample location in the second plot of Figure 3.2 reveals both a transcriptional similarity
between molting stages and the existence of individual variability, which is likely due to
normal biological variation. Indeed, microarray expression profiling in fish have shown that
gene expression patterns between individuals can be as high as differences between
tissues, finding that 48% of the total genes assayed were differentially expressed among
individuals (Whitehead and Crawford, 2005). The same study also reported that some
genes are not consistently expressed between tissues within the same species. The time
of day or age can also influence gene expression in humans (Whitney et al., 2003), and
sex has been implicated to shape gene expression in fruit flies (Jin et al., 2001). Since
RNA-seq has the potential to capture the complete population of mMRNA molecules in the

skin, it is likely that some inconsistent patterns between individuals may be found.
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Variation between biological replicates was 22% but a great proportion of the genes had
higher BCV (tagwise) estimates (Figure 3.3). Therefore, variation between individuals in
gene expression is expected and the observed differences likely result from successfully

capturing such variation.

4.2.2. Differences in gene expression among molting stages

Despite the apparent similarities in log fold changes between molting stages, this work
allowed identifying differentially expressed genes between them. Reflecting the closer
proximity between “brown” and “molting” stages in the MDS plot (Figure 3.2b) fewer genes
were differentially expressed between these two stages. This might be explained by a
similarity of the expression patterns between “brown” and “molting” samples, as suggested
by the hierarchical clustering. Three out of five “molt” samples cluster closer to “brown”
samples. Nevertheless, a similar number of “molt” samples, two, cluster with “white”
samples, which could be explained by some inconsistencies in the exact biopsy location or
variation in the phase of the molting cycle among specimens.

On the other hand, the pairwise comparisons between “white” vs “brown” and “white” vs
“molting” produced the highest and the second highest number of differentially expressed
genes, respectively. This is in agreement with the hierarchical clustering analysis since
“‘white” samples clustered together with two exceptions. This implies a higher difference
between the expression levels of “white” and “brown” and “white” and “molting”, with
“‘white” being the stage with the highest levels of expression. Reflecting this, expression
tended to progress like a wave, with most genes being highly expressed in white and
lowering their expression towards the end of the molt. The opposite (increased expression)
happened to a relative smaller proportion of genes (~29%). The molting skin thus
undergoes major transcriptional changes, with different groups of genes being highly
expressed at different stages and likely performing different functions, in conformity with
the phenotypic changes observed. This is consistent with the switching and silencing of
genes that are related with new hair growth (Stenn and Paus, 2001; Schlake et al., 2004;
Lin et al., 2004). In fact, it is encouraging to have captured the genetic machinery involved
in hair growth in this analysis. The hair growth cycle is divided in three stages: active

growth (anagen), regression (catagen) and quiescence (telogen) (Stenn and Paus, 2001).
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Anagen is characterized by the formation of a new hair follicle by active proliferation of
cells of the secondary hair germ. These eventually differentiate the different layers of the
follicle that produce the hair shaft (Stenn and Paus, 2001). Melanogenesis is restricted to
anagen and once anagen ends both melanogenesis and hair growth stop (Slominski and
Paus, 1993; Stenn and Paus, 2001). With the end of anagen, growth stops and the hair
follicle regresses. Catagen is thus characterized by cessation of proliferation, cell
apoptosis and cell structural changes that lead to a shrinkage of the follicle (Stenn and
Paus, 2001). Telogen follows catagen and at this stage the cells at the follicle are
quiescent and no synthesis of DNA or RNA occurs (Stenn and Paus, 2001). The hair shaft
remains attached to the follicle and eventually sheds when anagen restarts or when it
naturally falls during the animals daily activities (Paus and Cotsarelis, 1999). Since no
brown hair is observed in the “white” stage this phase likely corresponds with late stages
of telogen of the previous hair cycle or early to mid anagen. The emergence of brown hair
that occurs in “molting” likely corresponds to anagen and possible the start of catagen and
“brown” late catagen and telogen. Studies that followed gene expression during hair
growth cycle reported that late telogen and anagen are the most transcriptionally active
stages, with genes involved in hair growth, cell proliferation and encoding structural
proteins being expressed (Schlake et al., 2004; Lin et al., 2004). This would explain the
high levels of expression in the “white” stage. Also, both studies report another peak in
expression in late catagen and telogen that could also be the peak observed in the “brown”
stage. In the hair growth cycle, this increase of expression in the end of the cycle seems to
be related with the expression of genes involved in apoptosis, immune response, and
categories related with the stabilization of the tissue in the regression phase of hair growth
(Schlake et al., 2004; Lin et al., 2004).

Overall, differentially expressed genes followed three expression patterns during the
spring molt cycle, as observed in Figure 3.9. Genes’ expression either increases
throughout the molt, decreases, or follows an intermediate pattern where the “molting”
stage is the lower point of expression. According to what was already observed in the
hierarchical clustering result, the greatest proportion of the genes decreased their
expression towards the end of the molt (Figure 3.9, Cluster 3) and less genes followed the
opposite pattern (Figure 3.9, Cluster 2). It is possible that although k was estimated to be
3, more patterns could have been drawn if larger numbers of k were used, similar to the
results of Lin et al. (2004). Nevertheless, these patterns seem related with the expression

of genes in the different stages of the hair growth cycle, in parallel to what was suggested



FCUP | 51

Understanding the genetic basis of seasonal coat color change in the snowshoe hare, Lepus americanus:
an RNA sequencing approach

before. For instance, Lin et al., (2004) also suggested the existence of three main
categories that are related with the different phases of the hair growth — anagen, catogen
and telogen.

4.2.3. Functional genetic context of the spring molt

Gene Ontology annotation was used to find which functions were significantly enriched in
the set of differentially expressed genes. The enriched functions were related with
immunity, muscle tissue and structure development, metabolism (“glycogen metabolic
process”), appendage development, skin morphogenesis and terms related with cellular
component organization such as cytoskeleton organization. Many of the terms significantly
enriched in the skin can thus be related with the growth of new hair and the changes that
are occurring not only in the follicle but also in the skin to promote that growth (Lin et al.,
2004). Because there is a massive regeneration of hair follicles during the molt,
enrichment of terms related with cytoskeleton organization or cell activation result from the
fact that cells are proliferating at the early stage of hair growth (Lin et al., 2004). Moreover,
Biological Function GO terms related with immunity are enriched considering DE genes
between the “brown” and “molting” stages (Figure 3.11) and “brown” and “white” stages
(Figure 3.14), but not between “white” and “molting” stages (Figure 3.12). The involvement
of immunity-related genes in the hair growth cycle (Stenn and Paus, 2001) and also in
pigmentation and melanocyte function (Slominski et al., 2004) has been reported.
Furthermore, during hair growth apoptotic events occur that may trigger inflammatory
reactions from the immune system (Stenn and Paus, 2001; Schlake et al., 2004). Genes
involved in immune response being expressed in the skin can be related with the death of
the animal (hares were euthanized to collect other organ samples) that produced an
inflammatory response or with an injury that the animal had at the time of death (Pritchard
et al., 2001). On the other hand, genes such as interleukin 1 (IL-1) and 6 (IL-6) have been
found to inhibit melanogenesis in humans (Swope et al., 1991). Furthermore, terms related
with fat cell proliferation and regulation might be related with the formation of adipocytes in
the skin. Recent evidences point to the fact that adipocytes in the skin might play a role of
the hair growth cycle (Festa et al.,, 2011), what would make sense in the skin’s

transcriptional window being analyzed here.
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On another note, DE genes between “molting” and “white” stage were significantly related
with muscle, heart and cell developmental functions (Figure 3.12). Interestingly, the
cellular component term “myosin complex” is significantly enriched. In the context of the
skin and melanogenesis, myosines, which are mechanoenzymes that generate movement
in the cell and are important for the transport via the actin cytoskeleton of cellular
components (reviewed in Kneussel and Wagner, 2013), and in particular myosin Va
(MYOVA) and myosin Vlla (MYOVIIA) are important to mediate the transport of
melanosomes into keratinocytes and into the retinal pigmented epithelium, respectively
(Liu et al., 1998; Wu et al., 1998).

The GO enrichment analysis suggested significant enrichment of terms related with hair
follicle morphogenesis and epidermis morphogenesis and so a closer look into the genes
related with these terms was taken (Table 3.4; Figure 3.15-3.16), which provided further
insight into the hair growth cycle machinery captured in this work. For instance, fibroblast
growth factor 10 (FGF10) belongs to the fibroblast growth factor gene family having high
homology and functional similarities with FGF7 and is known to be expressed in human
and mouse skin (Beer et al., 1997) and to stimulate keratinocyte differentiation in in vitro
cultured human cells (Marchese et al., 2001). Both FGF7 and FGF10 are implicated in the
initial steps of the hair growth cycle (Greco et al., 2009). On the other hand, there is
evidence that FGF10 and 7 control the production of Insuline-Like Growth Factor binding
protein 5 (IGFBP5) via another receptor and this interferes with the hair shaft medulla
formation (Schlake, 2005a). Tumor Protein p63 (TP63) is a transcriptional factor that has
been implicated in the regulation of other genes responsible for the normal growth and
stratification of the skin (McDade et al., 2012). Furthermore, both Runt-related transcription
factor 1 (RUNX1) and Runt-related transcription factor 3 (RUNX3) are transcriptional
regulators expressed in the dermal compartment of hair follicles and are implicated in the
under-fur hair shape, since knockout mice presents less bents than the wild type zigzag
typical shape (Raveh et al., 2005, 2006); RUNX3 was also found to be expressed in
melanocytes, although its function there is not known (Raveh et al., 2005). Interestingly,
IGFBP5 has been hypothesized to be an effector of RUNX1 and RUNX3 because of its
role in the formation of the bends characterizing zigzag hair types (Schlake, 2005b).
Keratinocytes produce keratin which is a protein encoded by genes such as KRT25,
KRT27 and KRT71. These genes are expressed in the inner root sheath of the hair follicle
and KRT25 and 27 are also expressed in the hair medulla (Langbein et al., 2006).

Interestingly, Lin et al. (2014) showed that the expression of keratin-associated genes
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peaked in the late anagen of the growth cycle and, similarly, here the expression of KRT27
and KRT25 peaked towards the end of the molt. Finally, Procollagen-lysine, 2-oxoglutarate
5-dioxygenase 3 (PLOD3) gene, the only gene only associated with epidermis
morphogenesis, is a lysyl hydroxylase and is important for the proper formation of
collagen, a component of the epidermis (Uzawa et al., 1999). The expression of these
genes is consistent with the fact that a major change takes place in the skin since new hair
is growing during the molt change. Although hypothesizing the role of any of these genes
in the coat color change would be premature, given the results obtained and given their
functions, it is remarkable to have captured the expression of these genes and ultimately
the machinery involved in the hair cycle. For example, FGF10 presumably promotes the
expression of another receptor that negatively regulates the production of IGFBP5 and, in
fact, while an increase in the expression of FGF10 is observed along the molt, the reverse
is observed for IGFBP5 (Schlake, 2005a). In parallel, it was observed an increase in
expression of FGF10 (Figure 3.15) while a decrease for IFGFP5 was captured (Figure
3.16).

4.2.4. Genes involved in melanogenesis and circadian rhythm

This work was able to capture the machinery involved in the hair growth cycle, and a
closer look at DE genes related with melanogenesis, melanosome transport and circadian
rhythms, which could be involved in the seasonal coat color change. Synthesis of melanin
is restricted to anagen (Slominski and Paus, 1993), and therefore it is not surprising to find
that genes known to be related with melanogenesis are mostly differentially expressed
between “white” and “brown” or “molting” and “white”, and have a decreasing pattern of
gene expression towards the end of the molt (Table 3.5; Figure 3.17). The agouti signaling
peptide (ASIP) gene is one of the components of the melanin synthesis pathway and was
found here to be expressed at high levels in the beginning of the molting cycle. This
peptide is responsible for the production of agouti hair, characterized by brown hair with a
yellow band. This is achieved by the antagonistic binding to melanocortin-1 receptor
(MC1R) what temporarily impedes the binding of a-MSH (Vrieling et al., 1994). In the
rabbit, variants of ASIP have been associated with different color phenotypes and the wild
variant of ASIP (A") in rabbit is responsible for the production of hair similar to the wild

type A allele know as white-bellied agouti in mice (Fontanesi et al., 2010). Hares’ spring
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coat is brown except on the belly and therefore ASIP expression is likely regulating the
production of brown hair. MC4R is also a target of ASIP and is associated with regulation
of body size both in humans (Yeo et al.,, 1998), mice (Huszar et al., 1997) and rabbit
(Fontanesi et al., 2013). Although it has mainly a role in regulating body size, it is also
expressed in the human melanocytes and keratinocytes and some evidence exists that it
might be also a regulator of melanogenesis (Spencer and Schallreuter, 2009).
Furthermore, Myosin Vlla (MYOVIIA), as referred previously, is a transporter of
melanosomes and mice having a mutant version of this gene have abnormal distribution of
melanosomes in the retina pigment epithelium (Liu et al., 1998). Myosin Vlla mutant mice
display mainly hearing and equilibrium defects (Hasson et al., 1997).

The nuclear receptor Rev-erba (NR1D1), the retinoic acid receptor—related orphan
receptor (RORa) and the calcium-activated potassium channel subunit a-1
(RBSLO1/KCNMAL) are gene products associated with regulation of circadian rhythms in
mammals (Akashi and Takumi, 2005; Meredith et al., 2006; Yin et al., 2010). The circadian
clock in the mammal system results from positive and negative feedback loops (Reppert
and Weaver, 2002). Therefore, the CLOCK-BMAL1 heterodimer promotes the expression
of targets, such as NR1D1 which in turn, together with RORa, promotes a decrease in
expression of BMALL (Preitner et al., 2002; Akashi and Takumi, 2005). The circadian clock
genes have been shown to be expressed in the skin, playing a role in the regulation of hair
cycling (Lin et al.,, 2009). The expression of genes such as NR1D1 was shown to
significantly peak in telogen (also non significantly in late anagen) (Lin et al., 2009) which
is in concordance with what was found in this study, if the “white” stage is assumed to be
the proxy of late telogen and anagen. RORa isoforms, on the other hand, were found to be
expressed in human skin cells such as dermal fibroblasts, epidermal melanocytes and
immortalized epidermal keratinocytes (Slominski et al., 2005). Another study found that
RORa is mostly expressed from mid-anagen to telogen during the hair-growth cycle
(Kobayashi et al., 2005), which does not closely agree with the expression profile found in
this study, even though this experiment was not designed to capture in detail the hair
growth cycle expression (Figure 3.17). Furthermore, it has been hypothesized that RORa
is either a direct or indirect receptor of melatonin (Slominski et al., 2012 and references
therein). Kobayashi et al. (2005) showed that the expression of RORa increased during
the same stages in which melatonin was detected in the hair follicle. Therefore, this could
be an integrator of the melatonin signal in the melanocytes of the skin as also
hypothesized by others (Kobayashi et al., 2005; Slominski et al., 2012). Finally, KCNMA1
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knockout (Kcnmal-/-) mice show a decrease amplitude of the circadian-associated
behaviors and the authors proposed that these K* channels might be mediators of the
circadian clock output (Meredith et al., 2006). The gene has been found to be expressed in
human melanoma (Mazar et al., 2010). Interestingly, KCNMAL is the target of the miRNA
miR-221, and abnormal low expression of miR-221 in the melanoma human cells studied
by Mazar et al. (2010) induced an increase in KCNMA1 expression. The gene encoding
this miRNA is, on the other hand, regulated by microphthalmia associated transcription
factor (MITF), which is known to be involved in the melanogenic pathway (Gaggioli et al.,
2003).

4.3. Future prospects

Since the molt involves the replacement of the hairs in the body of the animal (Severaid,
1945), having captured functional categories and some genes involved in this process can
be regarded as a sign of the success of this assay. Furthermore, the specific genes related
with melanogenesis, circadian rhythm and melanosome transport analyzed here suggest
that this approach has the potential to be used to study seasonal coat color change even
further. Having captured these examples, it is possible to imagine the potential of a
sampling strategy particularly designed to follow the hair growth cycle during the molt to
capture hair growth cycle and molt’s transcriptional changes. A more detailed sampling
similar to the ones made in gene expression studies that follow the hair growth expression
in day intervals could grant a better capture of the genes involved in the pigmentation
pathway (see as examples Lin et al., 2004, 2009; Schlake et al., 2004). Having captured
genes in the skin such as Myosin VIIA that have a functional role in pigmentation in other
organs but still are expressed even if at low levels suggests that other relevant genes
could have been captured either with a more detailed sampling or by improving the
annotation in this pipeline. Because the number of putative genes analyzed in the end
(14568) was inferior to the total number of protein coding genes in the reference (23669) it
is possible that some important genes for the phenotype under study, such as MCI1R,
TYR, TYRP1 or TYRP2, were not retained in the analysis either because they were filtered
out during the pipeline or are not annotated in the reference. Therefore, the analysis can

likely profit from, for example, an annotation with human or mouse references.
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Also, it remains to zoom in further into the functional categories and to paint a detailed
picture of the genes and gene pathways from the transcriptional snapshot taken here.
Other interesting cases to further explore would be genes expressed in specific stages.
For example, the 6 genes differentially expressed in the "molting" stage may be involved in
the trigger leading to the seasonal molt. Moreover, a comparison with the autumn molt
transcriptome would grant a deeper insight into the seasonal coat color change since the
gene expression of the machinery of hair growth cycle and skin related functions would be
controlled for. Most likely, genes that are involved in the production of the brown coat will
have a different pattern of expression when a white coat is being produced. Also, studying
polymorphic populations with individuals that either change or not to a white winter
phenotype would allow to compare both autumn and spring transcriptome while controlling
for the underlying background of expression changes, further reducing the list of candidate
genes for the seasonal coat color change. Ongoing research in this system aims at taking
advantage of the existence of these populations to identify genes associated with the
variable phenotype and ultimately test the action of selection in specific regions of the
snowshoe hare genome. Finally, comparative transcriptomic analysis between snowshoe
hares and other hare species that also seasonally change their color can provide an
evolutionary perspective on the phenotype. In this perspective, future work will focus on
the mountain hare (L. timidus) using the promising strategy described here. This will allow

understanding the (parallel) evolution of seasonal coat color change.
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5.Conclusion

In this study an insight into the transcriptional changes occurring during the spring molt of
the snowshoe hare (L. americanus) was provided. The results obtained demonstrate the
power of the new sequencing technologies to capture gene expression changes along
cyclic processes such as seasonal coat color change. These can be applied to the study of
non-model species and here allowed building the skin transcriptome of the snowshoe hare
and to detect the major transcriptional waves occurring during the process. It was also
possible to identify the major functional categories of the genes involved in the molt, such
as immune response, muscle tissue and structure development, metabolism, appendage
development, skin morphogenesis and terms related with cellular component organization
such as cytoskeleton organization, and to understand how the expression of genes related
with the pigmentation cycle vary along the molt, such as ASIP, MC4R and MYOVIIA and
genes involved in producing a circadian rhythm (NR1D1, RORa, RBSLO1).

Snowshoe hares, as other artic species that mimic the background color of their
environments by seasonally changing the color of their coats and feathers, will likely be
strongly affected by global warming, which is altering the duration of snow cover. In this
context, studies as the one developed here that attempt to understand the molecular basis
of adaptive phenotypes are important to provide the tools to determine the potential for
adaptation or plasticity. They are a vital step onto the understanding of the ability of
species to accompany major effects of global warming on boreal species, and ultimately to

adapt.
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Appendix

The document APPENDIX_1.xIsx in Excel Microsoft Office 2010 .xIsx format provided is

referred in the text as Appendix 1 and contains the following list of tables:

Table S1 - List of differentially expressed Trinity components and respective ENSEMBL
gene code and associated gene name resultant from annotation with blastx against

Oryctolagus cuniculus protein database. Results here are shown at the gene level.

Table S2 - List of trinity components included in each cluster resultant from partinioning

clustering with k=3.

Table S3 - Results for Gene Ontology (GO) enrichment analysis with the genes
differentially expressed between "brown" and "white" stage. Only significantly enrichment
terms (FDR < 0.05) are shown. C - Cellular Component; M - Molecular Function; B -

Biological Process.

Table S4 - Results for Gene Ontology (GO) enrichment analysis with the genes
differentially expressed between "brown" and "molting" stage. Only significantly enrichment
terms (FDR < 0.05) are shown. C - Cellular Component; M - Molecular Function; B -

Biological Process.

Table S5 - Results for Gene Ontology (GO) enrichment analysis with the genes
differentially expressed between "white" and "molting" stage. Only significantly enrichment
terms (FDR < 0.05) are shown. C - Cellular Component; M - Molecular Function; B -

Biological Process.
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