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ABSTRACT

Appropriate recognition of parasites is crucial for effective immune response, ensuring
activation of adequate defence mechanisms. In vertebrates, it has frequently been
demonstrated that genes encoding proteins involved in pathogen recognition by an adaptive
immune system are often subject to intense selection pressures. On the contrary, much less
information has been provided on the evolution of recognition mechanisms of innate
immunity. The aim of this thesis is to describe the pattern of natural variation of innate
immunity genes involved in pathogen recognition in rodents and to analyze the mechanisms
of their evolution. We used murine rodents (subfamily Murinae) as a principal model group
because they often live in our close proximity and thus are potential reservoirs of various
pathogens dangerous to humans.

First, we studied the intraspecific variability of five bacterial sensing Toll-like
receptors (TLRI1, TLR2, TLR4, TLRS, and TLR6) in inbred strains derived from two
subspecies of the house mouse (M. m. musculus, hereafter abbreviated as Mmm and Mus
musculus domesticus, Mmd). Wild-derived inbred strains are suitable tools for studying
variation of immunity genes because they provide information about alleles that occur in
natural populations, and at the same time they occur at homozygous state. The most
significant results include the findings of a stop codon in exon 2 of the 7/r5 gene in one Mmm
strain and no variability in 7/r4 of Mmd. The results also provide the set of diagnostic SNPs
for each gene allowing future studies of introgression of immunity genes across the house
mouse hybrid zone and their possible role in the speciation process.

Following these results we decided to check whether the absence of 71r4
polymorphism in Mmd reflects the pattern found in natural populations, or whether it is a
consequence of insufficient sampling or subsequent breeding. We therefore sequenced 77r4 in
both subspecies across a large part of the Western Palaearctic region (in total 39 Mmm and 62
Mmd individuals), then we compared these results with variability on mitochondrial DNA
(cytochrome b). The result confirmed our prediction that observed variability in Mmd is
strongly reduced also in free-living populations (compared to Mmm), probably due to strong
purifying selection by pathogens with which they met during the westward colonization.
However, the influence of random evolutionary processes (e.g. drift during bottlenecks)
cannot be excluded based on our data. At the intraspecific level, we could not find any sign of
positive selection. Our results revealed also species specific variants of 7/r4 and an important

role of recombination in Mmm during evolutionary history.
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The last part of my dissertation is devoted to interspecific comparison of two
receptors, TLR4 and TLR7. These two TLRs differ in the exposure and the ligands detection.
TLR4 is an extracellular receptor detecting mainly bacterial ligands (especially
lipopolysaccharides), while TLR7 is located inside the cell and detects ssSRNA viruses. The
aim of this part of the thesis was to describe variability of both receptors at the interspecific
level and to reveal selection forces acting on TLRs in longer evolutionary time scale. In total
we analyzed 23 rodent species of the subfamily Murinae in Europe, Asia and Africa. Our
results suggest that purifying selection has been a dominant force in evolution of the 7/r4 and
Tlr7 genes, but we also demonstrated that episodic diversifying selection has shaped the
present species-specific variation in rodent 77rs. Sites under positive selection were
concentrated mainly in the extracellular domain of both receptors, which is responsible for
ligand binding. The comparison between two TLRs lead us to the conclusion that the
intracellular TLR7 is under much stronger negative selection pressure, presumably due to its
interaction with viral nucleic acids, which are similar to those of the host and even small

changes in TLR7 conformation could cause autoimmunity.

Key words: Toll-like receptors, receptors of innate immunity, Pattern Recognition Receptors,
selection, evolution, natural selection, genetic polymorphism, phylogeny, host-parasite

coevolution, genetic diversity.



RESUME

Une reconnaissance appropriée des parasites est essentielle pour une réponse
immunitaire efficace, assurant l'activation adéquate des mécanismes de défense immunitaire.
Chez les vertébrés, il a été fréquemment démontré que les genes codant pour les récepteurs de
I'i'mmunité adaptative impliqués dans la reconnaissance des agents pathogénes sont souvent
soumis a une intense pression sélective. En revanche, beaucoup moins d’études se sont
intéressées a la sélection agissant sur les récepteurs de I'immunité innée. Le but de cette these
est de décrire la variabilité naturelle des geénes de I'immunité innée impliqués dans la détection
des agents pathogeénes chez les rongeurs et d’analyser les mécanismes responsables de leur
¢volution. Ce travail s’est focalisé principalement sur les rongeurs de la sousfamille des
Murinae de part leur présence fréquente a proximité des populations humaines et de leur role
potentiel en tant que réservoirs d’agents pathogeénes dangereux pour ’Homme.

Tout d’abord nous avons étudi¢ la variabilité intraspécifique de cinq 7Toll-like
récepteurs ciblant les bactéries (TLR1, TLR2, TLR4, TLRS5 et TLR6) pour des lignées
consanguines de souris domestiques issues d’une population sauvage de deux sous-especes :
Mus musculus domesticus (Mmd) et Mus musculus musculus (Mmm). Les souches
consanguines constituent un outil adapté a I'¢tude de la variabilité des génes immunitaires car
elles conférent une information sur les alléles présents dans les populations naturelles tout en
bénéficiant de génotypes homozygotes. Les résultats les plus significatifs concernent la
découverte d'un codon stop dans l'exon 2 du 7/r5 chez une lignée de Mmm et I’absence de
variabilité du 7lr4 chez Mmd. Ces résultats ont ¢galement permis de constituer un jeu de
SNPs diagnostics utilisable pour de futures études afin de mieux comprendre le role de
I’introgression de ces genes immunitaires dans les mécanismes de spéciation de la zone
hybride de la souris domestique.

A la suite de ces résultats, nous avons décidé de vérifier si 1‘absence de
polymorphisme du 77r4 chez Mmd refléte une absence de variabilité¢ dans les populations
naturelles, ou si il s’agit plutdt d’un effet de 1'échantillonnage ou des croisements ultérieurs.
Nous avons donc séquence le géne 7/r4 pour les deux sous-especes provenant de la région du
Paléarctique Occidentale (au total 39 Mmm et 62 Mmd) puis nous avons comparé ces
résultats avec la variabilit¢ génétique d’un géne mitochondrial (cytochrome b). Nous avons
confirmé notre prédiction : la variabilité de 7/r4 chez Mmd est fortement réduite par rapport a

Mmm, probablement a cause d’agents pathogenes ayant exercé une sélection purifiante chez



Mmd durant la colonisation vers 1’ouest. Cependant, l'influence de mécanismes évolutifs
neutres, tel que la dérive consécutive a un goulot d’étranglement démographique, ne peut étre
exclue sur la base de nos données. De plus, nos résultats ont montrés que les deux sous-
especes présentent des variants différents de 7/r4, et que la recombinaison a joué un role
important dans le maintien de la variabilité chez Mmm.

La derniére partie de cette thése a été consacrée a la comparaison interspécifique de
deux récepteurs: TLR4 et TLR7. Ces deux TLRs se différencient a la fois par leur
localisation et leur capacité de détection. TLR4 est un TLR extracellulaire reconnaissant
principalement les ligands bactériens, essentiellement les lipopolysaccharides, tandis que
TLR7 est localis¢ dans la cellule et détecte les virus a ARN simple brin. L objectif était de
décrire la variabilité inter-spécifique de chaque récepteur et de révéler les mécanismes de
sélection s’exercant sur ces génes au cours de leur évolution sur une échelle de temps plus
importante. Nous avons analysé 23 espéces de Murinae provenant d’Europe, d’Asie et
d’Afrique. Nos résultats suggerent que la sélection purifiante est la force principale ayant agit
sur I’évolution des genes TLR4 et TLR7. Cependant, nous avons également mis en évidence
des épisodes de sélection diversifiante qui ont pu étre a l’origine des variations intra-
spécifiques de TLRs observée aujourd’hui chez les rongeurs. Des sites sous sélection positive
sont principalement concentrés dans les domaines extracellulaires des deux récepteurs,
domaines responsables de la reconnaissance des agents pathogenes. Enfin, la comparaison
entre ces deux TLRs montre que le TLR7 localisé dans le compartiment intracellulaire est
soumis a une sélection négative plus forte. Cette sélection peut s’expliquer en raison des
interactions du TLR7 avec les acides nucléiques viraux qui peuvent étre similaires a ceux de
I'hote. Ainsi, un changement méme faible dans la conformation du TLR7 pourrait provoquer

des réactions auto-immunes chez I’hote.

Mots clés: Toll-like receptors, récepteurs de I'immunité innée, Pattern Recognition
récepteurs, sélection, évolution, sélection naturelle, polymorphisme génétique,

phylogénétique, co-évolution hdte/parasite, diversité génétique.



ABSTRAKT

Vcasné rozpoznani patogenti je zasadni pro efektivni imunitni odpoveéd’, zajistujici
aktivaci adekvatnich obrannych mechanismi. U obratlovcl je obecné zdokumentovano, Ze
molekuly adaptivni imunity, které se ucastni rozpoznani patogent, jsou Casto pfedmétem
intenzivnich selekénich tlaki. Naopak mnohem méné udajii je zndmo o selekci piisobici na
receptory vrozené imunity. Cilem této prace je popsat variabilitu genii vrozené imunity, které
se ucastni detekce patogenti u volné€ Zijicich hlodavcii a odhalit, které selekéni sily na né
béhem evoluce pusobily. Prace je zaméfena na podcCeled Murinae, jelikoz cCasto ziji v
bezprostiedni blizkosti lidi a jsou potencionalnimi nositeli riiznych pro ¢loveéka nebezpe¢nych
patogenti. Nejprve jsme studovali vnitrodruhovou variabilitu péti anti-bakterialnich Toll-like
receptortl (TLR1, TLR2, TLR4, TLR5 a TLR6) u inbrednich linii mysi domaci, které byly
odvozeny z populaci voln¢ Zijicich zvitat. Tyto kmeny jsou vhodnym nastrojem pro studovani
variability imunitnich gent, jelikoZ nam poskytuji informaci o alelach, které se v ptirozené
populaci vyskytuji, a zdroven je mozné vhodné vyuzit homozygotnich genotypi u inbrednich
jedinct. Vysledkem této casti bylo popsani polymorfismu péti genti TLR u dvou poddruhii
mysi domaci (Mus musculus musculus, Mmm a M. m. domesticus, Mmd). K nejzajimavéjsim
vysledkiim patiilo zjisténi stop kodonu v exonu 2 u 7/r5 a nulova variabilita 7/r4 u Mmd.
Tato Cast prace zaroven poskytla sadu diagnostickych SNPs, které mohou byt vyuzity ke
studiu introgrese 7/r geni ptfes hybridni zonu mysSi doméci a ke stanoveni vlivu jejich
polymorfismu na speciacni procesy.

Na tento vysledek jsme navazali dalsi studii, kdy jsme se rozhodli ovétit, zda nizka
variabilita 7/r4 u Mmd je redlnym odrazem variability pfirodnich populaci, ¢i se jedna o
neptirozenou odchylku zplsobenou nedostatecnym vzorkovanim ¢i ndslednym inbrednim
kiizenim. Osekvenovali jsme tedy 7/r4 u obou poddruhi z velké casti jejich vyskytu v
zédpadnim Palearktu (celkem 39 Mmm a 62 Mmd) a srovnali variabilitu 7/r4 se znakem na
mitochondrialni DNA. Hlavnim vysledkem bylo potvrzeni hypotézy, ze variabilita u Mmd je
oproti Mmm opravdu radikdlné snizena, pravdépodobné vlivem silné selekce zpisobené
patogeny, se kterymi se béhem kolonizacni cesty tento poddruh potkal. Vliv ndhodnych
evolucnich mechanismu (napt. geneticky drift pti opakovanych snizenich efektivni velikosti
populace) vSak nemtlize byt na zéklad¢ naSich dat zcela vyloucen. Dale jsme zjistili, Ze oba
poddruhy maji zcela odliSné¢ 7/r4 varianty, a ze u Mmm je variabilita 7/r4 udrzovana i

mechanismem rekombinace.



Posledni ¢ast disertace je vénovana mezidruhovému srovnani dvou receptorti (TLR4 a
TLR7). Ty se lisi jednak lokalizaci v buiice a jednak schopnosti detekce odlisnych ligandi.
TLR4 patii mezi extracelularni receptory detekujici hlavné¢ bakterialni ligandy (piedevsim
lipopolysacharidy), zatimco TLR7 je lokalizovan na vnitrobuné¢nych membranéach a detekuje
sSRNA virt. Cilem mezidruhového srovnani bylo popsat variabilitu obou zminénych
receptort a pusobeni selekce béhem evoluce obou TLR. Celkem bylo pro analyzu pouzito 23
druhii hlodavct z podceledi Murinae z Evropy, Asie a Afriky. Piestoze se obé molekuly
vyvijeji predevs§im pod vlivem purifikujici selekce, kterd eliminuje negativni mutace a udrzuje
funk¢nost receptort, nekteré jejich ¢asti vykazovaly znaky pozitivni selekce. Mista pod
pozitivni selekci byla koncentrovana predevsim v extracelularni ¢asti obou receptort, ktera je
zodpovédna za rozpoznani patogend. Naslednym srovnanim obou TLR jsme zjistili, ze
intracelularni TLR7 je pod mnohem vét§im negativnim selekénim tlakem, nebot” rozpoznava
virové nukleové kyseliny, které jsou znacn¢ podobné hostitelskym molekulam, a jakékoliv i

drobnd zména by mohla vést k autoimunitnim porucham.

Klic¢ova slova: Toll-like receptory, receptory vrozené imunity, Pattern-recognition receptory,
selekce, evoluce, ptirodni selekce, polymorfismus, fylogeneze, koevoluce mezi hostitelem a

patogenem, geneticka variabilita.
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PREFACE

Organisation of the thesis in "co-tutelle"

The thesis was from the beginning designed as the thesis under double co-supervision
performed officially at the University of Montpellier 2 (Montpellier, France) and Masaryk
University (Brno, Czech Republic). I have started my thesis at the Masaryk University in
September 2009. I spent the first year by writing the project and application for the Grant of
French government and by preparing my first year in France. For next three years (from 2010
to 2013) I have spent seven months (from 1st March till the end of September) at the Research
Facility Studenec of Institute of Vertebrate Biology of the Academy of Sciences of the Czech
Republic ("IVB") and for the rest of the year (or better during winter) I have “migrated”

southward to the Centre de Biology pour la Gestion des Populations, Montferriez-sur-Lez,

France (CBGP). If you check the photos bellow you probably figure out my intention....

Photos: on the left, mouse breeding facility at IVB in Studenec in winter 2010, on the right, CBGP in winter
2010.

In CBGP, I had the opportunity to use the immense sample collections of rodents from
Southeast Asia, which are also important vectors of emerging diseases (data collected mostly
within the project CERoPath). At IVB, I was directly involved in projects using one of the
best model systems for speciation studies, i.e. the European house mouse hybrid zone, which
has been a subject of a long-term study at the institute. The material collected in the field
during previous projects was complemented by a huge sample collection of both mouse
subspecies from a large part of the Western Palaearctic area as well as by cca 20 inbred strains
derived from wild populations. We have decided to focus on interspecific level of Tlr

variation during my stays in CBGP and on intraspecific level during my work in Studenec.
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Fig. 21, Hypothesis about the origin of reduced 7/r4 variability in Mmd.
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1 GENERAL INTRODUCTION

1.1 Immune system and recognition of antigens

Ability of immune system to distinguish between self and non-self molecules is
fundamental for fitness, i.e. for the survival of organisms and for their reproductive success.
Evolution created a wide spectrum of defence mechanisms allowing organisms to deal with
non-invited visitors (e.g. Danilova 2006). In the first line of self/non-self discrimination there
are many receptors able to detect foreign molecules expressed by invading microbes
considered as non-self (Danilova 2006). In this work, pathogens are referred to all infectious
agents (e.g. diverse pathogenic viruses, unicellular or multicellular organisms), against which
a host has to intervene.

In jawed vertebrates we can traditionally categorize recognition molecules into two
major subdivisions corresponding to main branches of the immune system, i.e. innate and
adaptive immunity (Medzhitov 2007). Yet, according to recent publications we have to take
this division with caution because there are many cells (e.g. vo T cells, CD8aa T cells, BI B
cells, MZ B cells and natural killer T cells) whose classifications into a respective branch is
not definite, because they evince patterns of both innate and adaptive immunity. Therefore
they should be assumed rather as a bridge between both immunity branches and the immune
system should be then considered as extremes of a continuum (Getz 2005; Borghesi and
Milcarek 2007; Sun and Lanier 2009; Criscitiello and de Figueiredo 2013). However in this
work I will stick to the traditional division into two branches mentioned above.

The function of innate and adaptive immune responses is closely related to creating a
sophisticated network, although the two branches are fundamentally different. The first major
difference is in the reaction time. Innate immunity receptors trigger an immediate answer to a
pathogen invasion, while adaptive immunity needs more time to be manifested. The second
main difference is their recognition specificity. Receptors of innate immunity provide non-
specific responses, i.e. they detect similar molecules shared by groups of related pathogens
that are essential for their survival and are different from molecules present in host cells.
Recognition mechanisms of adaptive immunity are specific, what means that they are able to
distinguish between individual forms or groups of microbes according to their antigens.
Antigens are usually large molecules (proteins or polysaccharides) that can be found on the

surface of microbes or they can be released through secretion into the extracellular fluid (e.g.
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toxins) (Medzhitov and Janeway 1999). Finally, the third contrast is in their reaction for
repeatedly encountered invaders (Schenten and Medzhitov 2011). The receptors of adaptive
immune system exhibit an immunological memory (anamnestic response). They "remember"
that they already met invading pathogens and during a subsequent exposure they improve
their response and react more quickly and appropriately to the same pathogen. The innate
immune system exhibits no memory response at all and repeated exposure to the same antigen
does not lead to a qualitative or quantitative improvement of the following response. A
receptor function can be temporarily upregulated as a result of exposure to pathogens, but the
components of the innate immune system do not change permanently during individual’s
lifetime. In the next part I shall present a short overview of main actors involving in antigen

recognition of innate and adaptive immunity.

1.1.1 Recognition receptors of innate immunity

Evolutionary older are receptors of innate immunity which probably arise 700 million
years ago (mya) as a result of the first interactions with pathogens and before the separation of
protostomes and deuterostomes (Kimbrell and Beutler 2001; Danilova 2006; Bosch 2013). In
some forms they are present in all organisms from plants to vertebrates and provide an early
and immediate host response (Akira et al. 2006). Altogether these germline-encoded receptors
are called pattern recognition receptors (PRRs). PRRs behave as economical inspection,
which detect essential and in general conserved microbial components called microbe
associated molecular patterns (MAMPs) or similarly used equivalent pathogen associated
molecular patterns (PAMPs) (Janeway 1989; Medzhitov and Janeway 2002). PAMPs are
different from host structures (to fulfil the assumption about self and non-self discrimination),
but in contrast they are often common for diverse microbes and therefore the number of PRRs
can be relatively low (Villasefior-Cardoso and Ortega 2011). There are about 10° PRRs
known today which are able to recognize around 10° of PAMPs, however the number is
probably not definitive. PAMPs include, for example, lipopolysaccharides (LPSs) from cell
wall of gram-negative bacteria, lipoproteins (LPs), phosphorylcholines, peptidoglycan (PG),
lipotechoic acids from gram-positive cell wall, mannose (a terminal sugar common in
microbial glycolipids and glycoproteins), bacterial and viral nucleic acids such as
unmethylated cytosine-guanine dinucleotide sequences (CpG DNA), bacterial flagellin and

pilin, the amino acid N-formylomethionin found in bacterial proteins, double-stranded

21



(dsRNA) and single stranded viral RNAs (ssRNA), glycolipids and zymosan from fungal cell
walls. Injured, infected or transformed host cells are often also considered as PAMPs by
PRRs (Gordon 2004). It is also not surprising that each microbe is composed of several
different PAMPs and therefore it is detected by multiple PRRs. As a result, several PRRs
detecting the same PAMPs can overlap in their function. PRRs are primarily present on the
surface of dendritic, endothelial, and mucosal cells, lymphocytes and macrophages. Other
types of PRRs react within phagolysosomes of phagocytes or in the cytosol. Therefore we can
divide PRRs according to their function and localization into two groups: endocytic PRRs,
mediating non-opsonic absorption of microbes, and signalling PRRs (Areschoug and Gordon
2008). Some of PRRs can be classed into both groups (e.g several delegates of C-type lectin
receptors; CLRs).

Endocytic pattern recognition receptors

Endocytic pattern-recognition receptors are found on the surface of phagocytes and are
responsible for the attachment of phagocytes to microbes and their subsequent destruction.

The first example of these receptors is the mannose receptor (MR). MRs belongs to a
subfamily of CLRs and bind mannose rich glycans and fucose groups on microbial
glycoproteins and glycolipids. MRs interact with gram positive and negative bacteria, fungal
pathogens and envelope protein gp120 of human immunodeficiency virus (HIV) (Fraser et al.
1998; Lai et al. 2009). MRs participate also in the complement pathway (Medzhitov and
Janeway 2002).

Other receptors present on the surface of phagocytes are scavenger receptors (SR).
They bind components of bacterial cell walls such as LPSs, peptidoglycan or teichoic acids
and dsRNA (Gough and Gordon 2000; Peiser et al. 2002). SRs are transmembrane receptors,
which are composed of various domains (e.g. collagenous, cysteine-rich, C-type-lectin or
other domains) (Peiser et al. 2002). They mediate non-opsonic phagocytosis and cooperate
with Toll-like receptors (TLR), modulating the inflammatory response to TLR agonists
(Areschoug and Gordon 2009).

The last type of main endocytic PRRs are opsonin receptors (ORs). These receptors
bind microbes to phagocytes and include mainly mannose-binding lecitin, C-reactive protein

(CRP) and complement pathway proteins, such as C3b and C4b etc.
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Signalling pattern recognition receptors

Signalling pattern recognition receptors promotes secretion of intracellular regulatory
molecules such as inflammatory cytokines and chemokines. These cytokines trigger innate
inflammation, fever and phagocytosis. These signalling receptors can be divided into distinct
families according to shared structural domains, ligand specificity, cellular distribution and
downstream signalling pathways. Their common pattern is activation of adaptive immune
response and they are often considered as a bridge between innate and adaptive immunity.
Crosstalk between different families and redundancy of their function was described by
several studies (Opitz et al. 2009; Loo and Gale Jr. 2011; Vasseur et al. 2011; Vasseur et al.
2012).

The first type of these receptors are NOD-like receptors (nucleotide-binding
oligomerization domain) (NLRs). This large family contains more than 20 different NLRs
(Carneiro et al. 2008; Vasseur et al. 2012) which share the cytostolic location and structural
composition of three domains: ligand-sensing leucine rich repeats (LRRs), the NACHT
domain (the NACHT domain has been named after NAIP, CIITA, HET-E and TP1),
responsible for oligomerization and an effector domain (for example caspase recruitment
domain, CARD) (Vasseur et al. 2012). NLRs are involved in intracellular recognition of
peptidoglycans components, dSDNA and LPS, however, the full range of NOD PAMPs is still
unknown. Among the best studied NLRs are NOD1 and NOD?2 cytostolic proteins which bind
muramyl dipeptides from bacterial cell walls and NALP (NACHT-, LRR-, and pyrin-domain
containing proteins) subfamily sensing bacterial RNA and PG (Balamayooran et al. 2010).

Intracellular recognition of viral proteins, especially RNA helicases spread by viruses,
is provided by RIG-I like receptors (RLRs). Up to date there are three known RLRs
members: RIG-I (retionic acid-inducible gene 1), MDAS (melanoma differentiation associated
factor 5) and LGP2 (laboratory of genetics and physiology 2). These receptors block viral
replication via induction of interferons type I (IFN-a and IFN-B). Three principal domains
were described as follows: CARDs involved in signalling, central DExD/H box RNA
helicases domain with the capacity to hydrolyze ATP and interact with viral RNA and C-
terminal domain (CTD) which is involved in autoregulation (Vasseur et al. 2011).

Extracellular receptors involved in antifungal immunity are C-type lectin receptors
(CLRs) which have been already mentioned in the previous PRRs groups. CLRs are a large

subfamily composed of 17 groups based on their phylogeny and domain organization
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(Vazquez-Mendoza et al. 2013). Characteristic structures of CLRs are carbohydrate
recognition domains (CRDs) or C-type lectin-like domain (CTLD). Macrophage galactose-
type C-type lectin (MGL), dendritic cell-specific intercellular adhesion molecule-3-grabbing
nonintegrin (DC-SIGN), the mannose receptor (MR) including mannose-binding lectin
(MBL) and Dectin-1(which can be classed as well in previous group, because of it ability to
bind and phagocyte yeast and fungal-derived zymosan particles) are the most famous
receptors of this group (Medzhitov 2007; Vazquez-Mendoza et al. 2013).

The most important and explored PRRs are Toll-like receptors (TLRs), a class of
membrane proteins that play a fundamental role in pathogen recognition and activation of
innate and adaptive immunity. Their fame came with finding that they are able to detect wide
range of bacterial, fungal and viral PAMPs and they are in the front line of host defence
against microbes (Akira et al. 2006; Medzhitov 2007; Beutler 2009). Common pattern of
TLRs is their structural organization and downstream signalling through TIR domain. In
humans, 10 different TLRs have been described. According to their localization and ligand
detection we can divide them into two main groups: cellular bacterial-sensing on the cell
surface and endosomal viral-sensing. Detailed description of TLRs and their signalling can be

found in Chapter 1.3.

Signalling Pattern recognition receptors (PRRs) and their
Microbe Associated Molecular Patterns (MAMPs)
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Fig. 1, Overview of localization of signalling PRRs and their MAMPs
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1.1.2 Antigen recognition in adaptive immunity

The adaptive immune system evolved 500 mya in jawed vertebrates (Danilova 2006;
Leulier and Lemaitre 2008; Flajnik and Kasahara 2010). The origin of adaptive immunity is
still discussed, but the most probable seems the theory about transposons invasion (Travis
2009). There are two key players of antigen recognition, B lymphocytes (or B cells) and T
lymphocytes (or T cells), which are highly specialized and adaptable. Each T and B
lymphocyte contains protein molecules developed by somatic hypermutation, gene conversion
or clonal gene rearrangements (assembled from gene segments: V-variable, D-diverse and J-
joining) known as somatic or V(D)J recombination (Borghesi and Milcarek 2007; Medzhitov
2007). This mechanism enables a small number of genes to produce a huge number of
different antigen receptors, which are then uniquely expressed on each individual lymphocyte.
More than 10® combinations of receptors are generated, although some are removed due to
self reactivity, while the others are improved in the host over time (Mogensen 2009).
Structurally unique receptors allow pathogen-specific recognition of a vast number of
different antigens. The area of the antigen that binds to the antigen receptor is known as the
epitope. An antigen has usually multiple epitopes, which are specific for distinct receptors, to
which they will bind, exclusively. Bellow I describe two major groups of antigen-specific
receptors.

B cell receptors (BCRs) are membrane-bound immunoglobulin involved in humoral
immunity against extracellular pathogens and toxins. They are presented on the surface of B
cells and recognize mostly bacterial components outside the cell (Schwensow et al. 2011).
BCRs attack undigested antigens and break them into small peptides, which bind with major
histocompatibility complex (MHC) molecules, and then with T cell receptors through the
process known as immunological synapse.

T cell receptors (TCRs) are important in cell-mediated immunity. They can be found
on the surface of T cells and are responsible for recognizing antigens bound to major
histocompatibility complex (MHC) class I or class II molecules inside of infected cells.
Appropriate TCRs reactivity to self MHC molecules is strictly controlled in the thymus and
only correctly responding TCRs are released into the periphery (Jameson and Bevan 1998).
Binding of an antigen activates signal transduction pathways which leads to cell proliferation,
differentiation and secretion of cytokines and growth factors (Choudhuri et al. 2005). MHC

molecules have to fight against a high number of pathogens in the environment; therefore they
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must be able to present a wide range of peptides and are considered as the most polymorphic
genes in vertebrate genomes. Mechanisms as recombination, codominant expression and
polygenic locus are used to achieve such variability.

The activation of TCRs and BCRs is initiated and modulated by the signals from
innate immune receptors. Both arms of the vertebrate immune system therefore create the

complex and interconnected system of defence against microbe invasion.
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Fig. 2, VDJ recombination, an antibody is composed of two identical light and two identical heavy chains, and
the genes specifying them are found in the ‘V’ (Variable) region and the ‘C’ (Constant) region. In the heavy-
chain “V’ region there are three segments; V, D and J, which recombine randomly, in a process called VDJ
recombination, to produce a unique variable domain of each individual B cell. Similar rearrangements occur for
light-chain “V’ region except there are only two segments involved; V and J.

Adopted from http://www.shaltech.com/about-lymphoma/

Antigen
BCR

Fig. 3, Function TCR and BCR, the effector T Helper cells activate specific B cells through a phenomenon
known as an immunological synapse (BCR=B cell receptor, TCR =T cell receptor, IL = interleukin, and ILR =
interleukin receptor). Activated B cells differentiate into plasma cells that subsequently produce antibodies
which assist in clearing the host of the pathogen. CD4, CD40L are glycoproteins expressed on the surface of T
helper cells, while CD40 is expressed on the surface of B cells and other anitgen presenting cells (APC).
Adopted from http://www.shaltech.com/about-lymphoma/
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1.2 Evolutionary processes affecting evolution of immune receptors

Genetic diversity is important for survival and adaptability of species in changing
environments. To decide which evolutionary forces shaped variation in specific genes is a
difficult task because populations and species have to adapt to the abiotic environment (e.g.
temperature, sunlight, pollution), to other species with which they interact (e.g. prey,
predators, competitors, parasites) or more often to the combination of both. Moreover we
should not underestimate neutral or non-adaptive evolutionary forces such as mutation,
recombination and random genetic drift (Andrews 2010; Honnay 2013). Understanding
processes which drive evolution of immune receptors is a fascinating research subject and big
challenge.

According to the Red Queen hypothesis (the famous “running as fast as you can to
stay in the same place”), firstly proposed by Leigh Van Valen (1973), organisms are running
the arms race with other biological “partners” such as predators, source competitors at the
intra- or interspecific levels or parasites. According to generally accepted theories the
adaptation imposed by pathogens belongs among the most dynamic — continuous adaptive
changes (Lederberg 1999; Zimmer 2001).

Parasites co-evolving with their hosts are viewed there as a key factor modulating
different life traits of their hosts (e.g. population genetic structure, demographical changes,
mating system, sexual dimorphism etc.) (Sheldon 1998). Generally microbes have an
advantage during the arms race due to their shorter generation time and high mutation rates,
which enhance genetic novelty and evolutionary potential, and so give better opportunity to
update their invasion strategies tricking immune system of their hosts (Meyer 1991). Some
bacteria generate surface proteins that bind to antibodies, rendering them ineffective;
examples include Streptococcus pneumoniae (protein G), Staphylococcus aureus (protein A),
and Peptostreptococcus magnus (protein L). Others are able to knock out or kill phagocytes.
Some microbes can eventually mimic host cells and then block the interferon (IFN)
production pathway or construct protective capsules (Mycobacterium) (Fortune et al. 2004).
Another example is the ability of Mycobacterium leprae to suppress cell-mediated immunity
or to play with immune system ‘“hide-and-seek™ inside host cells to avoid their detection
(Maizels et al. 2004). Extracellular pathogens often alter their antigens (surface proteins), so
we can imagine that it is like a thief who is escaping police by changing the coat and wig all
the time and police is still one step behind (e.g. 84 known serotypes of Streptococcus

pneumonia, glycoprotein of trypanosomes, surface flagellin of Salmonella typhimurium, pilin
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protein of Neisseria gonorrhoeae, or LPS from H. pylori and P. gingivalis) (Andersen-Nissen
et al. 2005). The same strategy, i.e. antigenic variation and antigenic diversity, is used also by
protozoan parasites (e.g. Plasmodium falciparum causing malaria) (Reeder and Brown 1996).

Experts and prominent specialists in evasion strategies are viruses. Their short
generation times and relatively high mutation rates give them huge advantage in red queen
running with host defence mechanism and allows them quick adaptation to changing
environment of their host. The best known example is influenza virus with constant
replacement of its surface envelope proteins. Cytomegalovirus, another cunning invader, is
able to evade the host defence system by expressing its MHC class I homologues thus
pretending to be part of its body (Reyburn et al. 1997). Viruses can become also invisible for
the immune system when they enter the latency state during which they are inactive (i.e.
without replication). In this state, avirus particle does not cause a disease, but also does not
produce any viral peptides which normally attract attention of different immune receptors.
Viruses in the latent form can not be eliminated by the immune system and hence are sources
of potential recurrent illnesses. Most famous for such a strategy are Herpes simplex viruses
(Bowie and Unterholzner 2008). Another viral strategy is inhibition of immune response.
Paramyxovirus for example can inhibit the type I IFN response which is included in the RIG-I
signalling cascade. The most insolent viruses even use PRRs as entry ports (Yamada et al.
2005).

At first glance the only fair players seem to be parasitic worms, which evolve slower
and therefore give a putative chance to the immune system to adapt. However, they are even
bigger (literally) swindlers than their fast evolving cousins. During many millions of years of
close coexistence with their hosts (parasites are often species specific) they have had time to
evolve a sophisticated weapon arsenal designed to evade and modulate the host immune
system (Wakelin 1996; Zaccone et al. 2006). Due to their generally bigger bodies it is very
difficult for the immune system to eliminate them. There is a known pack of chameleons (e.g.
coating with host proteins by schistosomes or filarial nematodes), the squad of chemical
terrorists causing immunosuppression (e.g. hookworms producing a protein which binds the
integrin CR3 and inhibits neutrophil extravasation or immunosuppression made by Burgia
spp. or Nocardia brasiliensis) and also a group of nomads which avoids local inflammatory
reactions by migrations through the host body (hookworms, Brugia spp., Wuchereria
bancrofti, or microfilariae of Onchocerca volvulus) (Pearce and Sher 1987; Wakelin 1996;
MacDonald et al. 2002). On the other hand long-term coevolution sometimes leads to a

relatively stable relationship such as commensalism or mutualism. Moreover, according to the
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hygiene hypothesis absolute elimination and subsequent absence of parasites can lead to
autoimmune disorders (Zaccone et al. 2006).

As a consequence of co-evolution with microorganisms the immunity genes belong to
the fastest evolving genes (Nielsen et al. 2005; Barreiro et al. 2009; Barreiro and Quintana-
Murci 2010; Quach et al. 2013; Quintana-Murci and Clark 2013). Since immune receptors are
chief gatekeepers protecting against entrance of microbes, we suggest that antagonistic host-

parasite interactions are the principal force shaping their evolution.

1.2.1 Selection imposed by pathogens: adaptive evolution

The model which explains the evolution of immune receptors in the light of host-
parasite co-evolution is called the matching alleles model (Frank 1993; Agrawal and Lively
2003). This model depicts the host-pathogen interaction as the process of reciprocal adaptive
genetic change. In the context of microbe and pathogen it means receptors evolve to perfectly
match the specific parasite structures (as the lock and key). In other words changes in gene
frequencies resulting from selection acting on one population (species) create selective
pressure for changes in gene frequencies in another population (species). This type of
selection, called frequency-dependent selection, signifies that relative fitness of a genotype
depends on its frequency (Carius 2001) (Fig. 4).

Frequency-dependent selection (FDS) can be positive or negative, Positive FDS
favours the most numerous allele or genotype which thus increases its frequency and rapidly
tends to fixation (Fig. 4c and d). Therefore, in essence the mode of this selection is directional
and can be detected by important non-synonymous amino acid changes in different groups or
lineages (Quintana-Murci and Clark 2013). Nevertheless positive FDS is less probable in the
scope of immune genes.

In contrast, co-evolution determined by negative frequency dependent selection
(NFDS) maintains high genetic diversity by favouring rare allelic variants (Takahata and Nei
1990; Stevens 2001) (Fig. 4a and b). In the context of the host-parasite interaction the
mechanism of NFDS can be described as follows. The host immune system is adapted to
tackle the most common parasite genotype and hence less common genotypes are favoured by
natural selection. Rare gentoypes increase in frequency and subsequently become common
therefore the cycle goes on (Fig. 5). NFDS is the type of balancing selection, which was
already described in MHC genes (Takahata and Nei 1990; Bernatchez and Landry 2003;
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Garrigan and Hedrick 2003; Aguilar et al. 2004; Bryja et al. 2006; Piertney and Oliver 2006;
Smith et al. 2011). Balancing selection maintains genetic variation and leads to excess of
polymorphism and excess of intermediate-frequency alleles. Besides NFDS, balancing
selection can act as antagonistic and cyclic selection, selection in variable environment or
through overdominance, i.e. heterozygote advantage where heterozygous genotypes confer
higher fitness that homozygotes, for example, because they allow to recognize a wider variety

of parasites (Doherty and Zinkernagel 1975).
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Fig. 4, Frequency-dependent selection. (a) Negative frequency-dependent selection. The rarer a phenotype, the
higher its fitness. As a rare phenotype becomes more common, its fitness will decline, leading to a decrease in its
frequency. (b) Thus, in negative frequency-dependent selection, the frequency of a phenotype will vary over
time. (c) Positive frequency-dependent selection. The more common a phenotype is, the higher is its fitness. This
means that over time, the more common phenotype is favored by selection and eventually becomes fixed in the
population (d). Therefore, reduced variation is expected there. Schemes (a) and (c¢) represent simplification of
relationships between fitness and genotype or fenotype, because these relationships are not neceserray linear.
Adopted from Roy and Widmer (1999). The agreement for reuse of this picture in my disertation was provided
by Elsevier using Copyright Clearance Center ("CCC"). Copyright © 2003, Elsevier

Except for various sorts of balancing selection typical Darwinian selection leads to
loss of variation since harmful alleles are eliminated from the population by negative slection
whereas beneficial alleles are fixed by positive selection. Both positive and negative selection

can be detected in a genome on the basis of a decrease of polymorphism in the vicinity of a
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selected locus. As the advantegous mutation is driven to fixation so are driven also tightly
linked (“hitchhiking”) neutral or even slightly deleterious neighbouring DNA regions.
Therefore, the presence of strong linkage disequilibrium can be used to identify sites which
have recently been under selection. In addition, this process, called selective sweep, will result
in overrepresentation of the region around the favoured locus in the population. In other
words, besides apparent sequence homogeneity around the positively selected locus, a
signature of a selective sweep is an excess of rare variants of this region in the population. A
similar reduction of genetic variation can result from elimination of a harmful mutation by
negative selection. The tighter the linkage with the counterselected locus, the greater the
reduction in polymorphism. By contrast to the selective sweep, the effect of a harmful allele
(called background selection) is not an excess of rare polymorphisms since such the allele
causes one chromosome (or part of the chromosome) to merely drop out of the population
(Hartl and Clark 1997). Genes affected by negative selection generally have very important
functions. It was shown that this is a prevalent type of selection acting in the human genome
(Quintana-Murci and Clark 2013). However, both positive and negative selections often act at
the same time in different parts of the same genomic region, with varying strength and

direction.

Host papulation Host population Host population

89
® @

Resistance to parasite with
genotype I1
®
@
<]
®
Resistance to parasite with
genotype Il
]
o
genotype Il

#
[ ]
@
Resistance to parasite with

Resistance to parasite with Resistance to parasite with Resistance to parasite with
genotype I genotype I genotypel

—L7 7 L

Fig. 5, Balancing selection through negative frequency dependent selection. Hosts resistant to parasite genotype
I are likely to be susceptible to parasite genotype Il and vice versa. Since the parasite population evolution is
closely associated with the evolution of its host’s population, the high frequency of parasite genotype I (left) will
result in selection favouring hosts more resistant to this genotype (centre) yet susceptible to parasite genotype II.
As a result, the latter genotype will prevail in the parasite population, which, in turn, will lead to selection in
favour of the respective host resistance etc. Inspired by Freeman and Herron (2007).

We should keep in the mind that pathogen distribution and host specificity may vary in
space and time (Hedrick 2002; Hedrick 2004). Local adaptation is a general phenomenon
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found in most host-parasite relationships. That means that parasites in a particular area and
time infect hosts from that area more efficiently than they infect hosts from another
geographically distinct population. Local adaptation to pathogens (for example malaria)
presented by different haplotype structure of TLR4 at distinct localities was shown for
example in human populations from India, European-Americans and African-Americans

(Mukherjee et al. 2009; Netea et al. 2012).

1.2.2 Stochastic evolutionary processes

Although immunity genes are usually targeted by selection (Barreiro and Quintana-
Murci 2010; Fumagalli et al. 2011; McTaggart et al. 2012), stochastic processes might also
play an important role during their evolution (Grueber et al. 2013), however, their
contribution is still difficult to assess. Selectively neutral evolutionary processes are brought
about by random changes in a species’ gene pool that are neither advantageous nor
disadvantageous for individual organisms nor they are connected to an increase or decrease of
mean fitness of the respective population. Among principal stochastic mechanisms are neutral
genetic drift (including bottlenecks and founder events) and neutral mutations (Futuyma
2005).

We can imagine genetic drift as a random process of gamete sampling. All genotypes
have therefore the same chance to contribute to the next generation. The result of this random
sampling is a shift in allele frequencies between subsequent generations. In most extreme
situations one allele can either disappear from the gene pool or be fixed owing to genetic drift.
Neutral mutations are mutations which do not affect the fitness of individuals. They are
invisible for selection and therefore their fate depends on genetic drift. However we should
note that the impact of genetic drift is not limited to neutral mutations. Due to genetic drift
even advantageous mutations are eventually lost whereas some weakly deleterious mutations
may become fixed. This is often the case of small effective population sizes (N,) where drift
can overcome the effect of selection (Nei and Tajima 1981). In such cases populations can
pass through an adaptive valley towards higher adaptive peaks and thus follow a new
evolutionary trajectory (Eyre-Walker and Keightley 2007). Such mechanism was described,
for example, in hominids which have N, around 10,000 to 30,000 and about 30% of non-
synonymous mutations are effectively neutral while Drosophila which has N, about 10°, the

proportion of neutral non-synonymous mutations is less than 16% (Eyre-Walker and
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Keightley 2007). In contrast to this finding, the number of non-synonymous mutations fixed
by positive selection is close to zero in hominids and in Drosophila the proportion is about
50% (Eyre-Walker and Keightley 2007). Comparison between closely related species with
similar biologies such as the Mus musculus (e.g. M. m. musculus, M. m.m domesticus and M.
m. castaneus) confirmed that differences in N. influence the proportion of amino acid
substitutions that have been fixed by selection (Phifer-Rixey et al. 2012).

Genetic drift seems to play an important role during fixation of duplicated gene copies.
The relaxed selection permits one copy to accumulate various mutations (neutral,
advantageous or deleterious). They can act as a source of sequence variants which can be
transferred to the functional gene in the novel combination (e.g. by gene conversion) or they

can manifested themselves as advantageous in changing environment (Kimura 1991; Lynch

2006; Chen et al. 2007).

1.2.3 Polymorphism and the effect of non-synonymous substitutions on
protein functions

The principal prerequisite enabling to participate in the Red Queen dynamics is
genetic polymorphism. In previous chapter I have already described how this variability can
be maintained and that evolution of living organisms is the consequence of both adaptive and
neutral evolutionary processes. So how we can define genetic polymorphism (variation) and
what is its origin?

Nucleotide sequences are composed of four nucleotide bases (A, C, G, T). These bases
form 64 triplets (codons), and most of them encode for 20 amino acids (three of them are stop
codons). One amino acid then can be logically coded by multiple codons. Nucleotide
substitutions generated randomly and continuously during evolution, belong among the most
important sources of new genetic variants. They can be either synonymous (silent), which do
not change amino acids, and function of protein or non-synonymous, which replace amino
acids and might have an important functional impact. Even if the probability of synonymous
substitutions to arise by random mutagenesis is nearly twice lower compared to non-
synonymous ones, they occur almost always at a much higher rate than non-synonymous
substitutions since they are not eliminated by selection. However, the proportion between

both types can significantly vary between different genes and/or genome regions.
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According to their effects on fitness non-synonymous substitutions can be deleterious,
favourable, or selectively neutral. It was shown that approximately half of the known disease-
causing mutations result from amino acid substitutions and in humans 25-30% of non-
synonymous substitutions were predicted to negatively affect protein function (Ng and
Henikoff 20006).

Effect of (point) substitutions on protein function depends largely on biochemical
properties of amino acids (Fig. 6). These exchanges can lead to differences in protein
conformation what can results in the disruption of interactions with other structures (e.g.
ligands or receptor partners) or influence the stability of the protein. Important factors are
charge, hydrophilicity or hydrophobicity, size and functional groups (Villasefior-Cardoso and
Ortega 2011). For example, a substitution of Isoleucine (I) for Leucine (L) may not bring
about significant changes in a receptor function as both amino acids have similar biochemical
properties: nonpolar and neutral). By contrast, replacement of Arginine (R) by Alanine (A) at
position 441 of the receptor-binding domain of the SARS coronavirus spike protein interrupts
the binding activity (He et al. 2006). Alanine and Arginine are amino acids with completely
different qualities (A is small, nonpolar and neutral while R is polar and positive) and
therefore we can expect more serious impact on protein function (Fig. 6). Substitutions of
amino acids that have similar biochemical properties and are therefore less likely to affect the

function of a protein occur much more frequently than more radical changes.
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Fig. 6, Biochemical properties of amino acids, adopted from http://nanobiologynotes.blogspot.cz/.
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1.2.4 Effect of non-synonymous substitutions on the function of pattern
recognition receptors

Study of differences in immune response caused by the receptor variation is important
for comprehension of the immune system function. Assuming the matching alleles concept
mentioned above, the arms-race between parasites and immune receptors could be observed in
their DNA sequences in the form of non-synonymous single nucleotide polymorphisms
(SNPs). Polymorphism is defined as an existence of different alleles or versions of gene in
populations (Villasefior-Cardoso and Ortega 2011). It was supposed that the PRRs are rather
less variable then, for example, highly polymorphic MHC molecules ensuring adaptive
immunity. This “high” conservatism of PRRs is related to the fact that parasites cannot easily
change their essential structural motifs (PAMPs) that are targeted by the PRRs (Roach et al.
2005; Leulier and Lamaitre 2008; Kang and Lee 2011). However, we saw previously that
pathogens are able to change their PAMPs and evade host immune detection. Many studies
since discovery of PRRs linked their polymorphism to resistance or increased susceptibility to
infectious diseases, e.g. mouse NOD variability associated with susceptibility to Crohn’s
disease (Hugot et al. 2001), human RLR polymorphism associated with resistance to type 1
diabetes caused by RNA viruses (Loo and Gale 2011) and human TLR4 associated with
resistance to Legionnaires disease (Hawn et al. 2005). Similarly, the variability in human
NOD2 and TLR4 was linked to Crohn’s disease and tuberculosis susceptibility (Brand et al.
2005; Austin et al. 2008; Kanaan et al. 2012; Zaki et al. 2012). And polymorphism of MBL
was for example associated with diverse susceptibility to malaria (Boldt et al. 2009). Many
other examples of SNPs having important clinical effect were described for TLRs and will be
discussed in chapter 3.5. To conclude this part, polymorphism of immune receptors observed
in recent populations is most probably the result of an arm race during co-evolution with
microbes; however, non-adaptive evolutionary processes such as genetic drift may also play
an important role under certain conditions (e.g. low effective population size, or weak
selection). And we saw that even simple substitutions in PRRs sequences can significantly
influence the potential of pathogen recognition and the intensity of the immune response. In
the following chapter I will focus mainly on Toll-like receptors, which are the main subject of
my thesis. However, to get more general objective insight to the problematic of TLRs the

knowledge of other types of PRRs will be also discussed.
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1.3 Toll-like receptors - a general overview

1.3.1 A brief historical survey: from Toll to Toll-like receptors

Discovery of Toll-like receptors was preceded by the description of Toll genes in
Drosophila in the mid-80’s. The function of Toll proteins was originally associated with
dorso-ventral axis formation in the early stage of Drosophila development (Anderson and
Niisslein-Volhard 1984). This finding of Chritstiane Niisslein-Volhard and Eric Wieschaus
was rewarded by the Nobel Prize in Physiology and Medicine in 1995. Soon after this
discovery Toll (meaning fantastic, mad or amazing in German slang) genes were connected
with immunity in Drosophila flies and protection against fungal infection (Lemaitre et al.
1996). Not surprisingly immunologists began to look after a family of proteins with similar
immune mechanisms also in mammals (Janeway 1989; Medzhitov et al. 1997; Medzhitov and
Janeway 1999). In 1997 the first human orthologous receptor, called Toll-like receptor
(TLR4) was identified in humans by homologue sequencing with Drosophila Toll genes
(Medzhitov et al. 1997). Five years later ten human TLRs were already described (Medzhitov
et al. 1997; Janeway and Medzhitov 2002). Since the publication of the famous article by
Charles Janeway (Janway 1989) revealing the missing element between innate and adaptive
immunity, PRRs with TLRs in the lead stirred up attention of immunologists. After first
associations of polymorphism with several infectious diseases in humans have been
discovered, TLRs became very popular (Arbour et al. 2000; Lorenz et al. 2000). Today, the
TLRs are known to play an important role in the great variety of diseases including
autoimmune disorders and therefore the TLR discovery is considered as the most important in

immunology during the past 25 years (Janssens and Beyaert 2003; O’Neill 2004).

1.3.2 Structure of TLRs

In spite of their long evolutionary history since their emergence in animals, TLRs
share structural and functional similarities from Drosophila to humans (Roach et al. 2005;
Takeda and Akira 2005; Bassett and Rich). TLRs are relatively large proteins, approximately

of 780-1100 amino acids in length. In mammals, TLRs are type I transmembrane
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glycoproteins composed of three major domains. The N-terminal horseshoe-like extracellular
domain (ECD) is responsible for detection of pathogens (i.e. PAMPs). ECD contains varying
numbers (16-28 residues) of repeated motifs that are rich in leucin (LRRs = leucine rich
repeats). Detailed description of LRRs in distinct TLRs is in Matsushima et al. (2007). The
part of ECD directly responsible for ligand detection is called ligand binding region (LBR).
LBR is the most variable part of TLRs. ECD is followed by a single transmembrane helix
(TMD) and the C-terminal intracellular domain (ICD) that involves the so-called Toll-
Interleukin-1 receptor (TIR) domain (Fig. 7). The TIR domain is homologous to the IL-1R
signalling family, which is present from plants to mammals and which is responsible for

transmitting signals to cells (Akira et al. 2006; Botos et al. 2011).
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Fig. 7, Simplified description of the TLR4 structure. LBR, ligand binding region, ECD, extracellular domain,
TD, transmembrane domain, ICD, intracellular domain, TIR, Toll-Interleukin-1 receptor domain, LPS,
lipopolysaccharides of gram negative bacteria.

Until now, four crystal structures of human and/or mouse TLR/TLR-ligand complexes
have  been  described:  TLRI/TLR2-lipopeptide =~ (Pam3CSK4), @ TLR3-dsRNA,
TLR4/TLR4/MD-2-LPS and TLR2/TLR6-lipopetide (Pam2CSK4) (Bell et al. 2005; Jin et al.
2007; Kang et al. 2009; Park et al. 2009) (Fig. 8). These studies represent first insight into the
molecular basis of TLR recognition and give us a new study field and possibility to analyse
relations between TLRs, their partners and ligands. Homology modelling therefore provides
us a great tool to explore TLRs, for which the crystal structure, binding sites or even ligands

are still unknown.
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1) TLR1

Fig. 8, Crystal structure of TLR ligand-binding domains with its ligands (ligands are represented by small colour
dots, detail list of displayed ligands can be found in corresponding publications). Crystal structures (PDB
numbers are in parentheses) were adopted from RCSB PDB Protein Data Bank,
http://www.rcsb.org/pdb/explore.do?structureld=2z64, 1) dimer TLR1 and TLR2 (2Z7X) (Jin et al. 2007), 2)
TLR3 (2A0Z) (Bell et al. 2005), 3) TLR4with MD-2 (3FXI) (Park et al. 2009), 4) TLR2 and TLR6 heterodimer
(3A79), (Kang et al. 2009). Visualization and deign corrections were made by myself using First Glance in
JMOL v.1.951 (http://bioinformatics.org/firstglance/fgij/index.htm).
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1.3.3 Signalling of TLRs

Binding of PAMPs induces ECD dimerization of Toll-like receptors and activates
signal transduction pathways (Fig. 9) (Gay et al. 2006). There are two main signalling
pathways. The first one, known as MyD88-dependent, is via the TIR-containing adaptors of
the myeloid differentiation primary response protein 88 (MyD88). MyD88 is used by all
TLRs with exception of TLR3. The second pathway (MyD88-independent) is through TIR
domain containing adapter-inducing interferon  (TRIF) — this one is used only by TLR3 and
TLR4. Signalling includes activation of the nuclear factor (NF)-kB and interferon regulatory
factor-3. Two other TIR domain adaptor proteins that promote signalling are the MyDS88
adaptor like protein (MAL) (Fitzgerald et al., 2001; Horng et al., 2001) and TRIF related
adaptor protein (TRAM) (Yamamoto et al., 2003). In general, the signalling cascade results in
releasing inflammatory cytokines (interleukin-1, TNF-a and interleukin-12), chemokines
(interleukin-8, MCP-1, RANTES) and interferons. These cytokines trigger innate immune
defences such as inflammation, fever, and phagocytosis in order to provide an immediate
response against the invading microorganism. Chemokines are a group of cytokines enabling
migration of leukocytes from blood to tissues at the site of inflammation. The cytokines, in
turn, bind to cytokine receptors on other defence cells. TLRs are mainly expressed in antigen-
presenting cells such as the dendritic cells (DCs), macrophages and B cells and their
signalling induce maturation of DCs, which is responsible for initiation of adaptive immune
responses (Akira et al. 2001; van den Berg et al. 2004; Pasare and Medzhitov 2004a; Tipping
2006; Kawai and Akira 2010; Michallet et al. 2013).
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Fig. 9, Schematic of mammalian TLR signaling pathways. All TLRs are thought to signal through a MyD88—
IRAK-TRAF6 pathway to induce NF-kB and MAP kinases. The MyD88-dependent pathway downstream of
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TLR4 and TLR2 also requires TIRAP. TRIF interacts with TLR3 and induces IFN-B by activating IRF3. Ligands
for TLR7, TLR8, TLRY and TLR4 also induce IFN-f, although it is unclear whether TRIF is involved in these
pathways. The TLR3 and TLR4 pathways can induce NF-kB and MAP kinases in the absence of MyD88 with
delayed kinetics. Question marks indicate the possible presence of additional signaling molecules. Adopted from
(Kopp and Medzhitov 2003). The agreement for reuse of this picture in my disertation was provided by Elsevier
using Copyright Clearance Center ("CCC"). Copyright © 2003, Elsevier

1.3.4 Origin and function of the TLR family

TLRs are an ancient family which has probably arose before the Cambrian period
(Roach et al. 2005). We can therefore find TLR homologues in many organisms from plants
to invertebrates (insects, cnidarians, nematodes, and crustaceans) to vertebrates and mammals
(reviewed in Leulier and Lemaitre 2008; Vinkler and Albrecht 2009). During the last 700
million years the TLR family experienced multiple gene duplications and sequence
divergence and today we classify the vertebrate TLRs into six major groups or families:
TLR1, TLR3, TLR4, TLRS, TLR7 and TLRI11 (Roach et al. 2005; Temperley et al. 2008;
Huang et al. 2011) (Fig. 10). A half of these families involve only one gene; however, in
TLR1, TLR7 and TLRI11 groups we can find multiple paralogues. Family TLR1 contains
TLR1, TLR2, TLR6 and TLR10, in birds known as TLR1La, TLR1Lb, TLR2a, TLR2b.
Family TLR7 include TLR7, TLR8 and TLR9 and family TLR11 cover TLR11, TLR12,
TLR13, TLR21 and TLR23. One should be also aware that each species has its own spectrum
of TLRs. For example, there are 17 distinct TLRs in bony fish, while only 11 TLRs were
described in the fugu fish, 10 different TLRs were described in chicken and in the sea urchin
(Strongylocentrotus purpuratus), as many as 222 different TLRs were revealed (Huang et al.
2008; Hughes and Piontkivska 2008; Rebl et al. 2010). The number of TLRs differs also
across mammalian species. To date 10 and 12 functional TLRs have been described for
humans and rats and mice, respectively (Dembic 2005). TLR10 which exists in humans is not
functional in the mouse genome due to a retrovirus insertion; while mice have, in addition to
humans, TLR11, TLR12 and TLR13 (Fig. 11, these three TLRs were lost in humans). The
role of TLR11 was associated with detection of uropathogenic bacterial components (Zhang
et al. 2004). However the function and ligands of TLR12 and TLR13 are still not well
identified (Kawai and Akira 2010). Detailed overview of TLR number in distinct groups can

be found in Leulier and Lemaitre (2008).
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Fig. 10, Evolution of major vertebrate TLR families Adopted from (Roach et al. 2005) with permission from the
National Academy of Sciences, USA. Copyright © 2005 National Academy of Sciences, U.S.A.
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TLRs often cooperate together and form heterodimers. This fusion results in
dimerization of TIR domains what is necessary for downstream signalling (Manavalan et al.
2011). Different TLRs are responsible for recognition of different PAMPs (Roach et al.
2005). It was also documented that same TLR in different species may recognize different
ligands or can significantly differ in immune response. Intraspecific variability of commensal
flora in the gut-system seems as one of possible explanations (Werling et al. 2009). Generally
two subclasses of TLRs are distinguished according to the ligands that are targeted. Here I
describe ten main mammal TLRs of both subclasses (Fig. 12).

The first subclass (TLR1, TLR2, TLR4, TLRS5, TLR6 and TLR10) can detect
predominantly bacterial components and in this work I will call them ‘“bacterial-sensing”.
They are expressed in the cell membrane. TLR2 forms heterodimers with TLR1 and TLR6
(Ozinsky et al. 2000). As a consequence of this cooperation it is able to detect wide spectrum
of different ligands. Heterodimers with TLR1 detect triacyl lipopeptides, while collaboration
with TLR6 results in detection of diacyl lipopeptides (Akira et al. 2006). TLR1 and 6 has very
similar length and organization of domains because in mammals they arise by gene
duplication after the divergence of placental mammals and marsupialis and before the
radiation of the eutherians (cca 100Mya) (Kruithof et al. 2007). Therefore they are located in
tandem at the same chromosome 5 (Huang et al. 2011). TLR2 recognizes also peptidoglycan,
bacterial lipoproteins, porins from Neisseria spp., phenol soluble factor from Staphylococcus,
glycosylphosphotidylinositol lipid from Trypanosoma cruzi, zymosan from yeast cell walls
and LPS dissimilar to LPS of gram-negative bacteria (e.g. LPS of Prophyromonas gingivitis
and Leptospira interrogans) (Janeway and Medzhitov 2002; Akira et al. 2006). TLR10
functions as homodimer or heterodimers with TLR1 or TLR2 (Hasan et al. 2005). Its ligands
seem to be the same as for TLR2/1 and TLR2/6 heterodimers (Govindaraj et al. 2010).

The repertoire of TLR4 ligands is impressive and comprises mannan of Candida
albicans (Tada et al. 2002), LPS of gram-negative bacteria (Poltorak et al. 1998) or, for
example, flavolipin of Flavobacterium meningosepticum (Gay and Gangloft 2007). While
classified among bacterial sensing TLRs, TLR4 binds also some viral components, e.g. viral
fusion proteins of respiratory syncitial virus (RSV) and vesicular stomatitis virus (VSV)
(Kurt-Jones et al. 2000; Georgel et al. 2007). Other endogenous ligands detected by TLR4 are
fibrinogen, fibronectin, hyaluronic acid, heparin sulphate, beta-defensins or heat-shock
proteins (Okamura et al. 2001; Akira et al. 2006). Binding of LPS occurs after dimerization of
TLR4 and binding MD-2 (lymphocyte antigen 96). MD-2 binds to ECD of TLR4 and to the
hydrophobic portion of LPS (Botos et al. 2011). TLR5 homodimers recognize flagellin, the
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essential component of bacterial flagella (Hayashi et al. 2001). TLRS binds flagellin
monomers using conserved regions at the N- and C-terminal ends. Complementary positions
at flagellin sequence are highly conservative due to maintaining the correct function. Any
mutations at those places would lead to defect flagella. Therefore flagellin becomes an ideal
ligand detected by immune receptors (Andersen-Nissen et al. 2005; Botos et al. 2011).

The second subclass of TLRs (TLR3, TLR7, TLR8 and TLR9) is expressed within
endosomal/lysosomal compartments and the endoplasmatic reticulum (ER) and can target
mainly viral components (ssSRNA, dsRNA, CpG DNA). Therefore, I will call them “viral-
sensing”. TLR3 functions as a homodimer and detects dSRNA which is produced by most
viruses at some stage in their life cycles. TLR3 is therefore a very important receptor during
viral infection. Binding to dsRNA at least 46 bp long occurs only at pH 6.5 and bellow
(Leonard et al. 2008). The limited length of dsSRNA is probably the mechanism how to avoid
self reactivity, because shorter sequences of dsRNA (miRNA or tRNA hairpins) occur
normally in host cells (Botos et al. 2011). TLR7 and 8 detects single-stranded RNA (ssRNA).
Together with TLR9 they belong among the largest TLRs with more than 1000 amino acids
thanks to insertions in LRR 2, 5 and 8 and many structurally undefined stretches between
LRRs 14 and 15. C-terminal fragment of ECD till LRR 14 is cleaved in endolysosome and is
not involved in ligand binding (Ewald et al. 2008; Wei et al. 2009; Botos et al. 2011). TLR9
recognizes unmethylated CpG motifs present in viruses and bacterial DNA (bacteria do not

poses methylation enzymes) after bacterial lysis (Hacker et al. 1998; Krieg 2000).
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Fig. 12, Overview of localization and ligands of TLRs, adopted from (Mempel et al. 2007), Copyright © 2007,

Elsevier.
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1.3.5 Variability and polymorphism of TLRs

Changes in immune response caused by non-synonymous SNPs in TLR genes have
been documented mainly in humans and domestic or laboratory animals. For example
substitution in intracellular domain (ICD) of TLR2 was associated with susceptibility to
lepromatous leprosy (Kang and Chae 2001) and substitution R753Q was also associated with
susceptibility to tuberculosis (Ogus et al. 2004). TLR4 polymorphism was associated with
resistance to Legionnaires disease (Hawn et al. 2005). Two non-synonymous SNPs (D299G
and T399I) in the ECD of TLR4 have been associated with an increased susceptibility to
infections caused by the Gram-negative bacteria Brucella spp, a respiratory syncitial virus,
and the parasite Plasmodium falciparum causing malaria (Tal et al. 2004; Mockenhaupt et al.
2006; Rezazadeh et al. 2006; Ferwerda et al. 2007). TLRs variability was described also
between laboratory mouse strains, chicken, cattle or pigs with possible functional
consequences (Smirnova et al. 2000; Leveque et al. 2003; Seabury et al. 2010; Fisher et al.
2011; Raja et al. 2011; Malik 2011; Shinkai et al. 2012). Other examples of association
between individual substitutions and diseases can be found in following reviews: Schroder
and Schumann 2005; Pandey and Agrawal 2006; Villasefior-Cardoso and Ortega 2011; Netea
et al. 2012. However, present knowledge about TLR polymorphism in free-living populations
of vertebrates is rather scarce (Tschirren et al. 2011; Tschirren et al. 2012) and actually only
one study reports real measurable impact of observed polymorphism to animal fitness
(Tschirren et al. 2013). Tschirren et al. (2013) studied functional significance of naturally
occurring polymorphism at TLR2 in wild bank voles (Myodes glareolus) and infection with
Borrelia afzelii (Tschirren et al. 2013). They found that different variants of TLR2 were
associated with infection caused by B. afzelii and that protective variants increased in

frequency relatively recently.

Evasion microbe strategies concerning TLR signalling

Several microbe evasion strategies were described also in relation with TLRs. For
example flagellated bacteria Campylobacter jejuni, Helicobacter pylori and Bartonella
baciliformis, can produce modified flagellin which can not be recognized by most frequent

variant of TLRS (Andersen-Nissen et al. 2005). Manipulation (inhibition of signalling) of
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TLRs by viruses was documented in studies of Vaccinia virus (O’Neill 2004; Bowie and
Haga 2005). The variability of LPS, which is the main ligand for TLR4, was associated with
differences of virulence among bacterial strains and even intrastrains (e.g. Pseudomonas
aeruginosa or Yersinia pestis) (Day and Marrceau-Day 1982; Ray et al. 1991; Knirel et al.
2006; Montminy et al. 2006). The variability of LPS can affects the adhesion properties of the
microorganism to the cells of its host and induces release of inflammatory mediators.
Modifications of LPS play an important role in the infection process, evasion of immune
response of the host, and serotypification of Gram—negative bacteria (Robinson et al. 2008).
Deatiled overview of variations in lipid A which is important component of LPS and its
effects on recognition by TLR4 is described in Maeshima and Fernandez (2013). All these
strategies can be therefore important impulses for TLRs to maintain polymorphism allowing

detecting also modified PAMPs.

1.3.6 Evolutionary forces acting on TLRs

Because of their important function in recognizing conserved pathogen structures,
TLRs have been considered as conservative genes evolving mostly under purifying (i.e.
negative) selection (Roach et al. 2005). However distinct TLRs might differ in their biological
relevance (in the whole spectrum from essential to redundant) and therefore in direction and
strength of selective pressures (Innan and Kondrashov 2010; Huang et al. 2011). Soon after
the first studies at population level (see Roach et al. 2005) have been performed, various
mechanisms were described to play the role in the evolution of TLRs besides negative
selection. For example, Ferrer-Admettla and his team have revealed adaptive balancing
selection acting on human TLR1 and TLR6 genes and signal of positive selection in TLR9
and TLR10 in Europeans, while in TLR4 no evidence of positive selection was found (Ferrer-
Admetlla et al. 2008). Evidences of positive selection were described also in all mammal
TLRs, at both intraspecific and interspecific level (Park et al. 2010; Wlasiuk and Nachman
2010; Areal et al. 2011; Tschirren et al. 2011). Intraspecific positive directional selection, as
well as signals of positive selection and purifying selection were found to affect TLRs also in
birds (Downing et al. 2010; Alcaide and Edwards 2011; Grueber et al. 2012). On the contrary,
in bird populations affected by strong bottleneck the dominant force influencing evolution of
TLRs seem to be neutral genetic drift (Grueber et al. 2012; Grueber et al. 2013). Genetic drift

also shaped genetic history of human TLR4 during population expansion (lost of
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advantageous mutation Gly299 against Malaria in Indians from Amazon jungle) (Netea et al.
2012). Gene conversion have been recently reported between paralogues of TLR1 gene family
in birds and mammals and TLR6 and TLR10 in platypus (Huang et al. 2011; Mikami et al.
2012). Results of Huang et al. (2011) also suggest the important role of gene conversion
during maintaining the conservation of domains responsible for dimerization, transmembrane
and TIR domain in TLR1 gene family.

All mentioned examples, which came from very recent studies, bring us the first
insight into problematic of TLR evolution. They showed us that diverse evolutionary
processes play an important role during TLR evolution and that they differ at interspecific and
intraspecific level. Therefore it is necessary to observe these interesting receptors from

different perspectives.
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1.4 Thesis aims

Toll-like receptors (TLRs) are among the most important and at this time the best
studied receptors of innate immunity. However, the majority of knowledge came from studies
based on humans and domestic or laboratory animals. We know that results raised from such
studies can differ from the situation occurring in free-living populations (Abolins et al. 2011;
Pedersen and Babayan 2011). Therefore study of TLRs in natural populations is of the main
interest for immunologists, evolutionary biologists and epidemiologists seeking to understand
and foresee emergence of zoonoses. The general objective of this thesis is to study
evolutionary forces shaping variability of TLRs in free-living populations. As a biological
model I chose mostly commensal murine rodents, which 1) are widespread clinical models in
biomedicine and 2) are principal vectors in transmission of emerging diseases and thereafter
considered as an actual threat to humans during ongoing global changes.

To decide which evolutionary processes shaped rodent TLRs I applied various
approaches and I tried to study 7/r genes from different perspectives. The first important
aspect influencing the evolution of genes in general is simply the history of species. To
analyze how Tlr genes have been shaped by neutral or non-adaptive processes I called up also
genes, which reliably reflect the neutral evolutionary processes. Both types of genes were
subsequently analyzed by phylogenetic and population-genetic methods. Second, in view of
the fact that TLRs belong to important immunity receptors and their function is linked with
microbe detection I have looked for the signs of selection at the molecular level by comparing
the pattern of synonymous and non-synonymous substitutions and by analysing protein
structures of focussed molecules. The evolution of TLRs was finally discussed at both the
interspecific and intraspecific levels, because the most relevant evolutionary processes are not
necessarily the same at microevolutionary and macroevolutionary scales. From the
macroevolutionary perspective we are able to observe and detect direction of selection over
broader timescale, while microevolutionary perspective permits us to study recent local
adaptations to pathogenic environments. These two different scales were chosen to get a

complex and objective insight into TLR evolution.
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2 MATERIAL AND METHODS

2.1 Rodents and rodent-born infectious emergent diseases

“We live in a time where there exists a virtual viral superhighway, bringing people into contact with
pathogens that affect our adaptation. The present pattern reflects an evolutionary trend that can be
traced to the beginning of primary food production. The scale has changed! The rates of emerging
disease and their impact can now affect large segments of the world population at an ever increasing
rate, and we need to be increasingly aware of the implications for today s human populations around

the globe.”

George J. Armelagos at al. 1996 (Professor of Anthropology at the Emory
University in Atlanta, Georgia, whose work has provided invaluable contributions
to the theoretical and methodological understanding of human disease).

Curiously I will start this chapter with humans. The agricultural revolution which
happened 10,000 years ago has resulted in important change in human life style (Armelagos et
al. 1991). People have started to live at the same place for a long time and their dwellings
have started to provide irresistible shelter for unwanted illegal lodgers — rodents (Ewald
1994). Especially representatives of two murine rodent genera (Rattus and Mus) have become
frequent visitors in human pantries. Since this period, the evolutionary history of mice and
rats was closely linked to humans, what is documented in several reports about common
migration routes (Tollenaere et al. 2010; Jones et al. 2011; Jones et al. 2012; Jones et al. 2013;
Konec¢ny et al. 2013). Murine rodents are, not only thanks to humans, widespread animals and
today we can found them on all continents at relatively high densities except of Antarctica.
The Old World murine rodents (i.e. original Old World rats and mice which belong to the
subfamily Murinae) include over 570 species, 125 genera and 29 genus divisions (Musser and
Carleton 2005; Steppan et al. 2005) (see Fig. 13 for current phylogeny of murine rodents).
Due to recent diversification of most murine lineages, phylogenetic relationships are not

completely resolved and a lot of taxonomic work is necessary.
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e Chiropodomys

Fig. 13, Phylogeny of the subfamily Murinae. The tree is based on dataset of Rowe et al. (2008) (phylogeny was
based on GHR, BRCA1, RAGI, BDR, IRBP, APS, and 4 mitochondrial genes), Steppan et al. (2004) (GHR,
BRCAI1, RAGI, c-myc), Lecompte et al., (2008) (GHR, IRBP, m#-Cytb), Jansa and Weksler (2004) (IRBP),
Watts and Baverstock (1995) (DNA-DNA hybridization). Red arrows depict the two groups analyzed in this
dissertation. Page copyright © 2005 http://tolweb.org/Murinae/16536/2008.09.08 in The Tree of Life Web

Project, http://tolweb.org/, The figure was adopted from http://tolweb.org/Murinae/16536,

This group originated most probably Southeast Asia, what is supported by
biogeographic patterns and fossils, especially dental morphology, which reflects the ecology
of the area (Patnaik 2011). The first murine fossil is the genus Antemus (Antemus chinijiensis)
was recorded from the Middle Miocene (~14 Mya), from Siwalik fossil beds of Northwestern
India and Pakistan (Steppan et al. 2005; Patnaik 2011). Subsequently two genera
(Progonomys and Karnimata) appeared, giving rise to two lineages: Mus and relatives and
Rattus and relatives, respectively. Their most recent common ancestor lived about 12.5 Mya
after the initial radiation of the subfamily (Fig. 14) (Benton and Donoghue 2007). Subsequent
rapid diversification may be associated with the expansion of murines from Southeast Asia
into Africa, Australia, and Eurasia (Steppan et al. 2005). Further I will focus on two murine

lineages, the tribe Rattini and the house mouse (Mus musculus).

2.1.1 Origin and radiation of the tribe Rattini in the Southeast Asia

The tribe Rattini covers 35 genera including, in total, 167 species (Musser and
Carleton 2005). The following five groups are generally accepted: Crunomys, Dacnomys
consisting of Leopoldamys and Niviventer, Maxomys, Miromys, and Rattus. The latter group
encompasses genera Rattus, Berylmys, Tarsomys, Limnomys, Abditomys, Bullimus, Bandicota,
Sundamys, nevertheless some phylogenetic relationships are still not resolved, especially in
the genus Rattus (Verneau et al. 1998; Musser and Carleton 2005; Pages et al. 2010). This

genus underwent two episodes of intense speciation, the first about 2.7 Mya, and the second
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about 1.2 Mya, the latter possibly still being ongoing (Fig. 14, Verneau et al. 1998). Recently
Marie Pages has published a study based on extensive sampling and sequencing of two
mitochondrial (cytb, COI) and one nuclear (the first exon of /RBP) genes in which she shed
light on the taxonomy of Rattini, difficult to resolve due to recent radiation and probably also
hybridization between some species (Fig. 15) (Pages et al. 2010; Pages et al. 2013).
Especially difficult relationships are within Rattus tanezumi which revealed two divergent
mitochondrial lineages while this pattern was not confirmed by nuclear sequences (Pages et
al. 2013). The two mtDNA lineages are referred to as clades R. tanezumi R2 and R3 in this
thesis. Rattus sakeratensis is another problematic species which was previously classified
with the R. losea lineage from central and northern Thailand and the Vientiane Plain in Laos
(referred to as Rattus losea-like by Pages et al. (2010)). This lincage was recently
distinguished from true R. /osea, which is restricted to Cambodia, Vietnam, China and Taiwan
(Aplin et al. 2011). Monophyly of the genus Rattus has also been questioned because of the
uncertain position of Bandicota (Pages et al. 2010; Pages et al. 2013).

Today the genus Rattus encompasses around 66 species (Musser and Carleton 2005).
Most of them are non-commensal species living in fields and forests. Only two species, the
black rat (R. rattus) and Norway rat (R. norvegicus) are exclusively commensal and tend to
settle along human migration routes (Tollenaere et al. 2010). The Rattini includes many
vectors of dangerous pathogens infectious to human such as Hantavirus, found, for example,
in R. rattus (Gou virus), R. norvegicus (Soeul virus), R. tanezumi (Serang virus), and
Bandicota indica (Thailand virus) (Hugot et al. 2006; Plyusnina et al. 2009; Blasdell et al.
2011), Leptospira, which was found in R. norvegicus, R. exulans, R. rattus, Bandicota indica,
and B. savilei (Kositanont et al. 2003), or Orientia tsutsugamushi, the causative agent of scrub
typhus which was found in all species within of Rattus sensu lato (represented by Maxomys,
Dacnomys and Rattus divisions) (Badenhorst et al. 2012). Therefore they represent serious
menace to human helth and detailed study of their phylogenetic relationships, potential

pathogen transmission and variation of immunity genes of different are of the major priority.
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2.1.2 Tribe Murini and evolution of house mice (Mus musculus)

The genus Mus (Linnaeus, 1758) is geographically widespread group of murine
rodents which encompasses about 41 species (Suzuki et al. 2004; Aplin et al. 2011). This
genus most probably originated in Northwestern India (Suzuki et al. 2004; Chevret et al.
2005; Duvaux et al. 2011; Macholan et al. 2012). Four subgenera were described: Pyromys
and Coelomys from Southeastern Asia, African Nannomys, and the worlwide subgenus Mus
(Fig. 16) (Marshall 1976; Suzuki et al. 2004; Chevret et al. 2005; Aplin et al. 2011; Macholan
et al. 2012).

Mus famulus

Mus spretus

Mus musculus

Mus spicilesus Mus

Mus caroli

Mus cervicolor

‘[E Mus cookii
Mus platythrix
[ | Pyromys
L Mus cf. saxicola | b -
Mus crociduroides |
Mus pahari | Coelomys

Mus setulosus

Mus haussa

Mus mattheyi Nannomys

Mus indutus

Mus musculoides

Apodemus mystacinus

Apodemus flavicollis

Apodemus sylvaticus

Leopoldamys edwarsi

Rattus norvegicus

Lophuromys sikapusi

Acomys cahirinus

— | 1 Millionyears

Fig. 16, Maximum likelihood tree reconstructed with a molecular clock hypothesis. Subgeneric names within
Mus are indicated on the right. The divergence time estimates derived from the two calibration points (stars) are
similar. Adopted from Chevret et al. (2005).
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The latter includes about 30 species according to Suzuki and Aplin (2012).
Phylogenetic relationships within this clade are insufficiently resolved, however, there is a
well defined Western Palaearctic group comprising non-commensal species M. spretus, M.
scpicilegus, M. cypriacus, and M. macedonicus, and one commensal species M. musculus
(Fig. 17) and can be found in eastern and south-eastern Europe and the Middle East, while
Mus spretus occupies habitats around the western Mediterranean (Boursot et al. 1993;
Bonhomme et al. 2011). Asian clade of subgenus Mus includes Mus cervicolor in south-east
Asia, M. cookii in Nepal, India, Barma and Thailand and M. caroli in Indonesia and some of
the western Pacific island (Lundrigan et al. 2002). Mus musculus originated probably in
northern India or northeastern Pakistan and have diversified in geographic isolation during the
Pleistocene into several subspecies including M. m. domesticus, M. m. musculus and M. m.
castaneus (Boursot et al. 1993; Boursot et al. 1996; Duvaux et al. 2011; Auffray 2012; Cap. 1
in Macholan et al. 2012). M. m. castaneus, which has recently been described as polytypic
subspecies (Rajabi-Maham et al. 2012), has expanded to southern India, Southeast Asia and
Japan, and to the Indo-Pacific. In Japan another “subspecies”, Mus m. molossinus, was
described. However, molecular analyses suggested this form to be a hybrid lineage of M. m.
castaneus and M. m. musculus (Yonekawa et al. 1988; Nunome et al. 2010). This is important
with respect to the origin of classical laboratory strains contributed, to some extent, by

Japanese fancy mice derived from M. m. molossinus (Takada et al. 2013).
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Fig. 17, Phylogenetic relationships among 10 mouse taxa with approximate times of divergence (in millions of
years) indicated (numbers above branches). Adopted from Macholan (2008) Copyright © 2008, Elsevier.

Two other house mouse subspecies, M. m. musculus (Mmm) and M. m. domesticus
(Mmd), split around 0.5 Mya (Fig. 17) (Boursot et al. 1993; Geraldes et al. 2008; Macholan et
al. 2012) and thereafter they have expanded to their current ranges. Although according to
Duvaux et al. (2011), the two subspecies at least once came into contact during the range

expansions (probably in Transcaucasia or Iran around 4000 BC), allowing them to exchange
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beneficial mutations, they remained for most of the time in allopatry (Duvaux et al. 2011).
Given their distinct migration routes (Fig. 18), the subspecies may have been exposed to
distinct pathogenic environments for appreciable periods. It seems that commensalism of
Mmd arose in the Eastern Mediterranean region known as the Levant (Fig. 18) during the
Neolithic Revolution 12,000 years ago (Cucchi et al. 2012; Cucchi et al. 2013). The Western
Mediterranean and western/north-western Europe were colonized later, during the Bronze and
Iron Age, respectively (Cucchi et al. 2005; Bonhomme et al. 2011). In contrast with Mmd the
expansion of Mmm is much less understood because of insufficient archaeological data and
sampling. Mmm presence in south-eastern Europe was documented by unique fossil record
from Romania around 3600 BC. Subsequent expansion to the west was probably linked with
cooper trade routes. Recent analysis has also suggested two geographically distinct subgroups
(South and North) in Mmm based on nuclear markers (Nunome et al. 2010). Expansion of
Mus musculus through geographically distinct regions allow as to study pattern of local

adaptations.
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Fig. 18, Colonization routes of the house mouse subspecies starting from northern parts of Indian subcontinent.
Arrows indicate movements of the castaneus (yellow), domesticus (red), and musculus (blue) subspecies;
gentilulus (green) refers to an mtDNA lineage found in Yemen and Madagascar. Mice of the Americas,
Australia, and Africa south of the Sahara have been imported by humans. Hybridization between M. m. musculus
and M. m. castaneus has resulted in the formation of a hybrid taxon (M. m. molossinus) in Japan, China, and the

Russian Far East (green). Hybrid zones between M. m. musculus and M. m. domesticus in Europe and
Transcaucasia are depicted in purple. Adopted from Macholan (2013).
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Upon secondary contact Mmm and Mmd established about 20 km wide and over 2500
km long hybrid zone in Europe (European house mouse hybrid zone, HMHZ), stretched from
Scandinavia to the Black Sea in Bulgaria (Fig. 17) (see Baird and Macholan 2012 for review).
The HMHZ can be considered as a dynamic system and its maintaining is traditionally
explained by gene flow into the zone on the one hand and selection against hybrids on the
other hand (Key 1968; Bazykin 1969; Barton and Hewitt 1985). Therefore, the HMHZ
provides us an exceptional geographic region which allows us to study processes of speciation
in the “live broadcast™ and to test several conventional hypotheses about hybrid survival.

In general it is suggested that hybrids will have lower fitness due to accumulation of
incompatibilities as explicated by the Dobzhansky-Muller model. Searching for genes that
confer reproductive barriers between species was firstly logically focused on sex
chromosomes (Payseur et al. 2004). It was shown that clines representing gene passage across
a hybrid zone are much steeper for sex chromosomes than for autosomes (Tucker et al. 1992;
Payseur et al. 2004). However introgression was documented in both chromosomes
(Macholan et al. 2008) and searching for genes responsible for speciations continue (Teeter et
al. 2008).

Another traditional hypothesis says that the main force driving speciation processes
are parasites (reviewed in Karvonen and Seehausen 2012). According to this hypothesis
hybrids should suffer from higher parasitic load and subsequent infection due to broken
imunity defense mechanism. Such pattern was described also on earlier studies of the HMHZ
(Sage et al. 1986; Moulia et al. 1991). Neverthless a recent study on more comprehensive
material by Baird et al. (2012) discovered that hybrids have significantly reduced diversity
and load of helminths. In direct contradiction to the prevailing paradigm Baird et al. (2012)
proposed a new, “vicariant Red Queen”, model to explain their results. According to this
model immunity genes tracking parasites are more likely to escape Dobzhansky-Muller

incompatibilities by generating hybrid variants untargeted by parasites.
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Fig. 19, The course of the M. m. musculus/M. m. domesticus hybrid zone in Europe with hitherto studied
transects in Denmark (A), northern (B) and eastern Germany (C), northeastern Bavaria (Germany) and Czech
Republic (D), southern Germany (E), and Bulgaria (F). The position of the zone in Norway is tentative only
(dashed line). As shown by the light-blue arrows, domesticus mice colonized the continent from the Middle East
through Asia Minor and along the Mediterranean, whereas musculus mice followed the route north of the Black
Sea. This scenario assumes that the hybrid zone is older in southern parts than in northern parts, with the most
recent contact in Denmark and Norway. Note that colonization of Scandinavia by a few hybrid individuals from
East Holstein has led to a mosaic genome of Scandinavian mice with nuclear M. m. musculus genome and
mtDNA of M. m. domesticus. Adopted from (Macholan 2013).

2.1.3 Rodent-borne diseases, emergence risk for humans and rodents as
model species

Murine rodents are potential reservoirs of many pathogens causing dangerous human
diseases, for example, bubonic plaque, salmonellosis, murine typhus, leptospirosis, rat-bite
fever or hantavirus pulmonary syndrome (Schonrich et al. 2008; Meerburg et al. 2009). Today
due to geographic expansion of humans and their relatively dense settlements, people and
synanthropic rodents live in contact and share the same space and often also the same
resources (food, water). Therefore rodents represent serious risks for humans because of
possibility of the spread of infectious diseases. Climatic changes, antibiotic resistance, and

interactions of social, demographic and environmental changes can reinforce the risk of
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transmission of rodent zoonotic emerging diseases (Polley and Thompson 2009; Thompson
2013). Consequently the study of non-synonymous SNPs and their associations with
pathogens is of the prime importance for assessing potential hazards (Jungi et al. 2011).
However, to be honest, people might also represent similar jeopardy for rodents. First,
transmission of pathogens is not unidirectional. And second, the Neolithic ancestors of
present-day mice and rats surely could not anticipate that their descendants would have to pay
once a luxury tax. When people became looking for a model for various medical and research
experiments mice and rats were of the first choice. Soon they have become the most common

and useful laboratory species (Fig. 20).
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Fig. 20, Taxonomic structure of animals used for experiments by humans. Adopted from Daniel Engber.

http://www.slate.com/articles/health and science/the mouse trap/2011/11/lab mice are they limiting our un

derstanding of human disease .html

A great advantage of inbred laboratory strains is repeatability of various experiments
allowing to understand lots of biological mechanisms from basic to more complex one.
However, some recent studies have shown that laboratory strains of unclear origin are not the
most optimal models for medical research, because their genetic background is influenced by
inbreeding and unnatural conditions in captivity (Salcedo et al. 2007; Stephan et al. 2007,
Abolins et al. 2011). Some scientists warn about monocultures in biomedicine (meaning the
use of laboratory mice as a principal and unique model) and appeal for using also other
vertebrates (Pedersen and Babayan 2011). This also means that for established laboratory
models it is very important to focus on free-living populations, where the genetic diversity

created by long-time evolution is still preserved (Guénet 1998; Guénet and Bonhomme 2003;
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Babayan et al. 2011; Pedersen and Babayan 2011). The choice of our model species was not
random, because by choosing wild Mus and Rattus species we profit from a huge amount of
knowledge derived from laboratory strains of rodents (Poltorak et al. 1998; Smirnova et al.
2000; Stephan et al. 2007) and, at the same time, we can get an important insight into

variation in the wild (Pedersen and Babayan 2011).
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2.2 Analysis of natural selection

To characterize the intensity, direction or type of natural selection which operates on
genes involved in immune defense several approaches are available. These tools differ
according to the analyzed levels. To search for ancient imprint of selection we can use
interspecies neutrality tests whereas for testing for recent selection activities (occurred no
longer than 4N, generations ago) intraspecies neutrality tests are the best choice (Barreiro and

Quintana-Murci 2010).

2.2.1 Analysis of selection at the intraspecific level

The most standard evaluation of selection is uses codon-based analyses (known as
dN/dS, detailed later). Comparing protein-coding sequences between species is usefull for
searching for rapidly evolving codons or lineages. The null hypothesis of neutrality suggests
that the ratio of fixed differences between species to polymorphisms within species should be
the same for nonsynonymous and synonymous mutations (Kimura 1991). Rejection of the
null hypothesis and deviations from neutrality are then interpreted as the influence of natural
selection. The codon-based analyses tend to estimate the ratio between dN (number of non-
synonymous substitutions per non-synonymous site, also Ka) and dS (number of synonymous
substitutions per synonymous site, also Ks). The ratio dN/dS > 1 is interpreted as the evidence
of strong positive selection, while dN/dS < 1 is considered as the proof of negative selection.
This ratio informs us about accelerated evolution of certain regions of the studied proteins.
The McDonald-Kreitman test is another neutrality test which use information from both
polymorphic and divergence data and therefore can detect past as well as recent selection
(comparison of at least two species is necessary).

Another approach consists of analysis of co-evolutionary relationships. By comparison
of species trees with gene trees we can potentially reveal discrepancies between both types of
phylogenies which can indicate departures from neutrality. However, results of such analysis
should be interpreted with caution because incongruence between a gene genealogy and the
species phylogeny can also result from incomplete lineage sorting (ILS) and/or hybridization.
Then discrepancies in terminal branches (e.g. due to a recent radiation) are difficult to resolve

because both scenarios (adaptive selection and ILS) are plausible, while deeper differences
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are more likely to be caused by adaptive selection. For example, ILS was estimated to be
responsible for 25% of differences between gene genealogies and species phylogenies for
humans, chimpanzees and gorillas (Hobolth et al. 2011). Different types of selection can
influence ILS in different ways even if ILS is mostly consequence of stochastic processes.
Negative and positive directional selection result in smaller amount of ILS, while balancing

selection produce higher amount of ILS (Charlesworth et al. 1993; Hobolth et al. 2011).

2.2.2 Analysis of selection at the intraspecific or population level

On the intraspecific or population level we can use tools of population genetics, such
as estimates of nucleotide variability between populations, analysis of population expansion,
population differentiation (Fgsr statistic) etc. Several statistics permit to asses departures from
a neutral model of evolution in the distribution of allele frequencies. The most famous is
Tajima's D which compares the number of segregating sites with the mean pairwise difference
between sequences (Tajima 1989). A negative Tajima's D signifies an excess of low
frequency polymorphisms, indicating population size expansion or purifying selection, while
positive Tajima's D signifies low levels of both low and high frequency polymorphisms,
indicating a decrease in population size and/or balancing selection (e.g. population after
bottleneck) (Stéadler et al. 2009). Other tests which evaluate departures from neutrality based
on allele frequencies are Fu and Li's D and F test, and Fay and Wu's H test. As for Tajima's D
significantly negative values indicate an excess of low-frequency variants, which can resut
from population expansion, weak negative or positive selection. On the other hand
significantly positive values represent an excess of intermediate-frequency alleles, which can
result from population bottlenecks or and balancing selection. Fay and Wu's H statistic tests
for an excess of high-frequency derived mutations, which is the hallmark of posiive selection.
However, deep knowledge of demographic history of studied populations is necessary to

interpret these statistics.
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3 RESULTS

Chapter 3.1: Polymorphism of bacterial-sensing TLRs in wild-
derived and classical laboratory strains of Mus musculus

Chapter 3.2: Analysis of variability of TIr4 at intraspecific level in
wild populations of Mus musculus

Chapter 3.3: Interspecific level of polymorphism in TIr4 and TIr7
in wild rodents
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3.1 Polymorphism of bacterial-sensing TLRs in wild-derived and
classical laboratory strains of Mus musculus

Annotation
Classical laboratory strains (CLS) of the house mouse are widely used models in

immunogenetics, despite the fact that their genetic polymorphism is limited, and genome as
well as gene expression were influenced by artificial laboratory conditions. In comparison to
CLS, recently developed wild-derived strains (WDS) reflect reality observed in free-living
populations and offer higher level of polymorphism. In the first chapter of this dissertation, I
describe structure and variability of five bacterial-sensing TLRs (TLR1, TLR2, TLR4, TLRS
and TLR6) in 20 WDS and compare them with CLS. Obtained data can be used as a basis for
planning specific and well-controlled experiments focussed on mechanisms of recognition of

pathogenic bacteria by mammalian hosts.
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3.1.1 Introduction

As I have already mentioned, classical house mouse laboratory strains (CLSs) are
widely used model in immunogenetics, despite the fact that genetic polymorphism is limited
and gene expression can be biased by artificial laboratory conditions (Yang et al. 2011).
Consequently, one can suspect that they can differ from free-living animals in observed
clinical manifestations conditioned by variation among CLSs (e.g. reported variation in
susceptibility to monocytotropic rickettsia, Ehrlichia risticii (G- bacteria) between ten mouse
strains (Williams and Timoney 1994) or observed defective tumoricidal capacity of A/J and
P/J LS (Boraschi and Meltzer 1979a; Boraschi and Meltzer 1979b; Boraschi and Meltzer
1979c¢). In this context we decided to study the variability in wild derived strains (WDS) of
the house mouse, Mus musculus. In comparison to laboratory strains, WDS reflect reality
observed in wild and offer higher level of natural polymorphism. It was also shown that WDS
are often resistant while CLSs are more susceptible with defect immune response which is
maintain generation after generation in laboratory sterile conditions (Guénet and Bonhomme
2003). The other advantage in comparison with CLSs is known and well documented origin
of WDS and even if CLSs are often considered as Mmd, their genome is mosaic and mixture
of other subspecies of Mus musculus (Yang et al. 2011). The interspecific crosses between
WDS allow us to study for example speciation genes, because it brings together products of
genes separated by divergent evolution and reveal deleterious gene combinations (Guénet and
Bonhomme 2003). Good examples are genes responsible for hybrid sterility, because for
example cross between M. musculus and Mus spretus results always in sterile males, while
backcross of F1 hybrid female with male from parental species result in fertile males. In
addition, homozygous genomes of WDS represents natural variants occurring in free-living
populations, which can be very useful for separating heterozygous sequences sampled from

natural populations (Guénet and Bonhomme 2003; Stephan et al. 2007; Pialek et al. 2008).

3.1.2 Material and Methods

We focused on five bacterial-sensing TLRs (TLR1, TLR2, TLR4, TLRS and TLR6),
which are important sensors of bacterial components such as LPS, LP, lipopeptides, teichoic

acid and flagellin. They form dimers on the cellular surface (either heterodimers: TLR2/1,
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TLR2/6, TLR4/MD-2 or homodimers: TLR4/TLR4, TLRS5/TLR5) to recognize wider
spectrum of molecules and trigger the pro-inflammatory signalling pathway. In this
contribution we therefore focused on description of allelic polymorphism in selected TLRs in
following strains of the house mice derived from wild populations of M. m. musculus (Mmm)
(BULS, BUSNA, PWD, SLINT, STUF, STUP, STUS), M. m. domesticus (Mmd) (STLT,
STRA, STRB, SCHEST, SCHUNT, SFEL, SIN, SIT, SPOS, STAIL, SUV, SCHEFE) and
their natural hybrids (SPLY, SMIL) (Pialek et al. 2008; Vyskocilova et al. 2009) (Fig. 1,
Table 1). To complete our data we added also three classical laboratory strains (CLSs) with
overwhelming domesticus background: C57BL/6J, A/J and C3Ha. Assignement of WDS and
CLS to subspecies were based on hybrid index (HI). HI was computed for all strains based on
five X-linked loci (for more details see Dureje et al. 2012). The scale of HI is set from

minimum 0 to maximum 1, where 0 mean Mmd and 1 Mmm.

3.1.3 Laboratory techniques

We sequenced female and male of each WDS (including CLSs) to control for
heterozygosis. DNA was extracted from rodent tissue (biopsy from ear or necropsy from
liver) using the DNeasy Blood & Tissue Kit (Qiagen AB, Hilden, Germany). PCR primers
and conditions as well as sequencing protocols can be found in Annex 1. For all genes we
sequenced complete coding region (CDS) (Table 2, Fig. 2). Only successfully sequenced and
complete sequences were analyzed. Standard Sanger sequencing of PCR products was
performed using Big Dye Terminators chemistry (Applied Biosystems) and capillary
electrophoresis was performed at ABI 3130 Genetic Analyzer (Applied Biosystems).
Sequences were manually checked and aligned in SEQSCAPE v.2.5 (Applied Biosystems) and
BIOEDIT v.7.1.3 (Hall 1999). We sequenced complete CDS of all five TLRs (incomplete
sequences were not included in analysis). Description of sequenced regions can be found in

Table 2.
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3.1.4 Data analysis

Number of nucleotide haplotypes (AN) and amino acid variants (h4) for all Tlrs genes
were enumerated using Fabox DNA collapser (Villesen 2007). Indices of genetic variability
such as sequence polymorphism (7z), average number of nucleotide differences (k), and
number of polymorphic sites (S) were computed in DnaSP v.5.10 (Librado and Rozas 2009).
For the analysis genetic variability, CLSs were excluded. Relationships of individual
haplotypes based on nucleotide sequences were computed in Network v. 4.6.1.1. by median
joining network (Bandelt et al. 1999). Visualization and description of main domains (ECD,
TMD and ICD with TIR) was done in SMART (Schultz et al. 1998; Letunic et al. 2011).
Position of LBR was set according to already published results for all five bacterial TLRs in
human and/or in mice (Kang and Chae 2001; Mizel et al. 2003; Andersen-Nissen et al. 2005;
Jin et al. 2007; Kim et al. 2007; Park et al. 2010; Ohto et al. 2012). List of published ligand

binding sites and regions important for dimerization are described in Table 3.
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Fig. 1, Origin localities of wild-derived strains kept in the Research Facility Studenec. Strains derived from Mus
musculus domesticus are in blue, those from Mus musculus musculus are in red. * SMIL and SPLY strains arised
directly from the hybrid zone in western Czech Republic and Bavaria (approximate position marked by white
line) as hybrids between both subspecies. Detailed geographic position of all localities can be found in Table 1.
?, indicates strains with potential introgression from other subspecies according to our results.
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ID Genome Locality Country  Sex G HI Latitude Longitude

STUF-WDS Mmm Studenec CZ F.M 31 1 49°12'00"  16°04' 00"
STUP-WDS Mmm Studenec CZ F.M 30 1 49°12'00"  16°04' 00"
STUS-WDS Mmm Studenec CZ F.M 22 1 49°12'00"  16°04' 00"
BULS-WDS Mmm Buskovice CZ F.M 25 1 50°13'"18"  13°22'27"
BUSNA-WDS Mmm Buskovice CZ F.M 30 1 50°13'"18"  13°22'27"
PWD-WDS Mmm Kunratice CZ FM x+12 1 50°00'47"  14°29'07"
SMIL-hWDS Mmm Milhostov CZ F.M 3 1 50°09'33"  12°27'30"
SLINT-WDS Mmm Lindhorst DE F.M 1 1 53°26'34"  13°46' 06"
STRA-WDS Mmd Straas DE F.M 29 0 50°10'53"  11°45'44"
STRB-WDS Mmd Straas DE F.M 26 0 50°10'53"  11°45'44"
STLT-WDS Mmd Straas DE F.M 19 0 50°10'53"  11°45'44"
SCHUNT-WDS Mmd Schweben DE F.M 7 0 50°26' 00" 09°35'00"
SCHEST-WDS Mmd Schweben DE F.M 7 0 50°26'10"  09°35'10"
SIN-WDS Mmd Scar, Sanday Isl., Orkneys UK FM 5 0 59°18'00"  -02°33'00"
SIT-WDS Mmd Scar, Sanday Isl., Orkneys UK FM 6 0 59°18'00"  -02°33'00"
SFEL-WDS Mmd Feldkirch AT F.M 2 0 47°15'42"  09°35'10"
SPOS-WDS Mmd Migiondo IT F.M 3 0 46°19'23"  10°18' 17"
SUV-WDS Mmd Sernio IT F.M 3 0 46°13'26"  10°12'20"
SCHEFE-WDS Mmd Schweben DE F.M 7 0 50°26'10"  09°35' 10"
STAIL-WDS Mmd Schweben DE F.M 9 0 50°26' 00" 09°35' 00"
SPLY-hWDS Mmd Plossen DE F.M 2 0 49°51'18"  11°47'10"
C57BL/6J-CLS Mmd classical laboratory strain lab F.M - 0.2 - -
A/J-CLS Mmd classical laboratory strain lab F.M - 0 - -
C3Ha-CLS Mmd classical laboratory strain lab F.M - 0 -

Table 1, Summary of strains, WDS - wild derived strain; hWDS - hybrid wild derived strain; CLS — classical
laboratory strain, ID - identification of specimens; Genome — classification of mice based on hybrid index (for
details see Methods) to either subspecies; Mmd - Mus musculus domesticus; Mmm - Mus musculus musculus;
Country codes: AT - Austria, CZ - Czech Republic, DE - Germany, IT - Italy, SK - Slovakia, UK - United
Kingdom; G — number of generation under brother x sister mating, GO stands for wild mice, x+ indicates that the
strain was kept for unknown number (x) of generations in different laboratory; HI - hybrid index based on five
X-linked loci (Dureje et al. 2012), 0 - pure Mmd, 1-pure Mmm.

TLR1* TLR2* TLR4 TLRS TLR6*
total lenght (bp) 7866 5337 14987 21257 6940
mRNA (bp) 2567 2874 3847 3211 2600
cds (bp) 2388 2355 2508 2622 2421
cds on exons (bp) 3 31 1(90), 2™ (167) 3 (38) and 4™ 2
and 3" (2251) (2584)
protein (AA) 795 H/ 784 H/ 835 H/ 873 H/ 806 H/
A A A A A
STUF-WDS Mmm comp 1/1 comp 1/1 comp 1/1 comp 1/1 comp 1/1
STUP-WDS Mmm comp 2/1 comp 2/2 comp 2/2 comp 1/1 comp 2/2
STUS-WDS Mmm comp 1/1 comp 3/3 comp 3/1 comp 1/1 comp 1/1
BULS-WDS Mmm comp 32 incomp - comp 4/2 comp 2/2 comp 3/1
BUSNA-WDS Mmm comp 32 comp 1/1 comp 4/2 comp 3/3 comp 3/1
PWD-h?WDS Mmm comp 4/3 incomp - comp 4/2 comp 4/4 comp 2/2
SMIL-hWDS Mmm comp 1/1 comp 4/4 comp 4/2 comp 5/5 comp 1/1
SLINT-WDS Mmm comp 1/1 incomp - comp 5/3 comp 6/1 comp 1-3/1
STRA-WDS Mmd comp 5/4 comp 4/4 comp 6/4 comp 5/5 comp 4/3
STRB-WDS Mmd comp 6/5 comp 5/5 comp 6/4 comp 7/4 comp 5/4
STLT-WDS Mmd comp 5/4 comp 4/4 comp 6/4 comp 5/5 comp 4/3
SCHUNT-WDS Mmd comp 7/6 comp 6/4 comp 6/4 comp 8/4 comp 6/5
SCHEST-WDS Mmd comp 5/4 comp 6/4 comp 6/4 comp 8/4 comp 4/3
SIN-WDS Mmd comp 7/6 comp 6/4 comp 6/4 comp 7/4 comp 7/5
SIT-WDS Mmd comp 7/6 comp 7/6 comp 6/4 comp 7/4 comp 7/5
SFEL-WDS Mmd comp 5/4 comp 6/4 comp 6/4 comp 9/5 comp 4/3
SPOS-WDS Mmd comp 5/4 comp 6/4 comp 6/4 comp 7/4 comp 4/3
SUV-WDS Mmd comp 5/4 comp 6/4 comp 6/4 comp 7/4 comp 8/3
SCHEFE-WDS Mmd comp 5/4 comp 4/4 comp 6/4 comp 8/4 comp 4/3
STAIL-h?WDS Mmd comp 7/6 comp 8/7 comp 6/4 comp 7/4 comp 6/5
SPLY-WDS Mmd comp 8/4 comp 9/8 comp 6/4 comp 7/4 comp 5/4
C57BL/6J-CLS Mmd comp 6/5 comp 10/8  comp 7/5 comp 10/6  comp 5/4
A/J-CLS Mmd comp 6/5 comp 11/6  comp 8/6 comp 4/4 comp 5/4
C3Ha-CLS Mmd comp 8/4 comp 11/6  comp 9/7 comp 11/7  comp 5/4

Table 2, Overview of sequenced TLRs, cds, coding region, bp, base pairs, com, complete cds, incomp,
incomplete cds, not included in analysis, H, assignment to nucleotide haplotypes, A, assignment to amino acid
alleles, 1-3, indicate heterozygote haplotypes (concerning SLINT and its TLR6), WDS, wild derived strains,
hWDS, hybrid wild derived strain,?, indicates potential hybrid strains according to our results, CLS, classical
laboratory strain. Numbers of nucleotide haplotypes (H) correspond to haplotype networks on Fig. 3 and
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numbers of amino acids alleles (A) correspond to overview of polymorphic sites in Fig. 2. *, TLR with * were
sequenced by Z. Bainova, as well as first and second exon of TLR4 and third exon of TLRS.

TLRs Ligand binding region or sites Dimerization region or sites  Publications

TLR1h 258-399 (F312, G313, Q316) 310-385 (Jin et al. 2007)

TLR2m 266-355 (D327, F325, F349) 318-404 (E375) (Jin et al. 2007; Kang et al. 2009)

TLR4m 248-469 D41, D83, E134, H158, (Kim et al. 2007; Park et al. 2009; Ohto et al. 2012)

(K263, R434, F438, F461) R233, R288

TLRSh 174-401 or 386-407* - (Mizel et al. 2003; Andersen-Nissen et al. 2005;
(in mouse 386-406)* Smith et al. 2012)

TLR6m F317,1.318,F319, P342, V347 311-390 (K313, D340) (Kang et al. 2009)

Table 3, Overview of sites and regions important for ligand binding and dimerization in mouse (m) or human
(h). Sites in brackets signify important sites for ligand binding or dimerization.

3.1.5 Results

Number of nucleotide haplotypes of all 7lrs, except Tlr4, varied from 3 to 5 in both
subspecies and almost the same pattern appeared when we translated sequences to proteins
(h4 = 2-4). The only exception was T/r4, where we found 5 (3) nucleotide (protein) sequences
in strains derived from Mmm, but all 13 Mmd strains had identical 7/r4 sequence (Table 2
and 4). Nucleotide diversity varied from O (7/r4ymg) to 0.002 (7Tlr4yvmm). If this one outlier
(Tlr4ymmg) was excluded, the polymorphism of the remaining 7/rs was comparable among
subspecies (Table 4). Hybrids and deviants according to Fig. 3 were excluded from these
analyses (e.g. PWD for T/r1, SMIL and STAIL for 71r2 and SMIL, BULS - strain with STOP
codon and PWD for TIr5).

All but one nucleotide sequences translated to functional proteins. The only exception
was the gene for 7/r5 in the strain BULS (Mmm, Buskovice, CZ), where the deletion of one
nucleotide at position 19 in exon 3 (length of CDS in exon 3 is 38bp) resulted in the stop
codon. Important polymorphism was documented also at protein level. In total we revealed 59
non-synonymous SNPs in all five TLRs. Most of these SNPs (76%) were located in the ECD.
In ICD we found 22% of SNPs and in TMD there was only 1 SNP in TLR4 (Fig. 2). Five
SNPs were placed in LBRs and seven in TIR domains (Fig. 2). Amino acid substitutions in
LBRs were in two cases rather functionally neutral, because they shared same biochemical
properties (TLR1, S324N and TLR4 V2541, see Table 5). Three others amino acid
substitutions differed in their properties (TLR4 R340S, TLR4 D462N and TLRS5 D240G),
what might indicate the potential functional implications, i.e. differences in the binding of

ligands (Table 5).
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TLR1 TLR2 TLR4 TLRS TLR6
Mmd Mmm* Mmd* Mmm* Mmd Mmm Mmd Mmm* Mmd Mmm
hN 4 3 5 3 1 5 4 3 5 3
hA 3 2 4 3 1 3 4 2 3 2
n+S.D. 0.0018 0.0008 0.0006 0.0006 0 0.0020 0.0008 0.0013 0.0017 0.0009
+0.0004 +0.0003 +0.0002 +0.0002 +0.0006 £0.0001 +0.0007 £0.0002 +0.0003
k 4.256 1.810 1.455 1.500 0 5.286 2.205 3.400 4.000 2.111
S 13 5 5 3 0 12 5 8 10 5
Hd+S.D. 0.654 0.667 0.727 0.833 1 0.786 0.679 0.700 0.769 0.722
+0.106 +0.139 +0.113 +0.222 +0.151 +0.112 0218 +0.099 +0.097

Table 4, Genetic diversity of 7/rs in two subspecies of the house mouse; 13 Mmd, Mus musculus domesticus; 8
Mmm, Mus musculus musculus; hN, number of nucleotide haplotypes; #4, number of amino acid variants; 7,
nucleotide diversity; &, average number of nucleotide differences; S, number of polymorphic sites; Hd, haplotype
diversity; S.D., standard deviation. Analysis of variability does not include classical laboratory strains, * Hybrid
strains were excluded from these analyses (e.g. PWD for 7/ri/, SMIL and STAIL for 7/r2 and SMIL, BULS -
strain with STOP codon and PWD for 77r5). For details see Fig. 3.
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Fig. 2, Description of non-synonymous polymorphic sites (SNPs) and their position within TLRs. Domain
architecture analysis was performed in SMART (http://smart.embl-heidelberg.de/). Haplotypes numbers in tables
correspond to amino acid haplotypes (A) described in Table 2.

TLR and position aal Properties aa2 Properties
TLR1-342 S, Ser SM, P, NEU N, Asn SM, P, NEU
TLR2-304 R, Arg P, POS S, Ser SM, P, NEU
TLR4-254 V, Val NP, NEU I, Ile NP, NEU
TLR4-462 D, Asp SM, P, NEG N, Asn SM, P, NEU
TLRS-240 D, Asp SM, P, NEG G, Gly SM, NP, NEU

Table 5, Physicochemical properties of the amino acids involved in non-synonymous substitutions in ligand
binding regions; SM, small; NP, non-polar; P, polar; NEU, neutral; POS, positively charged; NEG, negatively
charged.

Haplotype network analysis separated in most cases Mmd and Mmm in all studied
Tlrs. CLS were usually clustered with Mmd, confirming the previous data showing their
predominantly Mmd origin (Pidlek et al. 2008). However, there are few interesting
exceptions. In 7lr/ Mmm strain PWD had the haplotype H 4, clustering inside Mmd
haplogroup. In 77r2 hybrid strain SMIL (H_4) clustered with Mmd. Mmd strain STAIL (H_8)
clustered by contrast with Mmm. In 7/r5 haplotype hybrid strain SMIL (H 5) again joined
same strains of Mmd like in the case of 7/r2 and PWD (H_4) strain clusters with Mmd and
had the same haplotype as CLS.
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Fig. 3, Haplotype network based on nucleic acids (H), assignment of individual haplotypes to wild-derived
strains (WDS) or classical laboratory strain (CLS) can be found in Table 2. WDS of Mmm, Mus musculus
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musculus, are represented by red circles, WDS of Mmd, Mus musculus domesticus are represented by blue
circles, CLS, classical laboratory strains are represented by yellow circles.

3.1.6 Discussion

Overall our data revealed unexpectedly high allelic variability among inbred strains
derived from wild populations (i.e. WDS). Therefore we suggest that WDS are convenient
source of polymorphism and potentially useful biomedical model for subsequent studies. In
CLS the variability is also maintained, however, they differ from WDS analyzed in this study.
Variants found in CLS are often unique (e.g. see haplotype network of 7/r2, Tlr4 and TIr5,
Fig. 3), and even if they always cluster with Mmd strains, it is not confirmed that they really
represent natural variation (and not the results of artificial selection in captivity). Predominant
domesticus origin of CLS is not surprising and is was well documented by previous studies
(Beck et al. 2000; Smirnova et al. 2000; Yang et al. 2011).

In detailed analyses we found that two strains SMIL and PWD, which are
predominantly Mmm strains has parts of the genome introgressed from Mmd and in contrast
one strain of Mmd STAIL has parts of the genome introgressed from Mmm. Strain SMIL has
its origin in the hybrid zone and therefore it is not surprising. Thorough genomic exploration
of PWD strain brought up that this strain is on autosomes formed originally by 93% of Mmm
and 7% of Mmd genomes (Yang et al. 2011). When we checked the presumable position of
Tlr5 (chromosome 1, 182954788..182976044) in Mouse Phylogeny Viewer
(http://msub.csbio.unc.edu/), we found that there is a massive introgression from Mmd into
Mmm (Wang et al. 2012). However, similar approach used in PWD did not clarify observed
introgression from Mmd in 7/r/ (chromosome 5, 64924834...64932699). Last mentioned
strain STAIL is a harder nut, because even if it has the same origin as the Mmd strain
SCHUNT, introgression from Mmm showed up in 7/r2 (but not in SCHUNT). Therefore next
analysis of indigenous specimens from which this strain originated, is necessary.

Other interesting result appeared when we analyzed 77r5. In its exon 3 we found stop
codon in the strain BULS. Interestingly, the stop codon at the same place was found also in
the strain SMON, derived in the Research Facility Studenec from Mus spretus population
sampled in Montferrier-sur-Lez, France (Z. Bainova et al., unpublished results). Another
WDS from the hybrid zone, SOTT (Ottmannsreuth, Gremany), which has been added to the

collection of WDS recently (and also is not analyzed in this part of dissertation) was
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heterozygous for the stop codon at the same position of the gene. These three findings
indicate relaxed selective pressure on 7/75 and further experimental research on the function
of Tlr5, 1.e. presumably flagellin detection, will be required to assess how much this protein is
necessary in house mouse innate immunity. TLRS pseudogenes were already described in
human (Hawn et al. 2003), birds (Alcaide and Edwards 2011, Kralova et al., unpublished
data) or in domestic livestock (Smith et al. 2012). There are two possible explanations of
frequent functional failures of 7/r5. The first suppose that flagellated bacteria do not generate
strong selective pressure to host immune system. However, it was experimentaly shown that
TIr5"" mice were more susceptible to Escherichia coli infection (Andersen-Nissen et al.
2007), so this possibility is less probable. Alternative explanation expexts redundant function
of TLRS with other PRRs, for example NOD-like receptor family CARD domain-containing
4 (Franchi et al. 20006).

We have found that variability of TLR4 (which is principally responsible for LPS
detection) is drastically reduced in WDS of Mmd. All 13 WDS derived from Mmd harboured
completely same haplotype and even synonymous substitutions were not found. In the next
step, it should be tested whether the reduced variability of Mmd-WDS is not only artefact of
inbreeding in captivity and ascertainment bias.

In contrast, CLS preserved higher level of polymorphism of TLR4. Each of three
analysed CLS had its own haplotype translated into unique protein variants. However if we
can observe this pattern also in wild another question concerning artificial variability of CLS
arise. Specific haplotypes of CLS were found and discussed also in study of Smirnova et al.
(2000). Since several studies have reported defective tumoricidal capacity of A/J and P/J CLS
(Boraschi and Meltzer 1979a; Boraschi and Meltzer 1979b; Boraschi and Meltzer 1979¢), we
suggest that observed differences between haplotypes from wild and laboratories are caused
probably by relaxed selection in captivity, rather than by insufficient sampling of free-living

populations.
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3.2 Analysis of variability at intraspecific level in wild populations of
Mus musculus

Annotation
TLR4 is one of the most important TLRs and because of its crucial function in sensing of

bacterial infections it is recently intensively studied also in non-model organisms. In the
previous chapter, I showed that variability of TLR4 is drastically reduced in strains derived
from M. m. domesticus (Mmd) in comparison to those from M. m. musculus (Mmm).
However, this can be theoretically an artefact of intensive random drift and inbreeding during
development of wild-derived strains. Here, in the second chapter of the dissertation results, I
analyze the variability of 7/r4 gene in the house mice from free-living populations collected
in large area of Western Palaearctic. The results suggest that different evolutionary forces
have influenced the recent variation of 7/r4 in two subspecies of the house mouse. In Mmd,
the functional parts of TLR4 responsible for recognition of ligands are monomorphic in whole

studied area, while functional polymorphism is relatively well maintained in Mmm.
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Abstract

Detailed investigation of variation in genes involved in pathogen recognition is crucial
for understanding co-evolutionary processes between parasites and their hosts. Triggering
immediate innate response to invading microbes, Toll-like receptors (TLRs) belong presently
among the best studied receptors of vertebrate immunity. TLRs exhibit remarkable
interspecific variation and also intraspecific polymorphism is well documented. In humans
and laboratory mice several studies have recently shown that single amino acid substitution
may significantly alter receptor function. Unfortunately, data concerning polymorphism in
free-living species are still surprisingly scarce. In this study we analyzed the polymorphism of
Toll-like receptor 4 (71r4) over the Palaearctic range of house mouse (Mus musculus). Our
results reveal contrasting evolutionary patterns between the two recently (0.5mya) diverged
house mouse subspecies: M. m. domesticus (Mmd) and M. m. musculus (Mmm). Comparison
with cytochrome b indicates strong directional selection in Mmd 77/r4. Throughout the whole
Mmd Western Palaearctic region a single variant of the ligand binding region is spread,
encoded mainly by one dominant haplotype (71% of Mmd). In contrast, 7/r4 in Mmm is
much more polymorphic with several haplotypes at intermediate frequencies. Moreover, we
also found clear signals of recombination between two principal haplogroups in Mmm.
Though on intrasubspecific level we did not detect any signal of positive selection, we

identified sites under positive selection when comparing between the two subspecies. Our
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results suggest that observed differences in 7/r4 diversity may be attributed to contrasting

parasite-mediated selection acting in the two subspecies.

Key words: Arms race, host-pathogen interaction, parasite-mediated selection, pattern
recognition receptors, PRRs, adaptive evolution, directional selection, MAMPs, Mus

musculus

3.2.1 Introduction

Selective forces imposed by parasites can affect various traits of their hosts, including
population dynamics, life histories, mating systems, sexual dimorphism etc. (Schmid-Hempel
2011). The detrimental effects of parasites are countered by function of immune system which
in vertebrates comprises both innate and acquired immunity (Danilova 2006). Study of
evolution in immune-related genes is, therefore, of paramount importance for comprehension
of dynamics in parasite-host relationships (see e.g. Woolhouse et al. 2002; Carlton 2003).
Despite the complexity of the immune system, most studies in free-living vertebrates have
focused on genes involved in acquired immunity, namely the major histocompatibility
complex (MHC) (e.g. Milinski 2006). However, mapping and association studies have
revealed that at least half of the genetic variation responsible for resistance to various
infections is attributable to non-MHC genes (Acevedo-Whitehouse and Cunningham 2006).
Most of these genes seem to be associated with innate immunity and there is an increasing
evidence that variation in these genes may have a fundamental effect on the host fitness in
free-living populations (e.g. Turner et al. 2011; Tschirren et al. 2013).

Innate immunity receptors that directly detect and bind to parasite structures (pathogen-
associated molecular patterns, PAMP), the pattern-recognition receptors (PRR), stand in the
first line of immune defence (Medzhitov & Janeway 2002; Akira et al. 2006). Their fast and
effective functioning is thus crucial for host survival (O’Neill 2004; Akira et al. 2006).
Among PRRs, the Toll-like receptors (TLR) have been shown to be particularly important
(Akira et al. 2001). These receptors form a group of membrane-bound, non-catalytic proteins
present in most immune cells, especially in macrophages. Distinct PAMPs (e.g.

lipopolysaccharides and lipoproteins in bacterial cell walls, zymosan of yeast, bacterial
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flagellin or viral nucleic acids) are recognized by distinct TLRs and the set of TLR types
varies substantially among vertebrate lineages (Janssens and Beyaert, 2003; Akira et al. 2006;
Vinkler and Albrecht 2009; Kawai and Akira 2010). The potential action of TLRs in the
context of host-parasite interactions in free-living organisms is increasingly drawing attention
of evolutionary biologists and immunologists (Medzhitov et al. 1997; Pasare and Medzhitov
2004; Takeda and Akira 2005; Vinkler and Albrecht 2009). Contradicting the previous
assumption of evolutionary conservatism of these receptors, evolution-focused
immunogenetic investigations yielded a clear evidence that at the interspecific level
diversifying selection has significantly increased diversity of orthologous 77r genes, mainly in
the ligand-binding region (LBR, Poltorak et al. 1998; Smirnova et al. 2000; Downing et al.
2010; Park et al. 2010; Wlasiuk and Nachman, 2010; Areal et al. 2011; Tschirren et al. 2011;
Fornuskova et al. 2013).

Information regarding the structure and variation of TLRs in free-living rodents is still
relatively scarce. Interspecific comparisons of European and Asian rodents confirmed
purifying selection as a prevalent evolutionary force shaping these genes (namely 772, 4, and
7), probably due to functional constraints posing on the receptor molecules (Tschirren et al.
2011; Fornuskova et al. 2013). However, signatures of positive selection have also been
revealed in all studied genes (mainly in the extracellular domain, ECD, containing LBRs
responsible for pathogen recognition, see below), with a more intense signal in the bacterial-
sensing 7/r2 and TIr4 than in the viral-sensing 7/r7 gene (Tschirren et al. 2011; Fornuskova et
al. 2013). Following study of Tschirren et al. (2012) showed that TLRs are polymorphic even
within species and that intraspecific variation may strikingly differ even between two
sympatric species of rodents inhabiting the same environment. In one of these species, the
bank vole (Myodes glareolus), a particular group of alleles was shown to be significantly
associated with resistance to Borrelia infection, suggesting an on-going evolution in the
receptor (Tschirren et al. 2013). These results illustrate the urgent need for further research
focused on polymorphism in PRRs at the intraspecific level, since the genetic variability in
PRRs might represent an important missing element for understanding the effects of a host
genotype on individual fitness.

TLR4 is one of the most essential bacterial-sensing PRRs, binding, among others,
bacterial endotoxins (i.e. lipopolysaccharides, LPS) as ligands (Poltorak et al. 1998). At the
interspecific level, this cell-surface receptor has the highest number of positively selected sites
among all mammalian TLRs (Areal et al. 2011). Most of these sites are localized in the ECD
which is responsible for LPS binding (Poltorak et al. 1998; Kim et al. 2007; Vinkler et al.
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2009; Fornuskova et al. 2013). This domain consists of several leucine-rich repeat motifs and
includes the LBR which is in direct physical contact with PAMP structures. The ECD is
followed by the transmembrane domain (TMD), anchoring the receptor into the cell
membrane, and the intracellular domain (ICD). The ICD comprises the Toll/interleukin-1
(TIR) domain responsible for signal transduction and cell activation triggering the immune
responses (Werling et al. 2009; Botos et al. 2011).

As a key model in biomedical and evolutionary research, the house mouse (Mus
musculus) yields wealth of data compiled over decades of intensive research (Fox et al. 2000;
Macholan et al. 2012). The importance of this animal as a model species is underscored by the
availability of a vast array of laboratory strains. Genetic research in laboratory mice enabled
identification of the 7/r4 gene function and assessment of the level of its polymorphism
among strains (Poltorak et al. 1998; Smirnova et al. 2000; Stephan et al. 2007). However,
artificial genetic variation occurring in “classical” laboratory strains (CLS) (Yang et al. 2011)
hampers understanding of variation present in wild mice displaying much wider ranges of
immunoresponsivity (Pidlek et al. 2008; Abolins et al. 2011; Babayan et al. 2011; Pedersen
and Babayan 2011; Riley and Viney 2011). Our own study of five bacterial-sensing TLRs in
13 strains derived from one of the house mouse subspecies, Mus musculus domesticus (see
below), from a broad geographic region (wild-derived strains, WDS) revealed drastic
reduction in 7/r4 variation (we found only a single haplotype by sequencing a complete
coding region; A. Forniiskova et al., unpublished data), while polymorphism among CLSs and
M. m. musculus WDSs was well-maintained. Moreover, all alleles found in CLSs differed
from the single allele observed in the M. m. domesticus-WDSs. These data show striking
difference between CLSs and WDSs. By studying natural variation of the 7/r4 gene in free-
living house mice we aimed to test whether the pattern we observed was an artefact arising
from controlled laboratory breeding or if it reflects polymorphism in the wild.

Several house mouse subspecies have been described. Divergence of house mice is
usually located to northern India and/or Pakistan and dated to about 0.5 million years ago
(Boursot et al. 1993; Suzuki et al. 2004; Geraldes et al. 2008; Macholan et al. 2012). Two
subspecies, M. m. musculus (Mmm) and M. m. domesticus (Mmd), have colonized Europe
where they met along a secondary hybrid zone running across the continent (Boursot et al.
1993; Macholan et al. 2007; Bonhomme et al. 2011; Cucchi et al. 2012, 2013). Although the
two subspecies might come into contact at least ones during the expansions and contractions
of their ranges (Duvaux et al. 2011), allowing them to exchange beneficial mutations, they

remained for most of the colonization time in allopatry. Since their westward expansions

77



followed different routes (Mmm north of the Black Sea, Mmd through the Middle East and
Mediterranean region), the two subspecies may have been exposed to diverse pathogenic
environments leaving distinct genetic footprints in PRR genes, including 77/r4. A recent study
of the gastrointestinal tract microbiota in western European mouse populations showed
geography to be the most significant factor explaining the composition of bacterial
communities in this species (Linnenbrink et al. 2013). Even though gastrointestinal bacteria
may have not necessarily been the pathogenic agents selecting for immunological divergence
in the two subspecies, we may expect similar geographic or subspecies-specific variation also
among other pathogens. Genetic differences between non-bacterial parasites of the two house
mouse subspecies and the lack of their significant introgression in the hybrid zone have been
described recently (Kvac et al. 2013).

In this study we have analyzed free-living specimens of the two European Mus
musculus subspecies across a wide geographic range to answer the question if the distinct
recent evolutionary histories of the subspecies have left any footprints in 7/r4 variation. Based
on preliminary data from CLS and WDSs, we expect significant differences between two
house mouse subspecies. These potentially contrasting patterns could be explained either by
different selection forces mediated by pathogens or simply by differences in demographic
histories of the taxa (e.g. population expansions or bottlenecks). Given scarcity of data on
pathogen background in the sampled regions we tested the two plausible explanations by
analysing also the mitochondrial cytochrome b (m#-Cytb) gene widely used as a selectively
neutral marker for assessing demographic histories of species and populations. Whereas
similar patterns observed in both mz-Cytb and Tlr4 would support the effect of demographic
changes, distinct patters in the two genes would suggest the effect of selection on 7/r4. By
genotyping 7/r4 and mt-Cytb in 44 Mmd and 30 Mmm sampled across the Western
Palaearctic region we document (1) a subspecies-specific distribution of genetic variation, (2)
different selection patterns operating on 7/r4 gene in the two subspecies, and (3) important

role of recombination increasing the polymorphism of the 774 gene.
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3.2.2 Materials and methods

Sampling

We sampled 28 and 42 populations (1-2 individuals per site) of free-living Mmm and
Mmd, respectively, scattered across the Western Palaearctic region (with exception of two
localities from central Asia; Fig. 1, Table S1). In addition, we included also mice of three
CLSs of predominantly Mmd origin (C3Ha, A/J, C57BL/6J; see Yang et al. (2011) for their
genomic composition), 15 WDSs of the Mmd origin, and nine WDSs of the Mmm origin
(Pialek et al. 2008; Vyskocilova et al. 2009; for the origin of WDSs, see Table S1). In
comparison with laboratory strains WDSs encompass more natural polymorphism and, at the
same time, the homozygote variants are useful for distinguishing heterozygote sequences of

natural populations (Guénet and Bonhomme, 2003; Stephan et al. 2007; Pialek et al. 2008).

Assignment of specimens to subspecies

Assigning each analyzed individual to one of the two subspecies was based on the
combination of X-linked and mtDNA diagnostic markers proven to display low levels of
introgression across the European house mouse hybrid zone (Dureje et al. 2012). The first set
of markers consisted of five X-linked SINE and/or LINE insertions chosen to be distributed
along the whole chromosome: X332, X65, X347, Btk, and Syapl (Macholan et al. 2011). For
each individual, a hybrid index (HI) was calculated as the mean frequency of Mmm-specific
alleles over all five loci (10 for a female and 5 for a male). While the majority of mice
displayed HI = 1.00 (Mmm) or HI = 0.00 (Mmd), 13 individuals were not fixed for all Mmm
or all Mmd alleles (Table S1). This may be due to introgression and/or incomplete lineage
sorting of the X-linked markers. Note that also C57BL/6, i.e. one of the most “classical”
laboratory strains of predominately Mmd origin (Yang et al. 2011), harbours Mmm alleles
(Table S1). However, regardless underlying causes, in all these cases admixture was
negligible, allowing reliable subspecific identification.

The mitochondrial marker was a BamHI restriction site in the Nd/ gene shown to
discriminate between the subspecies (Bozikova et al. 2005). Mice were assigned to Mmm
when the site was absent and to Mmd when the site was present. All 62 mice (wild, CLS, and

WDS) assigned on the basis of the HI to Mmd also carried the BamHI restriction site. Of the
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remaining 39 mice assigned to Mmm according to the HI, three individuals (two wild
individuals from Lindhorst and Lauchhammer in Germany, and one from a still not fully
inbredized WDS established from Lindhorst) carried the Mmd-specific restriction site,
suggesting introgression of Mmd mtDNA across the hybrid zone into Mmm range (Table S1).
These three specimens (SLINT-WDS, SK843 and SK837) were analyzed as Mmm in the 7/r4
dataset and as Mmd in the mtDNA dataset (see below for details).

Genetic variation within subspecies

In total 101 specimens (free-living mice together with WDSs and CLSs) were
successfully sequenced for both 7/r4 and m¢-Cytb genes. We sequenced exon 3 of T/r4 (2,244
bp), encompassing 90% (748 of 835 amino acid residues) of the gene coding sequence,
following the protocol described in Fornuskova et al. (2013). Almost complete mt-Cytb (1,123
bp) was sequenced after amplification by universal primers L14724 and H15915 (Lecompte et
al. 2002). Sequences were manually checked and aligned using SEQSCAPE v.2.5 (Applied
Biosystems) and BIOEDIT v.7.1.3 (Hall 1999).

Individual 77r4 alleles (thereafter called haplotypes for simplicity of comparison with
mt-Cytb) were reconstructed from the complete alignment using the Bayesian PHASE routine
implemented in DnaSP v.5.10 (Stephens and Donnelly 2003; Librado and Rozas 2009). This
analysis was carried out using 1,000 iterations, 10 thinning intervals and 1,000 burn-in
iterations. Four heterozygous 71r4 sequences resolved with low support were checked by
cloning using the protocol of pGEM®-T Easy Vector System II (Promega). Initially, two
clones from each individual were sequenced and this number was later increased until we
obtained both sequences of each heterozygote (identification of the four cloned cases can be
found in Table S1). Positions of TLR4 domains (ECD, TMD, ICD/TIR) were determined
using the on-line program SMART according to Fornuskova et al. (2013). Amino acids were
numbered according to a GenBank M. musculus TLR4 protein sequence (GenBank Number:
AGA16686.1).

The numbers of nucleotide haplotypes (N) and amino acid variants (4) for both 71r4
and mt-Cytb genes were estimated using Fabox DNA collapser (Villesen 2007). Nucleotide
diversity (), average number of nucleotide differences (k), number of polymorphic sites (5)
and haplotype diversity (Hd) were computed in DnaSP v.5.10. Haplotypes were assigned to
haplogroups (HG) based on their phylogenetic interrelationships inferred with MrBayes v 3.1

(Huelsenbeck and Ronquist 2001) and according to a median joining network constructed
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with Network v. 4.6.1.1. (Bandelt et al. 1999). The HKY+I" (Hasegawa et al. 1985) and
GTRAT" (Tavaré¢ 1986) models, determined using jModelTest 0.1.1. (Posada 2008), were
applied to 7/r4 and mt-Cytb data, respectively. For both genes we ran 10,000,000 MCMC
generations of which 2,500,000 generations were discarded as burn-in. Geographical
distribution of the haplogroups was projected onto a map using the PanMap software

(http://www.pangaea.de/software/PanMap). All these computations were based on a subset of

wild and WDS mice (i.e. we excluded all sequences from CLS).

Analysis of molecular evolution of Tlr4

For detection of recombination breakpoints in the 77r4 gene we used two algorithms,
the single breakpoint recombination (SBP) and genetic algorithm recombination detection
(GARD), provided on the DataMonkey web server (Pond and Frost 2005; Pond et al. 2006a;
b; c¢; Delport et al. 2010). The 7I/r4 dataset was partitioned according to the breakpoints
detected with the SBP and GARD methods. Because it is now widely recognized that the
evolutionary process is not homogeneous across sites, we performed also an analysis
partitioned by three codon positions.

Selection on 7/r4 was analysed at both the inter- and intrasubspecific level. First, we
calculated the number of synonymous substitutions per synonymous site (dS) and the number
of non-synonymous substitutions per non-synonymous site (dN) in SNAP (Tamura et al.
2011) following the methods of Nei and Gojobori (1986) and Ota and Nei (1994). Moreover,
we aimed to identify codons subject to positive or negative selection using three tests
implemented in the DataMonkey program (Pond and Frost 2005a; Pond et al. 2006a): iFEL
(internal fixed effects likelihood, convenient for testing selection within species), SLAC
(single likelihood ancestor counting), and REL (random effects likelihood). For REL, the
Bayes factor was set up to 50. However, since the first two approaches are recommended for
larger data sets (> 50 unique sequences) our results based on 18 and 15 unique sequences
(Mmm and Mmd, respectively; see Results) should be taken with caution. As pointed out by
Pond and Frost (2005b), for data sets of moderate size (20-50 sequences) iFEL is less
conservative than SLAC. Likewise, the REL test tends to be somewhat susceptible to Type 1
errors, especially for small datasets, where parameter estimates are likely to have large
associated errors (Pond and Frost 2005a). Finally, we employed the McDonald-Kreitman test
(MKT) which compares variation within species to the amount of divergence between species

at putatively neutral (synonymous) and non-synonymous sites (McDonald and Kreitman
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1991). Four types of comparisons were used in the MKT: Mmm/Mmd vs. rats of the tribe
Rattini; Mmm/Mmd vs. R. norvegicus; Mmm/Mmd vs. southeastern-Asian mouse species M.
caroli, M. cooki, M. cervicolor; and Mmm vs. Mmd (results available upon request). All
selection tests were applied to a set of wild and WDS mice (i.e. excluding CLSs). Sequences
of Asiatic species of Mus and Rattini were taken from Fornuskova et al. (2013).

The crystal structure of mouse TLR4 ECD (PDB 2z64) was adopted and modified
from the RCSB PDB Protein Data Bank (http://www.rcsb.org/pdb/explore.do?structureld
=2764) (Kim et al. 2007). Subsequently, non-synonymous substitutions, sites under positive
and negative selection detected by REL, and previously described binding sites for LPS and
MD-2 (lymphocyte antigen 96) (Kim et al. 2007; Park et al. 2009; Ohto et al. 2012) were
visualized using The PyMOL Molecular Graphics System, Version 1.6 (Schrodinger).

3.2.3 Results

Genetic diversity of Tlr4

We successfully amplified 7/r4 sequences of 44 wild Mmd (27 homozygotes and 17
heterozygotes) and 30 wild Mmm (17 homozygotes and 13 heterozygotes; see Table S1 for
the number of heterozygous sites for each individual). We found neither heterozygotes
between Mmd and Mmm subspecific variants nor trans-subspecific polymorphism.
Phylogenetic analysis of amplified sequences of both genes (7lr4 and mt-Cyth) showed
divergence of genetic diversity into two clades corresponding to the Mmm and Mmd
subspecies (Table S1, Fig. S1 and Fig. S2). In total, we found 18 and 15 7Ir4 haplotypes for
Mmm and Mmd, respectively (including WDSs, CLSs and wild mice). Similarly, we
identified 23 and 37 haplotypes of mt-Cyth, for Mmm and Mmd respectively. All Mmd with
the present BamHI restriction site harboured an Mmd-related mt-Cytb haplotype, and the same
holds for Mmm mice (Table S1, Figs. S1b and S2b).

Genetic variation in the 7/r4 locus was considerably higher in Mmm (Nyimm = 18,
Anvmm = 15, Tyvmm = 0.0025£0.00016 S.D.) than in Mmd (Nyimd = 15, Avmd = 7, Tvmd = 0.
0009+0.00007 S.D.). This is even more noticeable for the extracellular domain with four-fold
nucleotide diversity and two-fold number of segregating sites in Mmm relative to Mmd

(Table 1). Contrary to T/r4, genetic variation in mt-Cytb was comparable for both subspecies
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(Nstom = 23, Nyimd = 37; Tatmm = 0.0047+£0.00046 S.D., myima = 0.004620.00022 S.D.; Table
1.

-15° 0° 15° 30° 45° 60° 75°
. ® LBR-V-1d .
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~
50° 50°
Mmd
45° 45°
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Fig. 1. Distribution of samples analyzed in this study. Blue circles: Mus musculus domesticus (Mmd); yellow
diamond, red squares, violet triangles and pink circles: M. m. musculus (Mmm). Different symbols represent
distinct protein variants of the ligand binding region (LBR). Individuals were assigned to the subspecies using HI
based on five X-linked loci. Dashed line represents the hybrid zone between two subspecies. Besides sampling
localities of free-living populations, the localities of WDSs origin are shown.

Moreover, in all but one Mmd samples we identified a single protein variant of the
LBR. The only exception was the A/J laboratory strain which possessed the conservative
substitution V2541. This lack of polymorphism is in stark contrast to variation in Mmm where
four different variants of LBR were found, with two of them being equally frequent in the
Mmm distribution area (Fig. 1). These variants differed at three codons (F350C, D462N and
1464V) (Table 2). Nevertheless, all substitutions in the LBR brought about exchanges
between biochemically similar amino acids. An overview of all amino acid substitutions, their

physicochemical properties and distribution are presented in Fig. 2 and Table 3.

N/N* A/A* mT+S.D.* k* S*  Hd+S.D.*
riexons M 15/14 76 000091929 10 i%703562
2244bp Mmm 18/16 15/13 00025 5505 18 i%%%
magep MM 9/8 5/4 00005 845 6 i%i)z‘z
1644bp Mmm 12 ” 000203267 12 i%i)(l%
maLpr | MM 21 21 00000 4000 0 0-000
666bp Mmm 717 4/4 0002 1473 6 i%%z(;
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mraacp ™ 515 212 0.0020 1085 4 008
531bp Mmm 8/7 8/7 00026y 308 4 i%7082i;
TIr4-TIR Mmd 44 212 0.0024 " 052 3 05l
435bp Mmm 3 32 0.0001° 0047 1 Ry
Grb Mmd 37/36 15/15 00046 5105 49 j%i%;
1123bp Mmm 23/20 9/9 0.0047° 5254 36 :8%7146

Table 1, Genetic diversity of 7/r4 and mt-Cyth in two house mouse subspecies; Mmd, Mus musculus
domesticus; Mmm, Mus musculus musculus; 62 and 39 specimens were analysed for Mmd and Mmm
respectively; N, number of nucleotide haplotypes; 4, number of amino acid variants; 7, nucleotide diversity; &,
average number of nucleotide differences; S, number of polymorphic sites; Hd, haplotype diversity; S.D.,
standard deviation; * indicate analysis without WDS and CLS.

LBR variants 1254V F350C D462N 1464V

LBR-V-1d ® v
LBR-V-2d A/J I
LBR-V-Im A F D I
LBR-V-2m F N I
LBR-V-3m C D I
LBR-V-4m m F D \4

Table 2, Description of LBR variants. Coloured symbols correspond to Fig. 1. The distribution of particular
variants among sampled specimens is shown in Table S1.
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Fig. 2. Overview of TIr4 non-synonymous substitutions in Mmd and Mmm. Numbers above alignment indicate
amino acid position. ECD, extracellular domain; TMD, transmembrane domain; ICD, intracellular domain; LBR,
ligand binding region; TIR, TIR domain. Distribution of individual haplotypes (= alleles) among sampled
specimens is presented in Table S1.
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Position aal Properties aa2 Properties

122 S SM, P, NEU C SM, NP, NEU

160 F NP, NEU L NP, NEU

209 1 NP, NEU M NP, NEU

254 A% NP, NEU I NP, NEU

350 F NP, NEU C SM, NP, NEU

462 D  SM,P,NEG N SM,P,NEU LBR
464 I NP, NEU \ NP, NEU

593 D SM, P, NEG E P, NEG

637 I NP, NEU v NP, NEU

668 G SM, NP, NEU E P, NEG

670 S SM, P, NEU C SM, NP, NEU

761 R P, POS H P, POS

799 P SM, NP, NEU A SM, NP, NEU TIR
811 K P, POS N SM, P, NEU

831 M NP, NEU T SM, P, NEU

Table 3. Physicochemical properties of the amino acids involved in non-synonymous substitutions of 7/r4; SM,
small; NP, non-polar; P, polar; NEU, neutral; POS, positively charged; NEG, negatively charged.

Haplotype network analysis and distribution of genetic groups

The haplotype networks based on nucleotide sequences of exon 3 of 7lr4 were
strikingly different in the two mouse subspecies. In Mmd, there was a single most frequent
haplotype (H 18; Fig. 4a). It was present in 71% of all individuals (including CLSs and
WDSs) and in 66% of wild mice only (in wild mice it was present in 18 specimens in the
homozygote state and in 11 specimens as heterozygotes). Conversely in Mmm individual
haplotypes were more evenly represented, none of them occurring in more than 39% of all
specimens. The most common Mmm haplotype (H_5) was represented in 33% of wild mice
only. Based on the phylogenetic analysis and topology of the haplotype network (Fig. S1 and
Fig. S2) we defined three and two haplogroups (HG) for each subspecies, respectively (HG-
Id, HG-IId, HG-IIId for Mmd and HG-Im and HG-IIm for Mmm). HG-Id, distributed in the
eastern Mediterranean area and northern Africa, seems to be basal for HG-II1d and HG-IIId
(Fg. 3a). The star-like distribution of HG-IIId, centred on H 18, suggests a recent
spatial/demographic expansion of the group. In Mmm, there were two distinct haplotype
clouds separated at least by eight substitutions (HG-Im and HG-IIm). Both groups were
interconnected by H 2 (CZ, Buskovice) and H 19 (WDS, DE, Lindhorst) which were not
included in any HG (see below). The geographical distribution of HG-Im and HG-IIm is very
wide, from central Asia to central Europe and they are largely overlapping in most of the
Mmm distribution area. Interestingly, the distance between HG-Im and HG-IIm is higher
(minimum 8 substitutions) than the distance between HG-Im and HG-Id (minimum 4
substitutions). In contrast to 7/r4, the pattern of the mt-Cytb haplotype network was very

similar for both subspecies with several star-like branching patterns suggesting local
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spatial/demographic expansions (Fig. 3b). The geographic distribution of both Mmm and
Mmd haplogroups seems to be more intermingled than that of 77r4 HGs (see the inset in Fig.

3b). Identification of haplotypes in particular specimens is detailed in Table S1.

330
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H_10L 1 substitution — —H-5
H 190 H_128 ]

Fig. 4a. Haplotype network and haplogroup distribution of 77/r4, H_ identified haplotypes, HG-, identified
haplogroup. The size of circles corresponds to the frequency of haplotypes; length of lines is related to the
number of substitutions. More detailed information can be found in Table S1. The inset figure represents the
geographical distribution of HGs. Colour circles on the map represent the proportion of particular HG (colours
correspond to the haplotype network), labels indicate geographic assignment to population groups detailed in
Table S1; dashed line shows the position of the house mouse hybrid zone. H 2 and H 19 were excluded from
HG due to recombination (see the text for more details).
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Fig. 4b. Haplotype network and haplogroup distribution of m#-Cyth, H identified haplotypes, HG-, identified
haplogroup. The size of circles corresponds to the frequency of haplotypes; length of lines is related to the
number of substitutions. More detailed information can be found in Supplementary materials Tab. S1. The inset
figure represents the geographical distribution of HGs. Colour circles on the map represent the proportion of
particular HG (colours correspond to the haplotype network); labels indicate geographic assignment to
population groups detailed in Table S1; dashed line shows the position of the house mouse hybrid zone.

Recombination and selection in the Tlr4 gene

A recombination breakpoint between Mmd and Mmm at position 1779 bp was
detected by both tests implemented in DataMonkey. This breakpoint was recognized in one
Mmm individual (ST8335, PL, H 13). However, it is based only on a single synonymous
substitution at position 849 and more plausible explanation seems convergence. At the
intrasubspecific level we detected recombination in two individuals of Mmm. This breakpoint
was identified in a conserved region between the LBR and ICD (the SBP algorithm located
the recombination breakpoint to nucleotide position 1587 = AA 529, while GARD placed it to
position 1611 = AA 537). Haplotypes H 2 and H 19 likely represent recombinant haplotypes
between two main Mmm haplogroups (Fig. S3).

The overall dN/dS ratios based on Nei and Gojobori’s (1986) method using the SNAP
program indicated negative selection both for Mmm (dN = 0.00173£0.00066; dS =
0.00578+0.00236; dN/dS = 0.29981) and Mmd (dN = 0.00060+0.00036; dS =
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0.0013620.00099; dN/dS = 0.44436). Similarly, the likelihood-based SLAC approach (Pond
and Frost 2005) yielded dN/dS = 0.57988 (95% CI = 0.35153-0.89060) for Mmm and dN/dS =
0.18097 (95% CI = 0.06489-0.38898) for Mmd. More specifically, the REL test detected
eight positively and 14 negatively selected sites (Table 4). Four of the positively selected sites
were placed in the ECD; however, none of them was in the LBR (Fig. 4, Table 4). Ten of the
14 negatively selected sites were located in the ECD, three of these codons being in LBR
(Fig. 4, Table 4). However, when each subspecies was tested separately, no sites under
positive selection were identified in either subspecies by any method used. The iFEL test
detected four AA sites under negative selection in Mmm: F416, N529, H537, F647. The first
three sites were in the ECD (F416 in LBR) (Fig. 4). Site F647, positioned in the TMD
domain, was also confirmed by the SLAC method. In Mmd, only one negatively selected site
(L811, TIR region) was suggested by SLAC. None of positively selected site was detected

within subspecies by iFEL. The MK test revealed mostly signs of negative selection (not

shown).

REL ECD (88-635) TMD (636-658) ICD (659-835)
(Mmm+Mmd+WDSs)

Positively selected sites 122, 160, 209, 593 637 670, 811, 831
Negatively selected sites 104, 132, 139, 192, 370, 647 690, 719, 833

416,463, 529, 537, 575

Table 4. Selection tested by REL in both subspecies together, including wild derived strains (WDSs); classic
laboratory strains (CLSs) were excluded for this analysis, ECD, extracellular domain, TMD, transmembrane
domain, ICD, intracellular domain. Underlined sites in ECD are placed in LBR (248-469). Underlined sites in
ICD are placed in TIR domain (671-816). Numbers in brackets indicate position of domains in protein (ECD
start with codon 88, first 87 codons are in exon 1 and 2). All sites detected by REL had pp = 0.99.
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Fig. 3, Ribbon diagram of the TLR4 ECD 3D structure (PDB 2z64 from RCSB PDB Protein Data Bank,
http://www.rcsb.org/pdb/explore.do?structureld=2z64, functional sites were described according to Kim et al.
(2007); Park et al. (2009); Ohto et al. (2012) and important substitutions were visualised as amino acid space-fill
models: cyan corresponds to binding positions for MD-2, yellow represents binding sites for LPS, red represents
non-synonymous amino acid changes, orange represents sites under negative selection detected between
subspecies by REL; black stars represent detected sites under positive selection in both subspecies by REL; the
TLR4 ECD is represented by green colour, MD-2 is represented by cyan colour, LBR, Ligand Binding Region is
marked by dashed lines. Description of sites responsible for LPS binding and MD-2 binding is in Table S2,
modelling of different sites and design correction made in PyMOL Version 1.5.

3.2.4 Discussion

In the present study we analyzed genetic variation, molecular evolution, and selection
patterns in the 7/r4 gene at the inter- and intrasubspecific level in two subspecies of the house
mouse (Mus musculus musculus, Mmm, and M. m. domesticus, Mmd). We show that although
in both subspecies genetic variability is present in the 7/r4 gene, Mmd exhibits much lower
levels of polymorphism than Mmm. This is in contrast with the pattern of genetic variability

in mt-Cytb. Since we identified several sites under positive selection that differentiate Mmm
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from Mmd and some of those lie in functionally important regions of this receptor, we
hypothesise that differentiating selection may be responsible for the observed levels of 7/r4
polymorphism in the two subspecies. Moreover, in Mmm recombination between alleles
seems to increase the TLR4 coding sequence variability.

Tlrs are generally believed to evolve mainly under purifying selection and, thus, it has
been predicted that these genes are relatively uniform within species (e.g. Mukherjee et al.
2009). Contrary to this expectation, we found a moderate intrasubspecific level of 71r4
polymorphism. With 15 protein variants in Mmm and 7 protein variants in Mmd, this finding
holds true more for Mmm than for Mmd. Indeed, we revealed a striking difference between
the two house mouse subspecies in the level of genetic variation. Decreased variability is
apparent in Mmd 7774 both at the nucleotide and amino acid levels (Table 1), especially in the
ligand-binding region where we found only a single variant in this subspecies, whereas much
higher polymorphism level (four variants of LBR) is maintained in Mmm populations. Given
the crucial function of TLR4 in mammalian innate immune defence, we may assume that the
single LBR variant of TLR4 was advantageous in the past, before or during expansion of
Mmd into Western Mediterranean and western/north Europe. On the other hand, we observed
similar levels and geographic patterns of genetic variation of m¢-Cytb in both subspecies. This
indicates that the observed pattern does not result from a generally decreased level of genetic
polymorphism in Mmd. Moreover, our preliminary investigation of other bacterial-sensing 77r
genes in WDSs did not show any marked difference in the level of genetic variation between
the two subspecies (data not shown in the present study). Taken altogether, our results may
imply the action of contrasting types of selection posing specifically on 7/r4 in the two house
mouse subspecies. A similar contrast in selection on TLR4 across geographically distinct
populations is known also in other species. For instance, in humans it has been shown that
different haplotypes are positively selected in Sub-Saharan Africa and Eurasia (Ferwerda et
al. 2007). Identifying selective forces differentiating subspecies and populations thus appears
an intriguing question of current evolutionary biology.

TLR4 is probably the most extensively studied TLR and, more broadly, PRR. The role
of TLR4 in lipopolysaccharide (LPS) signalling is indisputable and molecular mechanisms of
LPS binding were very well described in human and/or mouse (Kim et al. 2007; Park et al.
2009; Resman et al. 2009; Ohto et al. 2012). LPSs are present in the outer membrane of
Gram-negative bacteria and immunologically act as endotoxins, i.e. substances eliciting a
strong immune response in animals. Variability of LPS may affect adhesive properties of a

microorganism to the cells of its host but also the induced release of inflammatory mediators.
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Modifications of LPSs (mainly acylation in the lipid A region) play an important role in the
infection process, evasion of the host immune response, and serotypification of Gram—
negative bacteria (Robinson et al. 2008). Polymorphism of LPSs has been already shown to
be associated with differences in virulence of bacterial strains, for example, Francisella
tularensis, Pseudomonas aeruginosa or Yersinia pestis (Day and Marrceau-Day 1982; Ray et
al. 1991; Hajjar et al. 2006; Knirel et al. 2006; Montminy et al. 2006), and as such may be
responsible also for evolution and maintenance of recognition mechanisms. This applies
especially to 7Ir4 variation. Since the genetic variation of human and livestock TLR4 is
associated with susceptibility to various infectious and inflammatory diseases (e.g. Leveque et
al. 2003; Hawn et al. 2005; Achyut et al. 2007; Sentitutla et al. 2012; Zaki et al. 2012) and
several non-synonymous single nucleotide substitutions (nsSNP) has been identified as
immunologically relevant (Ferwerda et al. 2007), we focused on physical properties of the
nsSNPs we detected in the house mouse 7/74. In total, we detected 15 nsSNP positions which
were distributed evenly across the whole sequenced region including the ECD, TMD and
ICD. Of these 15 nsSNPs we found four (V2541, F350C, D462N and 1464V) that were
located in the LBR close to the ligand binding site of LPSs (Fig. 4). Out of these, the
substitution V2541 has been identified only in the LBR of the A/J laboratory strain and not in
any WDS and/or free-living mice (see also Smirnova et al. 2000). We, therefore, suggest that
this substitution does not represent a naturally occurring polymorphism and may have
originated in laboratory breeds. On the other hand, particularly functionally important might
be the residues 462 and 464 that lie in immediate topological proximity to site F461 which
has been previously identified as a residuum essential for LPS binding through hydrophobic
interactions in mammals (Park et al. 2009; Resman et al. 2009). We, therefore, hypothesise
that these nsSNPs can influence the protein function. Our tests of selection, however, did not
support this view as no positively selected sites were identified in the LBR. This suggests that
D462N and 1464V substitutions either have no functional impact or, at least, that there is no
selection differentiating these sites in Mmm and Mmd. Nonetheless, our selection analysis
showed that three out of eight sites positively selected on the intersubspecific level were
present in the MD-2-binding region, indicating selection differentiating Mmm and Mmd in
the TLR4-MD-2 co-evolution. Recent data showed that mouse subspecies harbour genetically
different parasites (e.g. Cryptosporidium tyzzeri; Kva¢ et al. 2013). Both subspecies may
therefore differ in immune response to specific pathogens. Preliminary laboratory experiments

have already shown differences in immunological response between two WDSs derived from
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both subspecies (Mmm BULS and Mmd STRA) by stimulating in vitro by ConA and LPS
(Pialek et al. 2008).

Although most substitutions identified in the present study involve physically very
similar amino acids, it has been shown that even subtle changes in the topological proximity
of the binding interface may have substantial impact on the protein function and binding
affinity (Zhang et al. 2012). Further studies are, however, needed to test the functional
significance of the nsSNPs for recognition of LPS variants.

Previous studies showed that genes encoding TLRs exhibit moderate levels of
polymorphism even at intraspecific level (Smirnova et al. 2000; Tschirren et al. 2011;
Bergman et al. 2012; Grueber et al. 2012) and that this can have important fitness
consequences. In free-living populations it was documented that selection caused by
pathogens can vary across different geographic regions and over time (Tschirren et al. 2012).
Polymorphism in immune receptors is thought to be primarily maintained by pathogen-
evoked balancing selection. This may be viewed as an evolutionary key-and-lock process
described by the Matching alleles model (Frank 1993). Applied to receptor-ligand co-
evolution, this model proposes that polymorphism in ligands protecting parasites from
recognition is mirrored by adaptive host polymorphism allowing detection of ligand-variants
by specifically matching receptor alleles (Agrawal and Lively 2002, 2003). Nonetheless, the
present analysis performed at the intrasubspecific level in Mmm and Mmd did not reveal any
codon under positive selection within the subspecies. This result suggests no clear
diversifying selection acting in alleles present within the Mmm and Mmd populations.

In addition to nucleotide substitutions, also intragenic recombination can very quickly
create new allele variants. In house mouse, the effect of recombination in the evolution of
immune genes is well documented, for example, in the MHC genes (Cizkova et al. 2011).
However, in most recent studies on intraspecific TLR polymorphism the relevant tests of
recombination have not been performed. Using two alternative approaches our study detected
recombination events in the ECD located close to the boundary with the TMD in Mmm. This
finding adds another piece of information to the puzzle of PRR polymorphism in free-living
rodents showing that recombination might be an important factor increasing TLR variability.
Our results are consistent with studies of several other mammals reporting signals of
recombination in the ECD in human TLR4 (Zaki et al. 2012) or bovine TLR3, TLR4 and
TLR10 (Seabury et al. 2010). Detailed analysis of our sequences suggests that haplotypes H 2
and H 19 are recombinants composed of the ECD from haplogroup HG-IIm and ICD of HG-

Im. These two Mmm haplotypes are genetically dissimilar and were found in two specimens
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separated by 500 km (see Table S1). Assuming that they represent two independent
recombination events, we suggest that recombination in this genic region may be relatively
frequent in nature. Because the recombination breakpoints combine different ECDs and ICDs,
the WDS SLINT bearing H 19 (in combination with other WDSs from 77r4 haplogroups HG-
Im and HG-IIm) provides a unique opportunity to discriminate the role of LBR-mediated LPS
recognition from the transduction of the signal by the TIR domain.

Although pathogens likely play an important role in evolution of 7/r4 variability, it
may be admitted that the observed difference between the subspecies in TLR4 polymorphism
might have arisen as a result of non-adaptive evolutionary processes during mouse
colonization of the Western Palearctic. For example, in some avian populations affected by
bottlenecks the dominant force influencing evolution of TLRs seems to be genetic drift,
outweighing the effect of selection (Grueber et al. 2012, 2013). Similarly, genetic drift also
shaped the genetic history of human TLR4 during population expansion out of Africa (Netea
et al. 2012). Thus, the pattern observed in mice might result, e. g., from differences between
subspecies in historical demographic processes (quick expansion of Mmd and two founder
populations or refuges for Mmm). In such a case we would, however, expect similar
contrasting patterns in mt-Cytb. Since this was not the case, we may consider the explanation
of the observed pattern by genetic drift as unlikely. Finally, we must also bear in mind that
Mmd 7Ir4 may not be the positively selected gene itself but only a gene involved in gene
hitchhiking. Nevertheless, this hypothesis is in contradiction with results of selection analysis

which have detected eight positively selected sites in ECD of free living Mus musculus.
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3.3 Analysis of variability at interspecific level of wild rodents

Annotation
Mechanisms of selection acting of TLRs are different at intraspecific and interspecific levels.

In this chapter, I screened the diversity of two TLRs (bacterial sensing TLR4 and viral
sensing TLR7) in 23 species from two murine lineages, with the aim to understand evolution
of TLRs at interspecific level. Previous studies showed that bacterial-sensing TLRs might be
more polymorphic with more signals of positive selection. This was explained by more
relaxed constraints imposed by pathogens and redundant function with other PRRs and/or by
different selection pressure imposed by bacterial pathogens and variability of their structures
from those imposed by viruses. Comparisons of phylogenetic trees for 7/r genes and for
nearly neutral part of mitochondrial DNA performed in this chapter were very similar,
suggesting predominat action of neutral evolutionary processes. However, we also found
significant signatures of positive selection in some lineages (more intensive in 7/r4 than T/r7)
and these signals were concentrated particularly in protein parts responsible for antigen

recognition.

Community Ecology of Rodents™
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Abstract

Background: In vertebrates, it has been repeatedly demonstrated that genes encoding
proteins involved in pathogen-recognition by adaptive immunity (e.g. MHC) are subject to
intensive diversifying selection. On the other hand, the role and the type of selection
processes shaping the evolution of innate-immunity genes are currently far less clear. In this
study we analysed the natural variation and the evolutionary processes acting on two genes
involved in the innate-immunity recognition of pathogen-associated molecular patterns
(PAMPs).

Results: We sequenced genes encoding Toll-like receptor 4 (71r4) and 7 (Tlr7), two of the
key bacterial- and viral-sensing receptors of innate immunity, across 23 species within the
subfamily Murinae. Although we have shown that the phylogeny of both 77r genes is largely
congruent with the phylogeny of rodents based on a comparably sized non-immune sequence
dataset, we also identified several potentially important discrepancies. The sequence analyses
revealed that major parts of both 7lrs are evolving under strong purifying selection, likely due
to functional constraints. Yet, also several signatures of positive selection have been found in
both genes, with more intense signal in the bacterial-sensing 7774 than in the viral-sensing

Tlr7. 92% and 100% of sites evolving under positive selection in 7/r4 and Tlr7, respectively,
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were located in the extracellular domain. Directly in the Ligand-Binding Region (LBR) of
TLR4 we identified two rapidly evolving amino acid residues and one site under positive
selection, all three likely involved in species-specific recognition of lipopolysaccharide of
gram-negative bacteria. In contrast, all putative sites of LBRyr7 involved in the detection of
viral nucleic acids were highly conserved across rodents. Interspecific differences in the
predicted 3D-structure of the LBR of both 7/rs were not related to phylogenetic history, while
analyses of protein charges clearly discriminated Rattini and Murini clades.

Conclusions: In consequence of the constraints given by the receptor protein function
purifying selection has been a dominant force in evolution of 7/rs. Nevertheless, our results
show that episodic diversifying parasite-mediated selection has shaped the present species-
specific variability in rodent 77rs. The intensity of diversifying selection was higher in 71r4

than in 77r7, presumably due to structural properties of their ligands.

Keywords: Arms race, host-pathogen interaction, pattern recognition receptors, adaptive

evolution, pathogen-associated molecular pattern (PAMP)

3.3.1 Introduction

An effective immune defence is dependent on well-timed activation of an appropriate
immune response. Pathogen recognition by innate immunity Pattern Recognition Receptors
(PRRs) is crucial in this process (Zak and Aderem 2009; Barreiro and Quintana-Murci 2010).
The PRRs detect molecular structures named pathogen-associated molecular patterns
(PAMPs) that are conservatively present among individual microorganism taxa, because they
are essential for their survival (such as, e.g., bacterial lipopolysaccharides, muramyl dipeptide,
peptidoglycan, flagellin, mannose, bacterial, fungal, parasitic and viral nucleic acids) (Akira
et al. 2006). Recent studies have associated polymorphism in genes encoding PRRs with
variability in resistance or susceptibility to several infectious diseases in humans, laboratory
mice and poultry (e.g. Schroder and Schumann 2005; Pandey and Agrawal 2006; Bochud et
al. 2007; Loo and Gale Jr. 2011; Netea et al. 2012). However, in wildlife, molecular variation
in PRR genes is still poorly documented (Wlasiuk and Nachman 2010; Alcaide and Edwards
2011; Tschirren et al. 2011; Grueber et al. 2012; Tschirren et al. 2012; Tschirren et al. 2013).

Understanding the evolution of the immune system in general has been a challenge for

evolutionary biologists and ecologists since JBS Haldane associated natural selection with

106



infectious diseases (Haldane). In vertebrates, the study of selection patterns was mostly
oriented towards genes of acquired immunity which are now intensively studied even in wild
populations. Among them, genes of the major histocompatibility complex (MHC) are the
most explored and the role of balancing selection in their evolution is generally accepted and
well understood (Apanius et al. 1997; Bernatchez and Landry 2003; Aguilar et al. 2004; Bryja
et al. 2006; Piertney and Oliver 2006; Spurgin and Richardson 2010; Cizkova et al. 2011;
Smith et al. 2011). The quite late discovery of genes involved in the second branch of
vertebrate immunity, i.e. innate immunity, among which the most important PRRs are Toll-
like receptors (hereafter abbreviated according to the mouse gene and protein nomenclature as
Tlrs and TLRs, respectively) (Medzhitov et al. 1997; Hedrick 2004; O’Neill 2004; Bassett and
Rich), has resulted in modest research of their evolution in wildlife populations (Acevedo-
Whitehouse and Cunningham 2006).

Generally, two subclasses of TLRs are distinguished in vertebrates according to the
ligands they target (Akira et al. 2006; Barreiro et al. 2009; Vinkler and Albrecht 2009;
Wiasiuk and Nachman 2010). The first subclass includes TLR1, TLR2, TLR4, TLRS, TLR6
and TLR10. These TLRs predominantly detect bacterial components (but also fungal and to
lesser extent viral components) and are expressed on the outer cell membrane. Throughout
this paper we term them "bacterial-sensing" TLRs. The second subclass includes TLR3,
TLR7, TLR8 and TLRY and targets mainly viral components (e.g. ssSRNA, dsRNA, DNA
containing unmethylated CpG), hereafter termed “viral-sensing” TLRs. These TLRs are
expressed mostly within cells into the membranes of endosomal compartments. This current
spectrum of genes for TLRs arose by multiple gene duplication and during the last 700 Mya
diversified to recognize distinct PAMPs (Janssens and Beyaert 2003; Roach et al. 2005;
Hughes and Piontkivska 2008; Leulier and Lemaitre 2008; Temperley et al. 2008; Barreiro et
al. 2009; Huang et al. 2011).

TLRs of both subclasses are transmembrane proteins composed of three domains
(Leulier and Lemaitre 2008; Werling et al. 2009). The extra-cellular domain (ECD) consists
of a varying number of leucin-rich repeat motifs (LRRs) that form a horseshoe-shaped tertiary
structure of the ECD. This domain contains the ligand binding region (LBR) which is directly
responsible for physical interactions with the pathogen-derived structures and as such it is
likely subject to intensive selection. The ECD is followed by a short transmembrane domain
(TMD), and an intracellular domain (ICD) containing the Toll/Interleukin-1 Receptor (TIR)
domain responsible for TLR signaling (Akira et al. 2006). As previously shown (Burke et al.
2007), non-synonymous SNPs located in LBR may affect the 3D structure of the protein and
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its surface charge. This may have important functional consequences, influencing receptor
ability to bind pathogens (Park et al. 2009; Huang et al. 2011; Tschirren et al. 2013), and may
even lead to the evolution of species-specific ligand recognition (Keestra and van Putten
2008; Walsh et al. 2008). Appropriate binding of PAMPs by LBR is connected with changes
in receptor dimerization (Zhu et al. 2009; Botos et al. 2011; Kang and Lee 2011) that induce
signaling and release of cytokines triggering mainly Thl and Th17 inflammation, fever and
phagocytosis (Pasare and Medzhitov 2003; Parker et al. 2007; Kawai and Akira 2010). The
TLR signaling ensures an immediate response to invading microorganisms that, in a second
step, further directs the following adaptive immune response (Pasare and Medzhitov 2004b;
Netea et al. 2005).

Previous studies, mostly based on investigation in humans, primates and domestic or
laboratory animals, provided information regarding some general patterns of TLR evolution
and maintenance of their genetic polymorphism (Smirnova et al. 2000; Ferwerda et al. 2007;
Vinkler et al. 2009; Barreiro and Quintana-Murci 2010; Wlasiuk and Nachman 2010). These
studies revealed that the ECD is more frequently a target of positive selection than the TIR
domain. Moreover, in general the viral-sensing TLRs seem to evolve under stronger purifying
selection than the bacterial-sensing ones (Krieg and Vollmer 2007; Barrat and Coffman 2008;
Waldner 2009; Mikami et al. 2012). However, up to now, the evidence of TLR polymorphism
and the type of selection that shapes this polymorphism in natural populations remain rare
(Alcaide and Edwards 2011; Tschirren et al. 2011; Grueber et al. 2012; Tschirren et al. 2012;
Tschirren et al. 2013). Besides, to our knowledge the precise investigation of the LBR
variability and evolution is missing. Such information could nevertheless be important to
better understand species-specific differences in the susceptibility to various pathogens
(Worobey et al. 2007).

In the present study we focused on the molecular variation of the genes encoding the
bacterial-sensing TLR4 (binding mainly bacterial lipopolysaccharides, LPS, as a ligand)
(Poltorak et al. 1998) and the viral-sensing TLR7 (binding viral ssRNA) (Diebold et al. 2004;
Heil et al. 2004) in 23 species of the subfamily Murinae. Murine rodents are largely
distributed over the world and several species (such as rats and mice) live in close proximity
to humans. A recent review showed that 60% of the agents of emerging diseases in humans
circulate in animals (Jones et al. 2008) and most of the natural reservoirs of a number of
serious viral and bacterial emerging agents of zoonoses are rodents (Mills 2006; Luis et al.
2013). Species-specific molecular variability in immune-related genes may be responsible for

differences in the ability of rodent species to transmit these pathogens. Herein we aimed to
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document evolutionary histories of these two 7lrs during murine diversification. We
implemented statistical approaches to infer 7/r phylogeny and to detect selection acting on
DNA and amino acid (AA) sequences. We searched for deviations from “species” phylogeny
based on a comparably sized non-immune sequence dataset by contrasting phylogenetic trees
reconstructed from 7/r sequences with those reconstructed from ‘“neutral” genes (both
mitochondrial and nuclear). Deviations would indicate the occurrence of non-neutral patterns
during the T7I/r evolutionary history, e.g. adaptive selection (Wlasiuk and Nachman 2010;
Fornarino et al. 2011; Govindaraj et al. 2011). Next we estimated putative functional changes
in the LBR by examining variability in predicted tertiary 3D-structures of the proteins, and in
biophysical properties of proteins (charge and structural characteristics) at polymorphic
binding sites. Finally, we compared the evolutionary histories of the two TLRs to reveal

potentially distinct evolutionary pressures shaping these proteins.

3.3.2 Materials and methods

Sampling

Murine rodents from 23 species belonging to the Rattini and Murini (sensu Lecompte
et al. (2008)) tribes were sampled mainly in South-East Asia, and three synanthropic species
(i.e. Rattus rattus, Mus m. muscululus and Mus m. domesticus) were also sampled in Europe
and Africa. In our sampling area, Rattus tanezumi specimens corresponded to two divergent
mitochondrial lineages although they could not be distinguished according to their nuclear
pool (Pages et al. 2013). These samples were further referred to clades R. tanezumi R2 and R3
according to their mitotype. Rattus sakeratensis corresponds to the lineage previously referred
to as R. losea and found in central, northern Thailand and Vientiane Plain of Lao PDR (Rattus
losea-like by Pages et al. (2010)). This lineage was recently distinguished from the true R.
losea, which is restricted to Cambodia, Vietnam, China and Taiwan (Aplin et al. 2011).

Species identification was initially based on morphological criteria and thereafter
confirmed using molecular barcoding for problematic lineages (Pages et al. 2010; Galan et al.
2012). We sequenced two to 10 individuals per species. In total 103 specimens were analysed

(Table S1 in SUPPLEMENTARY MATERIALS).
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Toll-like receptor sequencing and sequence alignments

We sequenced the complete exon 3 of 7/r4 (2.250 bp) and Tir7 (3.150 bp) as it
encompasses the LBR in both genes. Exon 3 corresponds to 89.7% and 99.0% of the total
coding sequence for T/r4 and Tlr7, respectively. Short exons 1 and 2 (241 bp encoding 5'-
untranslated (UT) region and first 257 bp of ECD in 7Tlr4exon2 and 154 bp of 5°-UT regions
and 3bp of ECD in TIlr7.on2) were not analysed in present study, because we were
preferentially interested by functional regions (e.g. LBR and TIR). For all analyses and
discussion the codon numbering follows the sequences of Rattus norvegicus available in
GenBank [GenBank Acc. NP 062051.1 for 7lr4, and NP_001091051.1, for 7lr7].

Primers for Polymerase Chain Reaction (PCR) and sequencing were designed
according to the sequences available in the Ensembl database for Mus musculus [Tlr4
ENSMUSE00000354724/MGI1:96824, Tir7 ENSMUSE00000405820/ MGI:2176882] and
Rattus norvegicus [TIr4 ENSRNOE00000099045/NP_062051, Tir7
ENSRNOEO00000039897/NP 001091051]. We used the software PRIMER3 (Rozen and

Skaletsky 2000) to design primers (see their sequences in Table S2 and positions in Figure S1
in Additional files 1). Total DNA was extracted from rodent tissue (biopsy from ear or
necropsy from liver) using the DNeasy Blood & Tissue Kit (Qiagen AB, Hilden, Germany).
Amplifications were carried out in a final volume of 25 pl containing 12.5 pl of Multiplex Kit
PCR master mix (Qiagen), 9.3 ul of H,O, 0.5 uM of each of primer pairs and 2 pl of DNA.
Cycling conditions included an initial denaturation at 95°C for 15 min, followed by 10 cycles
of denaturation at 95°C for 40 s, annealing with touchdown at 65°C to 55°C (-1°C/cycle) for
45 s and extension at 72°C for 90 s, followed by 30 cycles of denaturation at 95°C for 40 s,
annealing at 55°C for 45 s and extension at 72°C for 90 s, with a final extension phase at 72°C
for 10 min. The final extension was performed for 10 min at 72°C. The lengths of amplicons
were checked on 1.5 % agarose gels. Sequencing was carried out using an ABI3130
automated DNA sequencer (Applied Biosystems). DNA sequences were aligned and edited
using SEQSCAPE v.2.5 (Applied Biosystems) and BIOEDIT v.7.1.3 (Hall 1999). All sequences
have been submitted to NCBI GenBank (Accession numbers are presented in Table S1 in

SUPPLEMENTARY MATERIALS).

110



Sequence analysis

Diploid genotypes were resolved using the Bayesian PHASE platform (Stephens and
Donnelly 2003) implemented in DnaSP ver. 5.10 (Librado and Rozas 2009). Calculations
were carried out using 1000 iterations, 10 thinning intervals, and 1000 burn-in iterations.
Sequences were collapsed into individual alleles by Fabox DNA collapser, an online FASTA
sequence toolbox (Villesen 2007). The identification and visualization of main domains
(ECD, TM and ICD with TIR domain and ICD-DP) was performed in SMART (Schultz et al.
1998) based on Rattus norvegicus sequences provided in GenBank [NP 062051.1 for 7i/r4
and NP _001091051.1 for 7Ir7]. 3D structure was predicted in PHYRE2 (Kelley and Sternberg
2009) and then visualized using FirstGlance in Jmol v.1.9. Finally, we estimated nucleotide
diversity (), number of polymorphic sites (§) and total number of mutations (&) with DnaSP,
and the number of nucleotide alleles (#N) and amino acid variants (h4) using Fabox DNA

collapser.

Phylogenetic reconstructions and congruence between the tree based on a comparably sized

non-immune sequence dataset and Tlr trees

We first tested 71r sequences for recombination using SBP, to avoid further false
positive events of selection. This method (implemented in DATAMONKEY, Pond and Frost
2005; Delport et al. 2010) allowed the screening of 7Ir sequences for recombination
breakpoints. SBP identify non-recombinant regions and allowed each region to have its own
phylogenetic reconstruction (Pond et al. 2006b; Pond et al. 2006c).

Phylogenies were reconstructed independently for each gene using the alignment of
complete exon 3 sequences. A phylogeny inferred from the combination of one nuclear (the
first exon of the gene encoding the interphotoreceptor retinoid binding protein, /rbp) and two
mitochondrial genes (the cytochrome b gene, Cyth, and the cytochrome ¢ oxidase I gene,
Col), taken from Pages et al. (Pages et al. 2010), was used for comparison of “neutral”
evolution of the studied rodents with trees obtained from the immune gene alignments. Both
Maximum likelihood (ML) and Bayesian (BA) methods were applied to infer phylogenetic
relationships from each 7Ir alignments. The best evolutionary model of nucleotide
substitution was determined using jModelTest 0.1.1 (Posada 2008). Phylogenies based on ML

analyses were reconstructed using RAXML 7.2.6 (Stamatakis et al. 2008). Analyses were run

111



as the rapid bootstrap procedure (option —f a) with bootstraps defined by option —NautoMR.
For both 7lrs we used nucleotide substitution model GTR + I' (option -m GTRGAMMA)
selected by jModelTest 0.1.1 as the most appropriate to our data. Bayesian analyses were
performed using a parallel version of MrBayes v3.1 (Huelsenbeck and Ronquist 2001) at the
University of Oslo Bioportal (Kumar et al. 2009) and CBGP HPC computational platform
located at Centre de Biologie et Gestion des Populations, Montpellier. Two runs of
50,000,000 generations in each were adopted, applying the best fitted model of substitution
(GTR+ I'). A burn-in period of 10,000,000 generations was determined using Tracer v1.4
(Rambaut and Drummond 2007). Convergence was also evaluated using Tracer v1.4. After
discarding samples from the burnin period, results were based on the pooled samples from the
stationary phases of the two independent runs. Trees were edited using FigTree v1.3.1.
(Rambaut 2009).

We tested the congruence between the rodent phylogeny and the 7/rs phylogeny based
on the MrBayes approach using reconciliation analyses. Reconciliation analyses explore all
possible mappings of one tree onto another, assigning different costs to evolutionary events
and find optimal (i.e. yielding minimal costs) solutions. These analyses were conducted using
JANE 4 (Conow et al. 2010). This software was initially built to reconcile parasite and host
trees, yet it can also be used for comparative analysis of species and gene trees. In the context
of host-parasite relationships, five evolutionary events between parasites and host can be
taken into account in JANE 4: co-speciation, host switches, duplication, failure to diverge and
parasite loss. These events are analogous to co-divergence, convergence, duplication,
purifying selection and gene loss (respectively) when considered in the context of species and
gene tree reconciliation. For each of these events the specific costs can be set. The lowest cost
is attributed to the event considered as most likely. In order to obtain reconciliations that
maximize the number of co-divergences we set the cost of a co-divergence event to 0 while
other costs were set to 1 (see Cruaud et al. 2012 for similar approach). The cost of the best
solution is then compared with costs found in reconciliations in which tip mappings are
permuted at random. This generates a null distribution of the costs of reconciliation. If the
cost of the best solution is lower than that expected by the chance it means that the two
phylogenies are significantly congruent. The following parameters were used: the number of
generations (iterations of the algorithm) was set to 100 and the “population” (number of
samples per generation) was set to 100. Input phylogenies were those obtained by the
Bayesian inference. The cost of the best solution was compared to distribution of the costs of

1000 randomizations.
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Moreover, we tested the congruence between genes and tree based on a comparably
sized non-immune sequence dataset using SH test (Shimodaira and Hasegawa 1999) as
implemented in PAUP. Alternative topologies required for ML SH test were reconstructed by
ML approach in the software GARLI v. 2.0 (Zwickl 2006). Two different ML trees were
estimated for each 7/r; a first one inferred under non-constrained conditions with default
options and a second one constrained by the tree topology based on a comparably sized non-
immune sequence dataset. Mouse species (genus Mus) were excluded from the analysis of co-
divergence in order to match data with the study of Pages et al. (Pages et al. 2010) where the

mice are missing.

Search for signatures of selection on Tlr sequences

We estimated separately the number of synonymous (dS) and non-synonymous (dN)
substitutions per site for the whole exon 3, ECD, LBR and the TIR domains, and for both
Tlrs. Computations were made with 1,000 bootstraps and Nei-Gojobori method (with Jukes-
Cantor correction) in MEGA 5 (Tamura et al. 2011). We then estimated the overall ratio
dN/dS for each domain and for the whole exon 3 of both 7/rs by Single Likelihood Ancestor
Counting (SLAC) implemented in DATAMONKEY. The p-value was 0.05. As the SLAC
method tends to be a very conservative test, the actual rate of false positives (i.e. neutrally
evolving sites incorrectly classified as selected) can be much lower than the significance level
(Murrell et al. 2012). In the next step we estimated selection at each codon by SLAC to find
which codons of the exons 3 have been subject to positive and negative selection. As a default
tree we used a NJ tree and appropriate substitution model proposed by automatic model
selection tool in DATAMONKEY.

Finally, we used the Mixed Effects Model of Evolution (MEME) algorithm in the
HYPHY package accessed on the website of DATAMONKEY interface (Delport et al. 2010) to
detect codons evolved under positive selection along the branches of the phylogenies. This
method is recently recommended as a replacement for the Fixed Effects Likelihood (FEL) and
SLAC models (Murrell et al. 2012). It allows the detection of signatures of episodic selection,
even when the majority of lineages are subject to purifying selection. This test permits ® to
vary from site to site and also from branch to branch in phylogeny (Murrell et al. 2012). Tests
of episodic diversifying selection were performed at significance level p < 0.05 and MrBayes
trees were used as working topologies. Only events of positive selection with Empirical Bayes

Factor (EBF) estimated by MEME near to 100 were mapped on to the phylogeny.
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Functional analysis of ligand binding region

Positions of LBR in both TLRs have been previously described in humans (Park et al.
2009; Wei et al. 2009). The corresponding LBR position in rodents was predicted based on
the human-rodent alignment. The LBR was located between codons AA248 and AA469 in
TLR4 and between codons AA495 and AA597 in TLR7.

We first explored the evolutionary conservation of each amino acid position in LBR
using the CONSURF algorithm (Ashkenazy et al. 2010). CONSURF estimates the evolutionary
rate of amino acid positions in a protein molecule, based on the phylogenetic relationships
between homologous sequences. Conservation scale is defined from the most variable amino
acid positions (grade 1, color represented by turquoise) which are considered as rapidly
evolving to conservative positions (grade 9, color represented by maroon) which are
considered as slowly evolving. We used the proposed substitution matrix and computation
was based on the empirical Bayesian paradigm. MrBayes trees were used as the working
topology. Protein tertiary structure was adopted from R. norvegicus [Gene Bank Acc.
TLR4/KC811688 and TLR7/KC811786].

Because protein tertiary structure is essential for its biological function we finally
explored the variability in the 3D structures of LBRs in the different AA variants. The
prediction of 3D structures of the variants was performed by homology modeling using
PHYRE2 (Kelley and Sternberg 2009). Differences in 3D protein structure among variants
were then evaluated using the root mean square deviations (RMSD) calculated by the DALI
pairwise comparison tool (Holm et al. 2008). The RMSD-based distance matrices were
analysed in STATISTICA v. 8.0 (StatSoft, Inc., Tulsa) by joining tree clustering using
Unweighted Pair Group Method with Arithmetic Mean (UPGMA, Kalinowski 2009). We then
analysed the variability of the charge of each LBR variant, which could be another key
indicator of functional changes, because differences in protein charge could influence the
ability to bind ligands (Walsh et al. 2008; Govindaraj et al. 2011). LBR charge of each variant
was estimated at predefined neutral pH = 7 using LRRFINDER (Offord et al. 2010).
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3.3.3 Results

Sequence analyses

Amplification and sequencing were successful in 96 samples representing 23 rodent
species for 7/r4 and in 96 samples representing 22 species for 7/r7 (Table S1 in Additional
files 1). Only samples from one species - Maxomys surifer could not be completely sequenced
for Tlr7 - the first 180 bp were missing and we excluded this species from the 7/r7 analyses.
No stop codons, indels nor recombination were detected in these data using SBP
(DATAMONEKY).

For the whole 71r4 coding sequence (CDS), the three different domains were predicted
by SMART as follows: ECD from AA position 1 to 635, TM from position 636 to 658 and
ICD from position 659 to 835 in which the TIR domain (from position 671 to 816) and ICD
distal part (ICD-DP; from 817 to 835) may be identified (Fig. S1 in SUPPLEMENTARY
MATERIALS). For Tir7, the predicted location of the three domains was the following: ECD
from position 1 to 850, TM from position 851 to 873 and ICD from position 874 to 1050 (TIR
from 894 to 1033 and ICD-DP from 1034 to 1050; Fig. S1). In general, 7/r4 was more diverse
than T/r7, and within each T/r, the ECD domain was more variable than the TIR domain in
both molecules (Table 1). Surprisingly, ICD-DP located on the C-terminal end of 7/r4

represented the most variable region of exon 3 (micp-pp-77:4 = 0.102+£0.015).

TIr domains n L 7tS.E. hN  hA S Eta dN+S.E. dS+S.E. dN/dSs
Tir4
Exon 3 96 2247 0.049+0.003 122 90 545 625 0.038+0.003 0.102 +0.008 0.481
ECD 96 1647 0.053+0.003 112 83 441 504 0.045+0.004 0.098 £0.009 0.597
LBR 96 666 0.072+0.006 67 50 203 242 0.070+0.008 0.108+0.015 0.787
TIR 96 435 0.031+0.002 54 11 68 79 0.004+0.002 0.143 £0.024 0.067
Tir7
Exon 3 96 3147 0.034+0.003 79 49 466 518 0.021+0.002 0.088 +0.007 0.398
ECD 96 2547 0.037+0.003 75 48 407 455 0.025+0.002 0.089+0.007 0.468
LBR 96 311 0.035+0.003 19 8 37 38 0.018+0.006 0.107+0.024 0.196
TIR 96 420 0.026+0.003 26 6 43 47  0.007+0.003 0.105%0.021 0.070

Table 1. Estimates of sequence diversity and average codon-based evolutionary divergence over all sequence
pairs for the exon 3 and particular domains of 7/r4 and TIr7 genes, ECD - extracellular domain; LBR - ligand
biding region; TIR - Toll/interleukin-1 receptor domain; # - the number of sequenced individuals; L - length of
analysed sequences in base pairs; 7z - average number of nucleotide differences per site between two sequences;
S.E. - Standard error; AN - number of nucleotide alleles; A4 - number of amino acid variants; S - number of
polymorphic sites; Eta - total number of mutations; dS - number of synonymous substitutions per synonymous
site (estimated by MEGA); dN - number of non-synonymous substitutions per non-synonymous site (estimated
by MEGA). Analyses were conducted using the Nei-Gojobori model; S.E. of dN and dS - were obtained by a
bootstrap procedure (1000 replicates); dN/dS were computed by SLAC (DATAMONKEY).
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Phylogeny and co-divergence between the tree based on a comparably sized non-immune

sequence dataset and TLR trees

Both phylogenetic approaches (MrBayes and RAxML) displayed similar trees for both
Tlrs (Figs. S2 and S3 in SUPPLEMENTARY MATERIALS). Minor differences between ML
and Bayesian trees were found only at the intraspecific level. 7/r4 topology was well-
supported with posterior probabilities (pp) > 0.95 despite a lack of resolution within the
black rat species complex (including Rattus rattus, R. tanezumi, R. sakeratensis, R.
tiomanicus, R. argentiventer, R. andamanensis), between two Bandicota species (Bandicota
savilei and B. indica did not form reciprocal monophyletic clades) and between two
subspecies of the house mouse (Figs. S2a and S3a in Additional files 2). Sequences of 71r7
were also predominantly clustered according to species with strong supports (pp > 0.95).
Relationships between Asiatic mouse species were not fully resolved (monophyly of Mus
caroli, M. cooki and M. cervicolor supported with a moderate pp value of 0.86 and Bootstrap
values, Bp = 81) as well as those between Leopoldamys species (L. edwardsi appeared more
closely related to L. neilli, rather than to L. sabanus but with a low pp of 0.6, Bp = 48).
Similarly to 71r4, branching orders within the genus Rattus were not resolved: Rattus exulans
(clade I) was retrieved monophyletic without ambiguity (pp = 1, Bp = 100), R. norvegicus and
R. nitidus were grouped together with the highest support (clade II, pp = 1, Bp = 100) and the
remaining Rattus species formed a moderately supported group (clade III, pp = 0.7, Bp = 98,
for more details see Figs. S2b and S3b in SUPPLEMENTARY MATERIALS).

At the first glance, 7lr phylogenies (based on MrBayes approach) of the black rat
complex was congruent to the the tree based on a comparably sized non-immune sequence
dataset (Fig. 1). The number of co-divergence events inferred using JANE 4 was significantly
higher than expected by chance, meaning that the two phylogenies were similar (Fig. S4 in
Additional files 1). However, the Shimodaire-Hasegawa test showed significant disagreement
between the species tree and both 7/rs phylogenies (Aln L =257, ddl =1, p < 0.001 for Tir4;
Aln L =76, ddl = 0.008, p < 0.05 for 7Ir7), indicating that neither of the 7/r trees coincided
precisely with the tree based on a comparably sized non-immune sequence dataset. The
incongruence was mainly caused by recently diverged species of Rattus. However, we
revealed several other differences, such as the misplacement of the genus Bandicota
(occurring within Rattus in the Tir4 tree) and the different positions of R. sakeratensis and R.

exulans in species and 7/r7 trees (Fig. 1).
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R1 Rattus rattus

R2 Rattus tanezumi
R3 Rattus tanezumi
R4 Rattus sakeratensis
RS Rattus tiomanicus

R6 Rattus argentiventer
R7 Rattus andamanensis
RS Rattus exulons

R9 Rattus norvegicus

R10 Rattus nitidus

B1 Bandicota indico

B2 Bandicota sovilei

Bel Berylmys berdmorel
Be2 Berylmys bowersi

L1 Leopoldamys edwardsi
1.2 Leopoldamys neilli

L3 Leopoldamys sabanus
N Niviventer sp.
M Maxomys sp.

R1 Rottus rottus R1
R2 Rottus tanezumi

R3 Rottus tonezumi R2
R4 Rattus sakeratensis R3
RS Rattus tiomenicus

R6 Rattus argentiventer R4
R7 Rattus ondamanensis

R8 Rattus exulons RS
R Rottus norvegicus R6
R10 Rottus nitidus

81 Bandicoto indico R7
B2 Bandicota savilei

Be1 Berylmys berdmorei ' ‘ R8
Be2 Berylmys bowersi R9
L1 Leopoldamys edwardsi

L2 Leopoldamys neilli R10
L3 Leopoldamys sabanus

N Niviventer sp. 81

0.03

R1
R2 R3
RS
R6
R7

R4
R9
R10
R8
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Be1
Be2
L1
L2
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Fig. 1, Comparison of phylogenetic trees based on 7lrs and neutral markers,comparison of the Bayesian
phylogenetic trees of 7/r4 (a) and TI/r7 (b) on the right with phylogenetic trees based on presumably neutral
markers (Cyth, Col, Irbp; for more details see Pages et al. 2010) on the left. Abbreviations (R1, R2....M)
indicate species assignment used in Pages et al. 2010; corresponding legend is on the left. Color lines link the
supported clades represented by the same species; * indicates posterior probabilities (pp) > 0.95.
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Evidence of signatures of selection

The comparison of @ (dN/dS) revealed substantial differences between the two 7lrs, as
well as between gene parts encoding different domains (for details see Table 1). The
difference between gene parts was mainly due to variations in the number of non-synonymous
substitutions (which was higher in ECDs than in the TIR), while they both had similar
numbers of synonymous substitutions.

The highly conservative SLAC (Single Likelihood Ancestor Counting) analysis
(DATAMONKEY) (Pond and Frost 2005) revealed two codon positions evolving under positive
selection in 77r4 and only one in T/r7, all of them being located within the ECD domain (p <
0.05, Table 2, Fig. 2). We found 26 and 10 negatively selected sites for 7/r4 and TIr7
respectively (p < 0.05, Table 2, Fig. 2), distributed evenly over the whole sequences.

The imprint of natural selection on protein coding gene is often difficult to reveal
because selection is frequently episodic (i.e. it affects only a subset of lineages) (Murrell et al.
2012). We therefore looked for evidence of episodic diversifying selection at individual sites
along the evolutionary branches of the trees using the MEME algorithm. Thirteen codon
positions were found to be affected by episodic selection for 7/r4 (1.7% of all analysed
codons) while only 4 codon positions showed this signature for 7777 (0.38% of all analysed
codons). In Tlr4, 12 of these sites were located directly in LBR, while in 777 none of the sites
evolving under positive selection were in LBR. Whatever the T/r gene considered, all sites
found to evolve under positive selection using the SLAC were identified also by the MEME
algorithm.

The signs of positive selection were scattered over whole 7l trees, affecting nearly all
branches of the 7/r4 phylogeny, both basal and terminal, while they mostly concerned the
terminal branches for the 7/r7 phylogeny (Fig. 3). Interestingly, one site evolving under
positive selection (p < 0.05) was located in the ICD-DP of 7lr4 gene (Table 2, Fig 2a). We
found that this part (i.e. the last 57bp of C-terminal end of the protein following the TIR
domain) was highly variable (19 nucleic acid alleles and 16 AA variants) with a mean @ =

I.11.
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ECD (and LBR) D TIR ICD-DP

Tir4 1-635 (248-469) 636-658 671-816 817-835
MEME 273, 335, 345, 347, 361, 363, 366, 368, 394, 398, - - 818

442, 469
SLAC-PS 347,469
SLAC-NS 99, 105, 149, 240, 253, 364, 457,461, 463, 518, - 679, 688, 691, 822

522,529, 549, 616, 635 721,740, 772,

782,785, 793,
811

Tir7 1-850 (495-597) 851-873 894-1033 1034-1050
MEME 128, 308, 461, 772 - - -
SLAC-PS 308
SLAC-NS 156, 272, 455, 528, 541, 671, 676, 709, - 963, 971 -

Table 2. Positively (MEME and SLAC-PS) and negatively (SLAC-NS) selected sites detected for the exon 3 of
Tlr4 and TIr7 at p < 0.05, ECD - extracellular domain; LBR - ligand binding domain; TD - transmembrane
domain; TIR -TIR domain; ICD-DP - distal part of intracellular domain. Prediction of domains and numbering
of sites are according to the reference protein sequence of Rattus norvegicus taken from GenBank [NP_062051.1
for Tlr4 and NP_001091051.1 for TIr7]. Sites located in LBR are underlined.

Fig. 2, Distribution of sites under selection identified by SLAC and MEME, Intensity of selection acting on 77r4
(a) and T7r7 (b) exon3 with p < 0.05; the blue line is normalized dN-dS calculated in SLAC (DATAMONKEY);
blue arrows-up - sites under positive selection detected by SLAC; black arrows-down - sites under positive
selection detected by MEME (DATAMONKEY); blue full circles - sites under negative selection detected by
SLAC. ECD - extracellular domain; LBR - ligand binding region; TD - transmembrane domain; TIR - TIR
domain; ICD - intracellular domain; ICD-DP - distal part of intracellular domain.
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Fig. 3, Sites under positive selection identified in evolutionary lineages by MEME, Tir4 (a), Tlr7 (b)
(significance level at p < 0.05), positively selected sites are marked and numbered above branches at simplify
phylogeny based on MrBayes.

120



Analysis of the ligand binding regions

In general, the ligand binding region (LBR) was much more variable in 7/r4 than in
Tlr7 genes. We detected 50 different AA variants of the LBR in the TLR4 dataset, while only
eight different AA variants were detected in TLR7. Out of the 222 AA sites of LBRyrr4, 43%
were polymorphic, while among the 103 AA sites of LBRrrr7, only 10% exhibited genetic
variations. The CONSURF analysis performed to estimate the degree of evolutionary
conservation of each amino acid position in LBR revealed 10% of phylogenetically variable
positions (i.e. 22 positions assigned to grade 1 and corresponding to the most variable and
rapidly evolving amino acid positions out of 222 positions in total) in TLR4, but only 2% (2
positions with grade 1 out of 103) in TLR7 (Fig. 4). Other positions were assigned as
conservative (57% and 79% in TLR4 and TLR7, respectively) or had insufficient support
(33% and 19%, respectively; Fig. 4).

Ligand-binding positions in rodents were predicted by comparison with those
identified in humans by Park et al. (2009). In TLR4, two out of eight LPS-binding amino acid
positions were identical to humans and strictly conserved among rodents (F438 and F461).
Three other were conserved in terms of amino acid features (i.e. polarity, hydrophobicity) but
distinct from human residue and variable among rodents (R263K, K360R and K434R).
Interestingly, one LPS binding site that was uniform in human was found to be evolving
under positive selection using the MEME algorithm. We found hydrophobic and hydrophilic
residues, although this position, L442Y, is known to be involved in hydrophobic interactions.
Finally, two remaining positions were found to be highly variable in rodents (339 and 386)
(Table S3 in SUPPLEMENTARY MATERIALS). In TLR7, the nine ligand binding residues
predicted following Wei et al. (2009) were strictly conserved within rodents and seven of
them were common to both rodents and human TLR7 (Table S4 in SUPPLEMENTARY
MATERIALS).

The pairwise RMSD that allowed estimating the differences in 3D protein structure
among variants varied from 0 to 1.5A in TLR4 variants, and from 0.6 to 1.7A in TLR7
variants (Fig. S5 in SUPPLEMENTARY MATERIALS). Yet, in the phenetic diagram of
TLR4, 3D-structures of Rattus sakeratensis and Rattus nitidus were distinct from each other
and also from all other species. Similarly for TLR7, the 3D-structure of the protein of Rattus
exulans was separated from other species (Fig. S5 in Additional files 1). To provide wider
context we performed additional comparison between PDB structures (obtained from The

RCSB Protein Data Bank http://www.rcsb.org/pdb/home/home.do) of human (HoSaTLR4-
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3fxi_A) and mouse (MuMuTLR4-3vq2 A) ECDrrrs and between ECD of mouse TLR4 and
TLR3 (MuMuTLR3-3ciy A). The comparison between species of the same TLR was 1.7A
(HoSaTLR4-MuMuTLR4). Comparison between two TLRs from most distant TLR families
of the same species was 4.6A (MuMuTLR4-MuMuTLR3). The analysis of electric charge of
LBR revealed higher variation in TLR4 (from -7.7 to 1.5) when compared with TLR7 (from -
1.6 to 0.6). Detailed analyses of LBRyir4 revealed that Mus and Rattus species were well
differentiated from each other (Mus: from -7.7 to -3.7; Rattus and related genera: from -3 to
1.5, Fig. S6a in Additional files 1). Similar pattern was found for LBRrr7 (Mus: -1.6, Rattus
and related genera: from -1.4 to 0.6, Fig. S6b in SUPPLEMENTARY MATERIALS).

Codon Residue Variety
263 RK
273* H.R.P
) — 469 300 DN Y,V
h 317 S,H.D,P.Y
318 LLYV
& 386 319 QR.KE
320 HQY
z/ 398 322 AKGE
’ :
ST v e
345+ ATPK
&{ 566,367, 368 347+ HS.T,D,NRK
361* A.QKRGLE
363 " 345,347 362 sr‘x2 T.D,P
363* T.MLL
361 326 366* D.RK.G
367 AQT.D.RK
320, 322 368* MLV
335 386 S.TLR
394* EMLYV
317,318, 319 398* S, DLN LG Codon Residue Variety
300 469* A TG,V 540 497 QK
263 540 QW.R

497

Fig. 4, Mapping of evolutionary conservation of amino acid positions in a protein molecule based on the
phylogenetic relations between homologous sequences, conserved amino acid positions in LBR of TLR4 (a) and
TLR7 (b). Structure of LBR was analysed in CONSURF; computations were based on MrBayes phylogenetic trees
and tertiary protein structures of R. norvegicus [Gen Bank Acc. KC811688/ KC811786]; most variable positions
are highlighted in turquoise and numbered (grade 1); most conserved sites are in violet; yellow sites mark
insufficient data; white sites have average conservation score; tables show residue variants at the
phylogenetically variable positions with grade 1; codons with asterisk have been identified as those under
positive selection by MEME.

3.3.4 Discussion

In this study we analysed the variability of two important vertebrate immune genes
involved in innate immunity across wild murine rodents and we looked for evidence of
selection. Overall, we found that 7/r4 was much more variable than 77r7 and that the
evolution of both genes had been influenced mostly by purifying selection. However,
comparison of both 7/rs revealed contrasting evolutionary patterns. 7/r7, which is involved in
the recognition of viral nucleic acids, was highly conserved across rodents and its evolution
seemed to be strongly shaped by purifying selection. Predicted ligand binding sites in

LBRyr7 were identical across all species and only few sites were detected to evolve under
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positive selection within the whole molecule. By contrast, 7/r4, which detects several
different pathogen ligands, was more variable and was affected by numerous events of
episodic selection. Positively selected sites mostly occurred in LBR, probably as a result of
co-evolution with pathogens. Analyses of the LBR variability in surface charge revealed a

potential for interspecific differences in ligand binding capacities of both 7rs.

Differences in TLRs evolution - phylogenetic approach

We found that both T/rs were conserved genes as their phylogeny almost correctly
recapitulated species phylogeny. In spite of this conservatism we revealed some incongruence
between gene and species topologies, especially in branches represented by the shallow
genealogy of the black rat complex and Bandicota spp. (Fig. 1a). These species have
experienced recent and rapid radiation during the Early Pleistocene about 1 Mya (Pages et al.
2010; Aplin et al. 2011). Discrepancies between a gene genealogy and the species phylogeny
in recently diverged species often results from incomplete lineage sorting (ILS) of ancestral
polymorphism and/or episodic gene flow and hybridization (Moore 1995; Hobolth et al.
2011). Indeed, R. tanezumi R2 and R. tanezumi R3 were recently proposed as conspecifics or
were suspected to hybridize in Southeast Asia (Pages et al. 2013). In addition, hybridization
with introgression occurred between the invasive populations of R. tanezumi and R. rattus in
the United States (Lack et al. 2012). These phenomena could explain incongruence between
Tlrs and species trees. However, directional selection could also be involved. Discrepancies in
Tlr7 phylogeny represented by R. exulans and R. sakeratensis seem more likely to be caused
by pathogen selective pressure (Fig. 1b). ILS and hybridization are unlikely to result in such
deeper changes, whereas the influence of directional selection (positive or negative) on non-
neutrally evolving genes could be at more likely explanation (Nichols 2001). The rejection of
co-divergence (concerning basal nodes) between 7/rs and species phylogenies could reflect
the occurrence of pathogen-driven selection on 7/rs during the evolutionary history of the
murine rodents (Roach et al. 2005; Edwards 2009). The former hypothesis should now be
tested by a detailed analysis of spectrum of pathogens from rodents to determine if the species
producing the incongruent topology displayed specific pathogens that could mediate this

selection.
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Tlr variability and signatures of selection

We found that 92% and 100% sites (respectively for 7/r4 and 7/r7) evolving under
positive selection were located in the ECD, which is responsible for pathogen recognition. For
Tlr4 92% of these positively selected sites found by MEME algorithm were located in the
LBR. This is in concordance with several recent studies conducted on primates, birds and
rodents, that have suggested a high accumulation of positively selected sites at LBR (Wlasiuk
and Nachman 2010; Alcaide and Edwards 2011; Areal et al. 2011; Tschirren et al. 2011;
Smith et al. 2012). Surprisingly, none of the sites evolving under positive selection was
identified directly in the LBR of 77r7.

The TIR domain of both 7/rs was evolving under much stronger functional constraint
than the ECD in both genes. We found only 11 amino acid variants of TIRtrr4 in 23 species
and six different variants of TIRt g7 in 22 species. Altogether our results support the
observation that 7/r exodomains evolve more rapidly than the intracellular TIR domain
(Wlasiuk and Nachman 2010; Areal et al. 2011; Mikami et al. 2012; Smith et al. 2012). The
requirement of sites within ECD, which would be involved in ligand recognition and able to
recognize permanently fast-evolving pathogens, could explain this pattern. Besides, the high
conservation of the TIR domain could be adapted to maintain a functional response of signal
transduction (see, e.g. Poltorak et al. 1998; Smirnova et al. 2000; Hughes and Piontkivska
2008; Downing et al. 2010; Wlasiuk and Nachman 2010; Mikami et al. 2012).

Both genes showed non-significant differences between ECD and TIR with respect to
dS, supporting the hypothesis that there was no difference in mutation rate between ECD and
TIR. The same result has been found in comparative studies of 10 vertebrate TLRs (Hughes
and Piontkivska 2008). The distal part of ICD in T/r4 was surprisingly highly variable among
rodent species. The reason for such a high level of variability is still unknown; however some
authors suggest that this region at the carboxy-terminal end of 7/r4 could be responsible for
interspecific differences in LPS sensitivity (Smirnova et al. 2000).

Positive selection we also detected using the MEME approach that individually
considers each codon along the 7lrs phylogeny (Murrell et al. 2012). We found that episodic
positive selection affected most lineages in the phylogenetic tree of 7/r4, while the situation
was quite different in 7/r7, where the sites evolving under positive selection were mostly
distributed only along the terminal branches. Episodic diversifying selection could have

affected 7/r4 throughout its evolution and this process could still be in operating, while in
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Tlr7 diversifying selection seemed to have appeared more recently and the gene history was

mostly maintained by the stronger purifying selection (Fig. 3).

Analysis of the Ligand binding region

In TLR4 variants we found 22 rapidly evolving positions distributed all over the LBR.
While TLR4 is able to detect several ligands, the most studied one is LPS of Gram negative
bacteria. TLR4 does not interact with LPS alone directly but forms stable heterodimers with
MD-2 (Kim et al. 2007). Analysis of the crystallographic structure of mouse TLR4-MD-2-
ligand complex has shown that the interactions between TLR4, -LPS and MD-2 take place on
the concave surface of TLR4 (Kim et al. 2007). We predicted that sites involved in the TLR4-
MD-2 interaction should be highly conserved to maintain the receptor function in LPS
binding and these sites were thus not identified in the present study. Among the eight known
LPS-binding sites, identified by Park et al. (2009) in humans, two residues (F438 and F461)
were conserved between humans and rodents as well as among rodents. These key residues
are jointly involved also in hydrophobic interactions between TLR4 and MD-2 (Park et al.
2009; Resman et al. 2009). It is possible that negative selection might maintain an invariable
combination at these sites to preserve MD-2 binding, which supports our hypothesis
mentioned above. One exception was the controversial site L442Y which was suggested by
Park et al. (2009) to be also involved in hydrophobic interactions between TLR4 and MD-2,
but Resman et al. (2009) challenged the importance of its function. Among the studied
rodents this codon was found to be polymorphic and has been shown to be affected by
episodic positive selection during rodent evolution. A hydrophobic nonpolar residue (Leucine,
L) was commonly shared between rodent species except for Maxomys surifer that harbored a
hydrophobic and polar Tyrosine (Y). For three LPS-binding sites, R263K, K360R and
K434R, the biochemical features of the residue were maintained between rodents (all were
positively charged residues) but distinct amino acids were detected. The important role of
these residues was supported also by Ohto et al. (2012) and the potential functional
importance of substitution R263K was beside confirmed by conservation analysis. Finally, we
have identified in TLR4 two ligand binding positions, 339 and 386, with important amino
acid substitutions that might be responsible for variability in LPS binding. No signature of
positive selection was detected for these sites; however functional importance of position 386
was supported by the CONSURF analysis. Intriguingly, both residues form charge interactions

with the same lipid A phosphate of the LPS, which might indicate that the evolution of this
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position is associated with phosphate binding. However, this interpretation must be taken
cautiously since Resman et al. (2009) have questioned the role of the site 386 (in human
K388) in LPS binding.

LBRrir7 sequence was much shorter than LBRyirs one (103 vs. 222 codons,
respectively), which could be explained by the smaller size of LBRrigr; ligand, the viral
ssSRNA (Wei et al. 2009). LBR1r7 was highly conserved at the interspecific level. Only two
rapidly evolving positions (out of 103 analysed sites) were detected and neither of them
corresponded to the predicted ligand binding residues (Wei et al. 2009). Generally the
conserved sites (sites evolving under negative selection), have important evolutionary roles
for example in protein-protein interactions (TIR domain) or in the preservation of protein
structure (e.g. LRR forming horseshoe structure).

We found that structural variation between rodent LBR of both TLRs (TLR4 - 1.5A
and TLR7 - 1.7A) was comparable with the variation observed between ECDrrr4 of human
and mouse (1 .7A). The 3D-protein structure modeling revealed that LBR 1 r4 differed between
Rattus sakeratensis, R. nitidus and all other rodent species. The analysis of LBRtigr4
sequences did not reveal any specific or unique substitution that could be responsible for this
clustering. The same analysis performed on LBRryir; revealed that Rattus exulans
substantially differed from other species. This difference could be explained by substitutions
found at position H516Y, one being specific of R. exulans (Y at position 516) while other
Rattus and Mus species harbored an H amino acid at this position. These inter-specific
differences in LBR 3D structure were not related to the phylogenetic distance between
species. They could be better explained by similar pathogen exposition and thus similar
pathogen-mediated selection.

The results of charge analyses might be more important as they revealed interspecific
variation in LBRs of both receptors. Mus species had generally a more negative overall charge
at LBR than Rattus species (Fig. S6 in SUPPLEMENTARY MATERIALS). Differences in
protein charges were previously shown to be associated with differences in protein-ligand
interactions (Walsh et al. 2008; Govindaraj et al. 2011). Likewise, differences between these
two groups were also found in LBRtyr4 at positions that directly bind to LPS. However, some
caution is needed, since variation of TLR4 and TLR7 in sensitivity to LPS or ssRNA,

respectively, between rats and mice has not been investigated.
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Differences in evolution of bacterial-sensing and viral-sensing Tlrs

Our results showed that the bacterial-sensing 7/r4 was more variable than the viral-
sensing 7/r7, and that 7lr4 evolution was more intensively shaped by positive selection than
in Tlr7. Tlr4 had 1.7% of codons under positive selection, while in 7777 it was only 0.38%.
These differences are likely to be explained by 7/rs’ specificity to different groups of PAMPs
with which they co-evolved (Mikami et al. 2012). 7/r4 detects more types of ligands (e.g.
bacterial LPS, envelope viral components, fungal cell wall components — Mannan) (Vinkler
and Albrecht 2009) and it seems that these pathogen structures have exerted more diversifying
selective pressures on 7/r4 than the viral ssRNA affecting 7/r7. Recent studies of parasites
show that there is an important structural variability in PAMPs between bacterial species (e.g.
flagellin and LPS) (Raetz and Whitfield 2002; Woude and Baumler 2004; Andersen-Nissen et
al. 2005; Sun et al. 2006; Resman et al. 2009; Kang and Lee 2011; Maeshima and Fernandez
2013). We propose that the ligand binding region of 7/r4 detecting these PAMPs should
reflect higher ligand variability observed in our data.

Reduced genetic variability in important genes generally results from strong purifying
selection acting against deleterious mutations in these genes. It can result in a smaller
effective population size and a lower amount of incomplete lineage sorting (Charlesworth et
al. 1993; Hobolth et al. 2011). These two phenomena were found to be more pronounced
when analysing 77r7 phylogeny. Moreover the 71r7 gene is located on the X chromosome in
mammals, which can be advantageous during evolution (e.g. lower polymorphism is
maintained by quicker fixation of beneficial mutations and elimination of deleterious ones by
stronger selection and more intense genetic drift) (Salcedo et al. 2007). We suggest that the
tension between diversifying and purifying selection, caused by adaptation to the variability
of viral motifs detected by viral-sensing 77/r7 and maintenance of function together played an

important role in the distribution of 7777 polymorphisms.

Conclusion

This study brings a unique insight into the natural variability and molecular history of
two Toll-like receptors in free-living populations of 23 murine species. Purifying selection
seems to be the dominant evolutionary force shaping 77r4 and 7/r7 polymorphism. However,
specific sites putatively evolving under diversifying selection were detected in both 7/rs.

These sites accumulated within 7/r4 LBR, and detailed analyses revealed that several
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important amino-acid substitutions might alter LPS binding. These substitutions were often
species-specific and differentiated between the Rattini and Murini tribes. Interspecific charge
variability of LBR and to lesser extent the variability in 3D structure indicated the potential
differences in protein-ligand interaction. By contrast, the evolution of 7/r7 was strongly
shaped by purifying selection. All predicted ligand binding residues in this receptor were
uniform across all studied mammals to date. The contrasting evolutionary histories of these
two Tlrs are likely to result from different structural variability of ligands they target. Since
the crystallography of certain ligands (e.g. biglycans, hyaluronans and heparin sulphates,
ssRNA) (Wei et al. 2009; Kang and Lee 2011) remains unknown and the precise positions of
corresponding binding sites are still missing, our data provide important avenues towards

understanding which codons might be candidates for ligand binding residues.

Availability of supporting data section

All sequences have been submitted to NCBI GenBank under Accession numbers from
KC811609 to KC811800 (Individual accession numbers are presented in Table SI in
SUPPLEMENTARY  MATERIALS). Tlr  phylogenies based on  MrBayes
(Tlr4 MrBayes final.nex, 7/r7 MrBayes final.nex) and RAXML (7/r4 RAXML final.nex,
Tlr7 RAXML final.nex) approach were added to the TreeBase database
(http://treebase.org/treebase-web/home.html). Trees are available at URL:
http://purl.org/phylo/treebase/phylows/study/TB2:S14659
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Table S2. Primer description.

Primer ID Sequence of primers 5’ — 3’ Function
rTLR4-F AGT TTATCA TCA CTG YA GCA AG amplification
rTLR4-XF2 CCC AAT TGA CTC CAT TCA AGC CC amplification
rTLR4-XF3 CCCTCAGGACTCTTG ATTGCAG amplification
rTLR4-R-1 ATT CTC CCAAGATCA ACCGATG amplification
rTLR4-R-3 CTGKTCCTTGACCCACTGC amplification
rTLR4-R AGA RMC CCA GRT GAR CTG TAG CATT amplification
rTLR7-F AAG ACC YRT GTT GYT TAG TTT TAATAA TG amplification
rTLR7-1F CAG ATT AGA CCT GGA AGCTTTAGTG amplification
rTLR7-4F TCT TGA CCT TGG CAC TAA CTT CATA amplification
rTLR7-5F CCATTG GCCAAACTCTTAATG G sequencing
rTLR7-6F GGT GAT AAC AGATACTTG GACTTCT sequencing
rTLR7-7F CTG GCC ACT GAT GTG ACT TGT sequencing
rTLR7-2R GTT AGC CTC AAG GCT CAG AAG amplification
rTLR7-9R TAT CGG AAATAG TGT AAG GCC TCA AG amplification
rTLR7-R AGA AAG AAR TTA TCK TCT ATC AGT CTC amplification

Table S3. Residues binding to LPS in TLR4 based on knowledge of 3D-crystalography in human predicted by
Park et al. 2009.

Position Numbering in Function of AA Residue variety in rodents
in rodent human sequence
alignment
263 hTLR4_R264 LPS (Charge interaction with phosphates) positively charged R, K
339 hTLR4_K341 LPS (Charge interaction with phosphates) positively charged R, H, uncharged NH2 residue Q
360 hTLR4_K362 LPS (Charge interaction with phosphates) positively charged K, R
386 hTLR4_K388 LPS (Charge interaction with phosphates) positively charged R, uncharged hydrophilic T,
small uncharged hydrophilic S, uncharged
hydrophobic |
434 hTLR4_Q436 LPS (Hydrogen bond) uncharged R, K
438 hTLR4_F440 LPS, MD-2 (Hydrophobic interaction) uniformly aromatic hydrophobic F
442* hTLR4_L444 LPS, MD-2 (Hydrophobic interaction) aliphatic hydrophobic L, aromatic polar
hydrophobic Y
461 hTLR4_F463 LPS, MD-2 (Hydrophobic interaction) uniformly aromatic hydrophobic F

NOTE. - Variable sites detected by CONSURF are underlined; * indicates sites identified by MEME.

Table S4. Potential residues binding ssSRNA predicted by Wei et al. 2009.

Position Numbering in Function of AA Residue variety in rodents
in rodent human sequence
alignment
503 hTLR7_K502 Potential ligand binding residue uniformly positively charged R
505 hTLR7_S504 Potential ligand binding residue uniformly uncharged NH, N
527 hTLR7_G526 Potential ligand binding residue uniformly tiny G
532 hTLR7_Q531 Potential ligand binding residue uniformly uncharged NH, Q
552 hTLR7_N551 Potential ligand binding residue uniformly uncharged NH, N
554 hTLR7_R553 Potential ligand binding residue uniformly positively charged R
557 hTLR7_L556 Potential ligand binding residue uniformly aliphatic hydrophobic L
576 hTLR7_S575 Potential ligand binding residue uniformly small uncharged hydrophilic S
579 hTLR7_H578 Potential ligand binding residue uniformly positively charged aromatic H
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FIGURES

Fig. S1, Protein structure of TLR4 (a, ¢) and TLR7 (b, d) identified by SMART (http:/smart.embl-
heidelberg.de/) (a, b) and CONSURF (c, d). SMART (a, b) identified following types of domains: LRR - Leucine
rich repeat; LRRCT - Leucine rich repeat C-terminal domain; TIR - TIR domain, Fulfilled blue box (TD) -
transmembrane domain; LRRNT - Leucine rich repeat N-terminal domain. Red box - LBR (from AA248 to
AA469 for TLR4 and from AA495 to AAS97 for TLR7). ECD - extracellular domain is represented by solid
black double arrow; ICD - intracellular domain is represented by dashed double arrow. Distal part of ICD (ICD-
DP) is indicated by a simple solid arrow. Positions of forward and reverse primers used for amplification are
shown by arrows. Arrows of same color indicates primer pairs. Description of crystallographic structure (c, d)
LBR is represented by red polygon; TD is present between two dashed lines. To the right from TD is ICD, to the

left is ECD.
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Fig. S2a, Phylogenetic trees based on the exon 3 of 7/r4 gene reconstructed by Bayesian inference method in
MrBayes (using GTR+G model of evolution). Numbers above the branches indicates Bayesian posterior
probabilities supporting the branches. Names of haplotypes are explained in the Table S1.
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Fig. S2b, Phylogenetic trees based on the exon 3 of 7/r7 gene reconstructed by Bayesian inference method in
MrBayes (using GTR+G model of evolution). Numbers above the branches indicates Bayesian posterior

probabilities supporting the branches. Names of haplotypes are exlained in the Table S1.

0,88

08

136

nifuh3
nifuh4
nifuh5
nifuhg
nifuh6
nifuh?
nifuh2
nifuh1
leedh2
leedh3
leedh1
leneh1
leneh2
lesah1
lesah2
muceh2
muceh3
muceh1
mucoh2
mucoh3
mucohi
mucah3
mucahd
mucah2
mucah1
mudoh3
mudoh2
mudoh1
mumuh2
mumuh1



Fig. S3a, Phylogenetic trees based on the exon 3 of 7/r4 gene reconstructed by maximum likelihood method in
RAXML, Numbers above the branches indicates bootstrap support values, Names of haplotypes are explained in
the Table S1.
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Fig. S3B, Phylogenetic trees based on the exon 3 of 717 gene reconstructed by maximum likelihood method in
RAXML, Numbers above the branches indicates bootstrap support values, Names of haplotypes are explained in
the Table S1.
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Fig. S4, Test of congruence between the presumably neutral and 77r phylogenies (7/r4 (a), Tlr7 (b) following
JANE 4). Number at X axis represents costs of co-divergence. The red dashed line represents the cost observed
in our data. The blue columns represent the random distributions of costs. Lower cost than random observed in
our data signified higher congruence between species and gene topologies.
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Fig. S5, Superimposition of structures, tree clustering diagrams based on linkage distance, (a) LBRy g4 and (b)
LBR7r7; individual LBR-variants often unify more species; description of LBR-variants labels is in the Table
S1 under Hap LBRy r4 and Hap LBRryg7.
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Fig. S6, Analysis of LBR amino acid sequence charge at pH 7 (LRRFinder) for (a) LBRy g4 and (b) LBRr7,
individual LBR-variants often unify more species; description of LBR-variants labels is in the Table S1 under

Hap LBRtirs and Hap LBRrr;. Mouse species are in red, Rattus spp. and related genera are in blue.
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4 GENERAL DISCUSSION

Recapitulation of main objectives
The aim of this thesis was to describe Toll-like receptor variability at intra- and inter-specific

levels in murine rodents and to search for imprints of selection at these two levels. Firstly [
have described the polymorphism of five bacterial sensing TLRs of wild derived strains of
Mus musculus. This first insight into the TLR variability was followed by detailed analysis of
TLR4 in allopatric population of M. m. musculus and M. m. domesticus. Finally two receptors
from different TLR families (bacterial sensing TLR4 and viral sensing TLR7) were studied at
macroevolutionary level represented by 23 wild murine rodents from Southeast Asia.
Therefore obtained results allow to analyse the evolutionary processes at two time scales:
first is provided by diversification of Mmm and Mmd (0.5mya) and second by separation of
Mus and Rattus lineages (12.5mya).

At the beginning of my PhD study (in 2010-2011) information concerning
evolutionary processes acting on TLRs was rather scarce. In general TLR research was based
mostly on laboratory or domestic animals or human and many questions concerning TLR
evolution in natural conditions remained without answer. In first reviews TLRs were
presented as ancient and conservative immune receptors common for all eumetazoans,
providing bridge between both arms of immune system (Akira et al. 2001; Roach et al. 2005;
Leulier and Lemaitre 2008). The role of two main subfamilies (bacterial and viral sensing)
was well documented as well as the TLR structure and domain organization (Akira et al.
2006; Werling et al. 2009). Strong negative selection was detected in intracellular TIR
domain, which is responsible for signal transduction, in contrast to extracellular domain
which is directly responsible for ligand binding (Smirnova et al. 2000; Matsushima et al.
2007; Zhou et al. 2007; Wlasiuk and Nachman 2010). First studies showing important 77r
polymorphism focused on 77r4 in 35 laboratory mice strains and six domestic chicken inbred
lines (Smirnova et al. 2000; Leveque et al. 2003). In both studies non-synonymous
substitutions were detected representing potential for diversity in pathogen detection and
immune response. Non-synonymous polymorphism was described also in TLRs of other
domestic animals (Jann et al. 2008; Palermo et al. 2009; Seabury et al. 2010; Jungi et al. 2011;
Raja et al. 2011; Malik 2011) and human (Ferwerda et al. 2007). Differences in signalling

with functional significance were confirmed for some non-synonymous SNPs for example in
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TLR3 in wild derived mouse strains (Stephan et al. 2007) and many others non-synonymous
SNPs were associated with variable response to diverse diseases in human (Arbour et al.
2000; Lorenz et al. 2000; Kang and Chae 2001; Ogus et al. 2004; Hawn et al. 2005; Schréder
and Schumann 2005; Rezazadeh et al. 2006; Ferwerda et al. 2007). However studies of free-
living animals were missing in spite of the known reality that they differ in immune response
from domestic or laboratory animals (Vinkler and Albrecht 2009; Abolins et al. 2011;
Pedersen and Babayan 2011). This was the main reason, why I decided to study TLR
polymorphism in free living murine rodents.

My main aim was to track signals, direction and strength of different evolutionary
processes shaping TLRs in free living animals. At the beginning of my thesis I asked myself
many questions: What is the variability in mouse WDS? Is this variability represented also in
free living rodents? Could we observe some pattern of selection acting on TLRs in recently
derived mouse subspecies? What about interspecific level? Are TLR variants species-specific
or can we see trans-species polymorphism, which is commonly observed in MHC genes? Will
we be able to detect signals of recombination, a mechanism successfully applied in adaptive
immunity (e.g. Takahata and Satta 1998)? Are there differences between extracellular and
intracellular domains? Are sites under selection (if there are any) accumulated to the specific
region? Are there differences between different TLRs? etc..

At the end of my thesis I can tell that I am able to answer many of these questions;
however some still remain with question mark and the new ones came into my mind so
further research is surely required to understand evolutionary mechanisms acting on these

important parts of innate immunity.
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4.1 Selection forces acting on TLRs in free living populations: intra-
vs. inter-specific level

Intraspecific or population level can provide evidence about ongoing selection
processes and local adaptations, while interspecific comparison takes into consideration
deeper timescale. Studies based at interspecific level detected signals of positive selection
acting on distinct TLRs in mammals, i.e. rodents, primates or for example cetaceans
(Nakajima et al. 2008; Ortiz et al. 2008; Wlasiuk and Nachman 2010; Tschirren et al. 2011;
Shen et al. 2012) as well as in birds where few sites under positive selection were also
detected in LBR (Alcaide and Edwards 2011), and in fish in TLR9 and TLR22 (Chen et al.
2008; Sundaram et al. 2012). It was also found that selection shaping TLRs do not act in the
same way and direction and we can observe this pattern by signals of positive selection at
distinct lineages. Great example was shown in cetaceans, where strong positive selection
(dN/dS > 1) was found at TLR4 in the branch leading to hippos and whales. Authors suggest
drastic change in pathogene environment due to habitat transition of the terrestrial ancestor of
cetaceans from terrestrial to semi-aquatic habitat (Shen et al. 2012). Another strong signature
of positive selection was detected in branch leading to oceanic dolphins which experienced
rapid adaptive diversification. Therefore Shen et al. (2012) suggest an important role of
adaptive evolution of TLR4 in cetaceans. Similar pattern was observed also in extracellular
domain of TLR4 in primates during evolution of Catarrhini lineage (Nakajima et al. 2008;
Wiasiuk and Nachman 2010). Wlasiuk and Nachman (2010) conclude that adaptive evolution
play an important role in 77r evolution, but is rather episodic in the nature.

Our results suggest that evolution of murine TLR4 and TLR7 is shaped predominatly
by purifying selection, which eliminates majority of non-synonymous substitutions to
maintain correct function of proteins. However signals of positive selection were found in
both receptors. Overall, the phylogeny of vertebrate TLRs correctly recapitulates the
phylogeny of vertebrate species and trans-species polymorphism seems to be very rare
pattern. Therefore discrepancies between species phylogeny and genealogy can result from
strong pathogen selective pressures acting on several lineages. Departure from neutrality
represented in our dataset by phylogeny based on three non-immune genes was found in both
TLRs. In TLR4 discrepancie between species phylogeny and genealogy concerned Bandicota
spp. Relationships between Bandicota spp., which diverged quite recently, and the rest of
Rattus genus are still not well resolved, therefore observed pattern could be the result of ILS

(Pages et al. 2010). In TLR7 discrepancies were found between Rattus exulans and Rattus
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sakeratensis. Both species belong to well supported lineages and therefore more probable
seem the explanation of coevolution with some pathogens.

At the intraspecific population level, the evidence for positive selection is much more
complicated and results of previous studies are not congruent. In human it was found that
some populations have evolved under strong purifying selection (TLR2, TLR4 and TLR9)
while the TLR evolution of the other populations show patterns of balancing selection (TLR1,
TLR6, TLRY and TLR10) (Ferrer-Admetlla et al. 2008; Mukherjee et al. 2009). Differences
between populations were explained by local adaptation to specific pathogens and to regions
with a high microbial load in the study of Mukherjee et al. (2009). In contrast Ferrer-Admettla
et al. (2008) rejected the hypothesis of adaptation to the pathogenic environment as they did
not find any differences between studied populations. Signals of positive selection were
detected also within species of primates or rodents (Wlasiuk and Nachman 2010; Tschirren et
al. 2012; Tschirren et al. 2013), however authors hypothesized potential role of population
demographic changes or selective sweep with some linked locus rather than selection on 71r
itself. Tschirren et al. (2013) revealed causal relationship between TLR2 polymorphism and
bank vole resistance to Borrelia afzelii. The associations with parasite prevalence showed that
the most frequent allele is also the most advantageous. Nevertheless they admitted also the
possibility of hitchhiking by linked locus, which could have reduced TLR2 polymorphism in
yellow-necked mouse (Tschirren et al. 2012).

In our data we revealed moderate variability at intraspecific level in two sub-species of
Mus musculus, but no signature of selection appeared at molecular level when we analysed
both subspecies separately despite the extensive geographic sampling. By comparison of
subspecies we found that 7/r4 variability was lower in Mmd than in Mmm. Our results thus
confirmed the pattern observed previously in WDS. Mmd harboured one dominant haplotype
(prevalent in 71% of Mmd) widespread across all Western Palaearctic region and only single
variant of the ligand binding region. In contrast, 7/r4 of Mmm was much more polymorphic
with four haplotypes at intermediate frequencies (around 20-30%) and we also found clear
signal of recombination between two principal 7/r4 haplogroups. Majority of amino acid
substitutions between both subspecies were rather functionally neutral with respect to their
biochemical proparties, but it was shown that even such substitutions can change significantly
protein function (Nei and Nozawa 2011).

Analysis of mitochondrial cytochrome b gene sequence showed comparable variability
and pattern of haplotype network between two subspecies. Even if we can not reject

completely the effect of demographic processes (and some indication of western expansion
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during colonization are visible in 7/r4 of Mmd, but not in Mmm), we conclude that observed
differences in T/r4 diversity could be caused by contrasting parasite-mediated selection acting
on the two subspecies. Several hypothesis could be formulated. For example, we can
hypothesize that observed pattern was caused by single parasite specific to Mmd, i.e. not
occuring in Mmm, which could have resulted in expansion of one advantageous dominant
Tlr4 allele in Mmd. Western Europe was colonized by Mmd across southern regions with
higher biodiversity, including presumably higher prevalence of certain pathogens (see for
example distribution area of visceral leishmaniasis Fig. 21) (Lysenko 1971) that could have
formed strong selective pressure to Mmd immune system. Nevertheless it is only a
speculation, even if the role of TLR4 during recognition and elimination of Leishmania was
already described in laboratory mice (Tuon et al. 2008). Alternative scenario suggests cyclic
long-term co-evolution with pathogens, which is characteristic by occasional selective sweeps
in some lineages or populations. According to this hypothesis both subspecies can be now
situated in different stages of 7/r4 evolution manifested in Mmd by overdominance of one
allele while in Mmm higher variability can be observed. Hypothetically, if this sweep would
occur during the stay of Mmd in Levant before expansion to Western Europe, then we could
observe reduction in Mmd 77r4, but not in m¢-Cytb. This hypothesis could be confirmed by
extensive sampling in Mediterranean basin and in North India to compare 7/r4 variability in

both regions. However with present data we are not able to explain our results definitively.

musculus

“gentilulus”

Fig. 21, Hypothesis about the origin of reduced 7/r4 variability in Mmd, A) Geographical distribution of visceral
leishmaniasis in the Old World. http://www.who.int/leishmaniasis/leishmaniasis_maps/en/, Data source & Map
production: WHO/NTD/IDM HIV/AIDS, Tuberculosis and Malaria (HTM) World Health Organization, October
2010. B) Colonization of western Palearctic by the house mouse; Mmd is in red. C) Distribution of main 7/r4
haplogroups of Mmd and Mmm.
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4.2 The role of recombination: instrument of stochastic processes or
selection

In the arm race between parasites and hosts, maintaining of the polymorphism of
genes involved in pathogen recognition is crucial for survival of hosts. Therefore all
mechanisms favouring arising of new advantageous alleles and their combination would be
favoured. Recombination can be such mechanism and can play an important role in producing
genetic diversity at intraspecific level. Recombination can very quickly create new variants
and its important role in the evolution of immune genes was shown for example in the
adaptive immune branch, especially in MHC genes (Takahata and Satta 1998).
Recombination is the source of new combinations and therefore might has an appreciable role
also in creating polymorphism of TLRs.

In our data we revealed the signal of the recombination in Mmm where recombination
takes place between two main haplogroups (HG-Im and HG-IIm). Detailed analysis of our
sequences suggests that two haplotypes H 2 and H 19 are recombinants comprised of ECD
from haplogroup HG-IIm and ICD of HG-Im. Both haplotypes arised independently in
specimanes separated by distance of at least 500km and therefore we suggest that
recombination may be frequent in this region of 7/r4. Combination of variable ECD and
conservative ICD with TIR domain can be in fact very succesfull strategy how to maintain the
variability of ECD and at the same time correct function during signalling. Even if we
detected signals of recombination only in Mmm, recombination could occur in both
subspecies of Mus. The signal was visible only in Mmm probably due to low variability in
Mmd. In spite of the fact that signals of recombination were already detected in the ECD of
human TLR4 (Zaki et al. 2012) and bovine TLR3, TLR4 and TLR10 or in birds (Seabury et
al. 2010; Alcaide and Edwards 2011), the relevant tests of recombination have not been
performed in most studies of TLR evolution. In contrast to MHC genes where trans-species

polymorphism if very often, we did not find any pattern in our data.
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4.3 Selection forces acting on TLRs: bacterial sensing vs. viral sensing

Strength of selection vary also between individual TLRs. For example positive
selection was detected in primate TLR4 and TLR1, while no signal of positive selection was
found in TLRS (Wlasiuk and Nachman 2010). Diversity in selection between distinct TLRs is
generally explained by spectrum of targeted PAMPs.

One of the classifications of TLRs is based on the TLR localization, which is related to
ligand types. Intracellular or viral-sensing TLRs are considered as essential receptors with
non-redundant biological role in host survival. Viral proteins are in general poor targets for
innate recognition, because they are evolving very rapidly. Intracellular TLRs thus trigger
specific properties of viral nucleic acids which are difficult to change for viruses. Because
they are involved in recognition of nucleic acids they have to prevent self nucleic acid
recognition leading to autoimmune responses. Self RNAs (which could be detected by TLR7)
are subject to degradation by extracellular RNases and only rarely reach the endocytic
compartment where TLR resides (Diebold et al. 2004). Another viral sensing TLR, TLRO,
recognize non-methylated DNA which is specific to pathogens, because mammals have their
DNA methylated (Jong et al. 2010). Therefore it is not surprising that they are under strong
selective pressure to maintain correct function (Krieg and Vollmer 2007; Barrat and Coffman
2008; Waldner 2009; Wlasiuk and Nachman 2010; Casanova et al. 2011). Moreover it is
possible that viruses are putting stronger selective pressure on immunity sensors than other
microbes.

In their recent study, Areal et al. (2011) contradicts the general observations by the
finding that viral sensing TLR8 in mammals had the same number of positively selected
codons as TLR4, which was considered as one of the most variable TLRs showing strongest
pattern of positive selection (Wlasiuk and Nachman 2010; Areal et al. 2011). TLR7 and TLRS
arose in mammals by duplication and are located in tandem at chromosom X, therefore their
role is analogous and TLRS detects similar ligands as TLR7 (ssRNA). Therefore one would
expect that evolutionary pattern will be also similar between them. Surprisingly, Areal et al.
(2011) showed that TLR7 belongs among the most conservative TLRs. Their finding is
explained by wider sampling across different mammalian groups such as ungulates,
carnivores, primates, lagomorphs or rodents and potential broader spectrum of pathogens
involved in TLRS signalling, in comparison to previous studies where TLR8 was considered

to evolve under negative selection (e.g primates, Wlasiuk and Nachman 2010 and birds,
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Alcaide and Edwards 2011). Other viral sensing TLRs had low proportion of sites under
positive selection (e.g. TLR7 detecting the same ligand as TLR8 has only 0.67%, TLR3 =
0.99%, TLR9 = 0.39%) compare to 2.5% sites under positive selection found in TLRS8 (Areal
et al. 2011). It seems that TLRS is rather exception among viral-sensing TLRs. However we
admit that description of ligands for TLRS is not definitive and that spectrum of viral motifs
detected by viral-sensing TLRs could play an important role in TLR variability and further
research should focus at this problematic.

In mammals two viral sensing receptors, TLR7 and TLRS, are placed at chromosome
X. Because X chromosome evolve under specific selective constraints, their position could be
thus considered as possible evolutionary advantage in the arm-race, because deleterious
recessive mutations are removed more -efficiently (Vicoso and Charlesworth 2006).
Nevertheless position on X chromosome can cause also problems. Several studies
documented differences between females and males in immune response to viral and
autoimmune diseases, probably due to TLR localization on chromosome X (Shen et al. 2010;
Wang et al. 2011). On the other hand two viral sensing TLRs in birds (TLR7 and TLR21),
which also evolved under strong negative selection, are placed at autosomes, therefore effect
of X chromosome on the TLR evolution is questioned (Alcaide and Edwards 2011).

Constrained evolution was detected also in other PRRs involved in viral detection. For
example human RIG-like receptors (RLRs) were shaped by natural selection in different
direction and intensity (Vasseur et al. 2011; Vasseur et al. 2012). RIG-I which is involved in
detection of viruses is the most constrained receptor in this group. Low level of nucleotide
diversity, low tolerance to amino acid-alternation, lower frequencies of non-synonymous
mutations were explained by pressure of viruses. Viral dSRNA represent only short ligand and
therefore its detection requires more strict binding sites. Vasseur et al. (2011) suggested also
alternative role of RLR beside PAMP recognition for example in embryonal development,
what has been already shown for NOD receptor. Other two receptors of RLRs were found to
evolve under more relaxed constraints (IFIH1 and LGP2) (Vasseur et al. 2011). In the study
of Vasseur et al. (2012) endosomal TLRs and NALPs were found under stronger selective
constraint than cell-surface TLRs and for example NOD/IPAF subfamily. For detailed
overview of PRRs and their evolutionary dynamics see Fig. 22.

In my thesis I studied only one receptor of this interesting subfamily, TLR7. We
confirmed the general observation among bacterial and viral sensing TLRs. In comparison to
TLR4, which belong among bacterial sensing TLRs, TLR7 was under much stronger negative

selection across murine rodents. Overall dN/dS ratio was in TLR7 = 0.398 (similar to ratio
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found in birds, where dN/dS was 0.386, Alcaide and Edwards 2011) while in TLR4 at the
same dataset dN/dS was 0.481 (in birds the mean ratio dN/dS of TLR4 was 0.517). Both
receptors differed especially in region responsible for ligand binding where TLR4 had
dN/dS1pr = 0.787, while TLR7 only dN/dSipr = 0.196.

Bacterial-sensing (or cell-surface) TLRs, on the contrary, have been shown to evolve
under much more relaxed selective constraints, what is also the case of TLR4 in our study.
Among these TLRs we can found pseudogenes (caused mostly by substitutions causing stop
codons, for example TLRS) (Roach et al. 2005, this thesis - Chapter 3.1) and higher number
of non-synonymous substitutions, sometime tolerated and positively selected and sometime
with slightly deleterious effects (Wlasiuk and Nachman 2010). This is often explained by
greater redundancy and overlapping functions with other PRRs. Partial redundancy might be
therefore the important strategy, which permits to part of PRRs to evolve and run with
pathogens while others receptors are in the guard. Relaxed selective constraints may also

enable fine-tuning of host defenses.
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Fig. 22, Hierarchical model outlining the evolutionary dynamics and biological relevance of the various families
of PRRs. This representation is based on the intensity of the selective constraints detected for the 34 PRRs.
These analyses allowed us to distinguish three groups of genes: genes under purifying selection (1 < 1, in red),
genes under weaker selective constraints (g < 0, in yellow), and genes for which no deviation from neutrality
was detected (in gray). Color intensity is proportional to the —log(p-value) of u or g tests. Cellular
sublocalization, protein domains, and ligands are given as an indication but are not exhaustive. Adopted from
Vasseur et al. 2012.
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4.4 Selection forces acting on TLRs: ECD vs. ICD

Previous interspecific comparisons of TLRs revealed different selective pressure
acting on different parts of TLR proteins (Mikami et al. 2012). Comparison of dN and dS in
ten primate TLRs revealed that with respect to dS there is no difference between TIR and
LRR in ECD. This indicates that both domains are evolving at similar mutation rate. However
when both domains were compared with respect to dN, TIR contains lower number of dN in
comparison to LRR (Hughes and Piontkivska 2008). The observation that cytoplasmic TIR
domain evolve under stronger purifying selection than ECD (Matsushima et al. 2007; Wlasiuk
and Nachman 2010; Alcaide and Edwards 2011; Smith et al. 2012) was explained by the
essential role of TIR domain in signalling pathway and interaction with other binding partners
such as MyD88, TRIF, MyL and TRAM. Moreover TIR domain does not interact with
PAMPs and therefore there is no reason to keep variability in this part of TLR protein. By
contrast faster evolution of LBR was confirmed by many studies (Zhou et al. 2007; Jann et al.
2008; Wlasiuk and Nachman 2010; Alcaide and Edwards 2011; Huang et al. 2011; Mikami et
al. 2012; Smith et al. 2012). Mikami et al. (2012) also found that evolutionary rate of LRR
domains differ between diverse vertebrate TLRs, probably as the result of co-evolution with
distinct PAMPs. Lowest evolutionary rate of LRR domains was found in two viral sensing
TLRs TLR7 and TLR3 (Mikami et al. 2012). Moreover 81% changes in ECD of bird TLRs
were non-synonymous (Downing et al. 2010).

In our data of murine rodents we revealed similar differences between ECD and TIR
domain with respect to the number of dN, but not to the number of dS. The ratio dN/dS was
significantly higher in ECD and especially in specific LBR than in TIR domain (for example
in murine TLR4 dN/dS; gr = 0.787, while dN/dStir = 0.067). Comparison of TLR4 and TLR7
revealed similar pattern in both receptros (dN/dSigr > dN/dStir), however evolutionary rate
was higher in LBR of TLR4 than TLR7 (TLR7 dN/dSigr = 0.196). In TLR4 92% of
positively selected sites were placed directly in ECD and overwhelming majority of these
sites were directly in LBR. In TLR7 all of those sites were found in ECD, but non in LBR. All
these results together suggest much faster evolution of ECD resulting from arm race with
pathogens and important role of TIR domain involved in signalling. Strong purifying selection
acting at TIR domain was confirmed also in murine TLRs, where we found in 22 species only
6 amino acid variants of TLR7 TIR domain and in 23 species only 11 variants of TLR4 TIR
domain. Rather than trans-species polymorphism, we suggest that strong purifying selection

on the correct signalling is responsible for observed pattern.
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4.5 TLRSIN SPECIATION RESEARCH - FUTURE PROSPECTS

Generally, immunity genes, or their part interacting with pathogens, are assumed to
evolve rapidly due to selective pressure posed by pathogens with faster life cycles than hosts.
Present debate concerning the role of immune-related genes in evolution of reproductive
isolation in diverging taxa has generated two alternative viewpoints. The first view considers
immune genes as elements accelerating speciation. Due to breaking-down the co-adapted
immune gene complexes and/or excess of allelic diversity inter(sub)specific hybrids are
expected to exhibit higher parasite loads and selection then acts against these
hybrid/recombinant hosts strengthening the isolation (Sage et al. 1986; Eizaguirre et al. 2009).
The second hypothesis, on the contrary, views the immune genes as elements likely to flow
across (sub) specific barriers. This hypothesis considers breaking-down of the co-adapted
immune gene complex as less probable due to the fact that in source population
polymorphism is maintained. Therefore bigger is the polymorphism of studied genes less
likely would be hybrids penalized by presence of gene copies from source populations. Rather
than reinforcing the isolation, the higher numbers of alleles brought by diverged taxa into the
contact zones, together with novel variants produced by recombination, ensure a vigorous
immune function and lower parasite loads in hybrids (Baird et al. 2012). The European house
mouse hybrid zone seems an ideal study system in which to evaluate these alternatives. The
first alternative predicts that immune genes will behave in similar way as genes contributing
to the species barrier (e.g. those in the X chromosome, Dufkova et al. 2011; Macholan et al.
2011; Janousek et al. 2012). Under the second alternative immune genes will resemble more
closely neutral genes, introgressing freely across the hybrid zone. The clear phylogenetic
structure of T/r4 across the subspecies should give us the analytic power to test these two

alternatives in the hybrid zone.

152



4.6 CONCLUSION

We found that evolutionary dynamics of TLRs genes in murine rodents are driven by
various evolutionary forces (genetic drift, directional selection, negative selection etc.) which

differ in strength and direction between species.

1) In general negative or purifying selection seems to be the dominant type of selection,
which is common evolutionary mechanism responsible for maintaining correct
function of important genes. Signals of positive selection were detected only at
interspecific or “intersubspecific” level and mainly in extracellular domain. Contrary
analysis of data based on intraspecific level did not revealed any site under positive
selection and only few sites under purifying selection. Nevertheless pattern of genetic
variation suggests strong effect of directional selection in Mmd and possibly balancing
selection in Mmm. Inspite of the weak signal of selection we revealed moderate
variability of TLR4 in both subspecies.

2) Evidence of recombination between ECD and TIR domain was detected in Mmm and
we suggest that this mechanism contributed to the TLR polymorphism in the house
mouse.

3) Negative selection was more pronounced in TLR7 representing viral-sensing family in
this study. The most parsimonious explanation is the necessity to maintain their
correct function and at the same time to prevent self detection causing disorders in
immunity response. Differences between TLRs can be also caused by variance in
immunological redundancy with other PRRs due to distinct contributions to host
defense.

4) TIR domain was under stronger selective constraint than the rest of TLRs in all studied
genes. The explenation is probably consist in its important function during signalling
and close cooperation with other partners. Signalls of positive selection were
concentrated to the ECD which is responsible for ligand recognition and therefore
involved in the arm race with pathogens. The majority of sites under positive selection

in TLR4 was in LBR.
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6 ANNEX

6.1 PRIMERS

Gene  Primer ID Sequence of primers 5’ -3’ Function
Tirl TLR1_F1 CCT ATA CCC ATG TGG CAATGC TC amplification
Tirl TLR1_R1 GCA GCA ACATCATTG AGG TGG ATATTC amplification
Tirl MuMuTLR4 Ex1 F1 -3271 TTG CTC CAC GCC AGT TCC CT amplification
Tirl MuMuTLR4 Ex1 _R1 2631 TGCCTG TTC CTG CCC TGT GT amplification
Tirl TLR1_S1_F CCA ACT ACA GTT CCT GGG GTT GAG C sequencing
Tirl TLR1_S2 F AAG GCT TTG TCG ATA CAT CAA GTT GTC A sequencing
Tirl TLR1 _S3_F CAG GCT TTG CAG GAA CTC AAT GTA GC sequencing
Tirl TLR1_S4 F TCC AGA GAA ACC TCC AGT TCC ATG C sequencing
Tir2  TLR2 F1 ATA AGC GTG ATA ATA ATG ATA TGT CC amplification
Tlr2  TLR2 RI1 AAC AGT ATT CAA GAC AAA ACC CAT AGT T amplification
Tir2  TLR2_F2 TGC CTG TAA CTT ATT CCT TGC ATG AGG amplification
Tlr2  TLR2 R2 AGG AAG TCA GGA ACT GGG TGG AGA amplification
Tlr2  TLR2-S1_F TGG GAA ATC CTT ACC AGA CAC TGG GG sequencing
Tlr2  TLR2-S2_F ACG TAG TGA GCG AGC TGG GTAAAGT sequencing
Tir2 TLR2-S3_F AGA CGC TGG AGG TGT TGG ATG T sequencing
Tlr2  TLR2-S4 F TCC AGG CCA AGA GGA AGC CCA A sequencing
Tir2 TLR2 Rsl_R GAG TCA GGT GAT GGA TGT CG sequencing
Tir4 rTLR4-F AGT TTATCATCA CTG YA GCA AG amplification
Tir4  rTLR4-XF2 CCC AAT TGA CTC CAT TCA AGC CC amplification
Tir4  rTLR4-XF3 CCCTCAGGACTCTTGATT GCA G amplification
Tir4  rTLR4-R-1 ATT CTC CCA AGA TCA ACC GAT G amplification
Tir4 rTLR4-R-3 CTGKTC CTT GACCCACTGC amplification
Tir4 rTLR4-R AGA RMC CCA GRT GAR CTG TAG CAT T amplification
Tir4  MuMuTLR4 Ex1_F1 -3271 TTG CTC CAC GCC AGT TCCCT amplification
Tir4  MuMuTLR4 Exl R1 2631 TGCCTG TTC CTG CCC TGT GT amplification
Tir4  MuMuTLR4 Ex2 F1_-2481 TGG AGA AGG ATG GGT GTG ATAC amplification
Tir4  MuMuTLR4 Ex2 R1_632i ACA GTG TGT TGC CCT TAT TTT CAC amplification
Tlr5  MuMuTLRS5_Ex3_F1 _-113i GCC ATT CTT CCT TGA ACC ACC ACA GA amplification
Tlr5  MuMuTLR5_Ex3_R1_84i AGC CTG CTC CAT GCC TGA CA amplification
Tir5 mTLRS5_F ACT GGG CAT TTC TGT TCC AC amplification
Tir5 mTLR5_R TGG TGT TGT TTT CAT TGT CAG A amplification
Tirs mTLRS5_F1 GTG CTG TGT TAA GTG ACG GTT A amplification
Tir5 mTLRS_F2 TCG CACGGC TTT ATCTTC TC amplification
Tir5 mTLRS5_F3 GCCTCT GTT GGG ATG TTTTT amplification
Tir5 mTLRS_F4 GCT GGT GTT CAA GGA CAA GG amplification
Tir5 mTLRS_R1 AGG CTC GAG TTC ATC TTC ACA amplification
Tir5  mTLR5_R2 CAC GGT CAG CTT GTT AGC AC amplification
Tir6  TLR6_F1 TTA AAG TCT GTC TTATTT CTA GAG CTT GGA  amplification
Tir6  TLR6_RI1 GCC CAG GTT GAC AGT TTATTA AGT TA amplification
Tir6  TLR6-S1_F GCC TGT GTG TAA GGA ATT TGG CAA CC sequencing
Tir6  TLR6-S2_F AGT CAC TGA TGATAG AGC ACGTCA A sequencing
Tir6 TLR6-S3_F TGT CAC CCA CCT GCA GGCTTT sequencing
Tlr6  TLR6-S4_F GGC ACA TCC CCT TAG AGG AAC TCC AG sequencing
Tir7  rTLR7-F AAG ACC YRT GTT GYT TAG TTT TAATAA TG amplification
Tlr7  rTLR7-1F CAG ATT AGA CCT GGA AGC TTT AGT G amplification
Tlr7  rTLR7-4F TCT TGA CCT TGG CAC TAA CTT CAT A amplification
Tir7  rTLR7-5F CCATTG GCC AAA CTCTTA ATG G sequencing
Tir7  rTLR7-6F GGT GAT AAC AGATACTTGGACTTCT sequencing
Tlr7  rTLR7-7F CTG GCC ACT GAT GTG ACT TGT sequencing
Tlr7  rTLR7-2R GTT AGC CTC AAG GCT CAG AAG amplification
Tlr7  rTLR7-9R TAT CGG AAA TAG TGT AAG GCC TCA AG amplification
Tlr7  rTLR7-R AGA AAG AAR TTA TCK TCT ATC AGT CTC amplification

Table 1. Primers for 71r4 and 71r7 exon 3, primers are common for whole Murine rodents; the rest of primers is
tested only for Mus musculus.
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6.2 PCRPROTOCOLS

Reaction (ml) Reaction (ml)

1 1 Stock Final conc. Dilution (x)
dd H20 7,68 7,68
buffer 1,30 1,30 10 X 1 10,00
MgCI2 0,78 0,78 25 mM 1,5 16,67
dNTPs 0,26 0,26 10 mM 0,2 50,00
TLR-R1 0,39 0,39 10 uM 0,3 33,33
TLR-F1 0,39 0,39 10 uM 0,3 33,33
Taq polymerase 0,20 0,20 5 Uhul
DNA 2,00
Volume 13 11
Program
1) 94°C 2 min
2) 92°C 30s
3) 65°C 1 min Number of cycles 35x
4) 72°C Imin 30 s
5) 72°C 10 min
Table 2. Common PCR protocol for 7irl, Tlr2, Tlr4 exon 1 and 2, Tlr5 exon 3, Tlr6, sequenced by Mgr. Zuzana
Bainova

Reaction (ml) Reaction (ml)

1 1 Stock Final conc. Dilution (x)
dd H20 9.3 9.3
PCR Mix 12.5 12.5 10 X 1 10,00
TLR-R1 0,6 0,6 10 uM 0,24 20,00
TLR-F1 0,6 0,6 10 uM 0,24 20,00
DNA 2,00
DNA 2,00
Volume 25 23
Program
1) 95°C 15 min
2) 95°C 40s
3) 68-58°C 45s Number of cycles 30x
4) 72°C 45-1min 30 s
5) 72°C 10 min

Table 3. Common PCR protocol for 7/r4 exon 3, Tlr7 exon 3 and 7Ir5 exon 2.
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Background

An effective immune defence is dependent on well-
timed activation of an appropriate immune response.
Pathogen recognition by innate immunity Pattern
Recognition Receptors (PRRs) is crucial in this process
[1,2]. The PRRs detect molecular structures named
Microbe-Associated Molecular Patterns (MAMPs) that
are conservatively present among individual microorgan-
ism taxa, because they are essential for their survival
(such as, e.g., bacterial lipopolysaccharides, muramyl
dipeptide, peptidoglycan, flagellin, mannose, bacterial,
fungal, parasitic and viral nucleic acids) [3]. Recent stud-
ies have associated polymorphism in genes encoding
PRRs with variability in resistance or susceptibility to
several infectious diseases in humans, laboratory mice
and poultry e.g. [4-8]. However, in wildlife, molecular
variation in PRR genes is still poorly documented [9-14].

Understanding the evolution of the immune system in
general has been a challenge for evolutionary biologists
and ecologists since JBS Haldane associated natural
selection with infectious diseases [15]. In vertebrates, the
study of selection patterns was mostly oriented towards
genes of acquired immunity which are now intensively
studied even in wild populations. Among them, genes of
the major histocompatibility complex (MHC) are the
most explored and the role of balancing selection in
their evolution is generally accepted and well understood
[16-23]. The quite late discovery of genes involved in the
second branch of vertebrate immunity, i.e. innate im-
munity, among which the most important PRRs are
Toll-like receptors (hereafter abbreviated according to
the mouse gene and protein nomenclature as 7lrs and
TLRs, respectively) [24-27], has resulted in modest re-
search of their evolution in wildlife populations [28].

Generally, two subclasses of TLRs are distinguished
in vertebrates according to the ligands they target
[3,9,29,30]. The first subclass includes TLR1, TLR2,
TLR4, TLR5, TLR6 and TLR10. These TLRs predomi-
nantly detect bacterial components (but also fungal and
to lesser extent viral components) and are expressed on
the outer cell membrane. Throughout this paper we
term them “bacterial-sensing” TLRs. The second sub-
class includes TLR3, TLR7, TLR8 and TLRY and targets
mainly viral components (e.g. ssRNA, dsRNA, DNA
containing unmethylated CpG), hereafter termed “viral-
sensing” TLRs. These TLRs are expressed mostly within
cells into the membranes of endosomal compartments.
This current spectrum of genes for TLRs arose by mul-
tiple gene duplication and during the last 700 Mya diver-
sified to recognize distinct MAMPs [29,31-36].

TLRs of both subclasses are transmembrane proteins
composed of three domains [34,37]. The Extra-Cellular
Domain (ECD) consists of a varying number of Leucin-
Rich Repeat motifs (LRRs) that form a horseshoe-shaped
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tertiary structure of the ECD. This domain contains the
Ligand Binding Region (LBR) which is directly respon-
sible for physical interactions with the pathogen-derived
structures and as such it is likely subject to intensive
selection. The ECD is followed by a short Transmem-
brane Domain (TM), and an Intracellular domain (ICD)
containing the Toll/Interleukin-1 Receptor (TIR) domain
responsible for TLR signaling [3]. As previously shown
[38], non-synonymous SNPs located in LBR may affect
the 3D structure of the protein and its surface charge.
This may have important functional consequences, influ-
encing receptor ability to bind pathogens [14,36,39], and
may even lead to the evolution of species-specific ligand
recognition [40,41]. Appropriate binding of MAMPs by
LBR is connected with changes in receptor dimerization
[42-44] that induce signaling and release of cytokines
triggering mainly Thl and Th17 inflammation, fever and
phagocytosis [45-47]. The TLR signaling ensures an
immediate response to invading microorganisms that, in
a second step, further directs the following adaptive
immune response [48,49].

Previous studies, mostly based on investigation in
humans, primates and domestic or laboratory animals,
provided information regarding some general patterns of
TLR evolution and maintenance of their genetic poly-
morphism [2,9,50-52]. These studies revealed that the
ECD is more frequently a target of positive selection
than the TIR domain. Moreover, in general the viral-
sensing TLRs seem to evolve under stronger purifying
selection than the bacterial-sensing ones [53-56]. How-
ever, up to now, the evidence of TLR polymorphism and
the type of selection that shapes this polymorphism in
natural populations remain rare [10-14]. Besides, to our
knowledge the precise investigation of the LBR variabil-
ity and evolution is missing. Such information could
nevertheless be important to better understand species-
specific differences in the susceptibility to various patho-
gens [57].

In the present study we focused on the molecular
variation of the genes encoding the bacterial-sensing
TLR4 (binding mainly bacterial lipopolysaccharides, LPS,
as a ligand) [58] and the viral-sensing TLR7 (binding
viral ssRNA) [59,60] in 23 species of the subfamily
Murinae. Murine rodents are largely distributed over the
world and several species (such as rats and mice) live in
close proximity to humans. A recent review showed that
60% of the agents of emerging diseases in humans circu-
late in animals [61] and most of the natural reservoirs of
a number of serious viral and bacterial emerging agents
of zoonoses are rodents [62,63]. Species-specific molecu-
lar variability in immune-related genes may be respon-
sible for differences in the ability of rodent species to
transmit these pathogens. Herein we aimed to document
evolutionary histories of these two Tlrs during murine
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diversification. We implemented statistical approaches
to infer Tlr phylogeny and to detect selection acting on
DNA and amino acid (AA) sequences. We searched for
deviations from “species” phylogeny based on a compa-
rably sized non-immune sequence dataset by contrasting
phylogenetic trees reconstructed from Tlr sequences
with those reconstructed from “neutral” genes (both
mitochondrial and nuclear). Deviations would indicate
the occurrence of non-neutral patterns during the Tir
evolutionary history, e.g. adaptive selection [9,64,65].
Next we estimated putative functional changes in the
LBR by examining variability in predicted tertiary 3D-
structures of the proteins, and in biophysical properties
of proteins (charge and structural characteristics) at
polymorphic binding sites. Finally, we compared the
evolutionary histories of the two TLRs to reveal po-
tentially distinct evolutionary pressures shaping these
proteins.

Results

Sequence analyses

Amplification and sequencing were successful in 96
samples representing 23 rodent species for Tlr4 and in
96 samples representing 22 species for Tlr7 (Additional
file 1: Table S1). Only samples from one species -
Maxomys surifer could not be completely sequenced for
Tlr7 - the first 180 bp were missing and we excluded
this species from the TIr7 analyses. No stop codons,
indels nor recombination were detected in these data
using SBP (DATAMONKEY).

For the whole Tlr4 coding sequence (CDS), the three
different domains were predicted by SMART as follows:
ECD from AA position 1 to 635, TM from position 636
to 658 and ICD from position 659 to 835 in which the
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TIR domain (from position 671 to 816) and ICD dis-
tal part (ICD-DP; from 817 to 835) may be identified
(Additional file 1: Figure S1). For TIr7, the predicted
location of the three domains was the following: ECD
from position 1 to 850, TM from position 851 to 873
and ICD from position 874 to 1050 (TIR from 894 to
1033 and ICD-DP from 1034 to 1050; Additional file
1: Figure S1). In general, T/r4 was more diverse than
Tlr7, and within each Tlr, the ECD domain was more
variable than the TIR domain in both molecules (Table 1).
Surprisingly, ICD-DP located on the C-terminal end of
Tlr4 represented the most variable region of exon 3
(ucp.-pr-Tira = 0.102+0.015).

Phylogeny and co-divergence between the tree based on
a comparably sized non-immune sequence dataset and
TLR trees

Both phylogenetic approaches (MrBayes and RAXxML)
displayed similar trees for both Tlrs (Additional file 2:
Figures S2 and S3). Minor differences between ML and
Bayesian trees were found only at the intraspecific level.
Tlrd topology was well-supported with posterior prob-
abilities (pp) > 0.95 despite a lack of resolution within
the black rat species complex (including Rattus rattus,
R. tanezumi, R. sakeratensis, R. tiomanicus, R. argenti-
venter, R. andamanensis), between two Bandicota
species (Bandicota savilei and B. indica did not form
reciprocal monophyletic clades) and between two sub-
species of the house mouse (Additional file 2: Figures
S2a and S3a). Sequences of Tlr7 were also predomin-
antly clustered according to species with strong supports
(pp = 0.95). Relationships between Asiatic mouse species
were not fully resolved (monophyly of Mus caroli, M.
cooki and M. cervicolor supported with a moderate pp

Table 1 Estimates of sequence diversity and average codon-based evolutionary divergence over all sequence pairs for

the exon 3 and particular domains of TIr4 and TIr7 genes

TIr domains n L m+S.E. hN hA S Eta dN4S.E. dS+S.E. dN/ds
Tir4

Exon 3 96 2247 0.049+0.003 122 90 545 625 0.038+0.003 0.102 +0.008 0.481
ECD 96 1647 0.053+0.003 112 83 441 504 0.045+0.004 0.098 +0.009 0.597
LBR 96 666 0.072+0.006 67 50 203 242 0.070£0.008 0.108+0.015 0.787
TIR 96 435 0.031+£0.002 54 11 68 79 0.004+0.002 0.143 £0.024 0.067
Tir7

Exon 3 96 3147 0.034+0.003 79 49 466 518 0.021+0.002 0.088 +0.007 0.398
ECD 96 2547 0.037£0.003 75 48 407 455 0.025%0.002 0.089+0.007 0.468
LBR 96 311 0.035+0.003 19 8 37 38 0.018+0.006 0.107+0.024 0.196
TIR 96 420 0.026+0.003 26 6 43 47 0.007+0.003 0.105+0.021 0.070

NOTE. - ECD extracellular domain, LBR - ligand biding region, TIR Toll/interleukin-1 receptor domain, n the number of sequenced individuals, L length of analysed
sequences in base pairs, m average number of nucleotide differences per site between two sequences, S.E. Standard error, AN number of nucleotide alleles, hA
number of amino acid variants, S number of polymorphic sites, Eta total number of mutations, dS number of synonymous substitutions per synonymous site
(estimated by MEGA), dN number of non-synonymous substitutions per non-synonymous site (estimated by MEGA). Analyses were conducted using the
Nei-Gojobori model; S.E. of dN and dS - were obtained by a bootstrap procedure (1000 replicates); dN/dS were computed by SLAC (DATAMONKEY).
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value of 0.86 and Bootstrap values, Bp = 81) as well as
those between Leopoldamys species (L. edwardsi appeared
more closely related to L. neilli, rather than to L. sabanus
but with a low pp of 0.6, Bp = 48). Similarly to 7/r4,
branching orders within the genus Rattus were not
resolved: Rattus exulans (clade I) was retrieved monophy-
letic without ambiguity (pp = 1, Bp = 100), R. norvegicus
and R. nitidus were grouped together with the highest
support (clade II, pp = 1, Bp = 100) and the remaining
Rattus species formed a moderately supported group
(clade III, pp = 0.7, Bp = 98, for more details see
Additional file 2: Figures S2b and S3b).

At the first glance, Tlr phylogenies (based on MrBayes
approach) of the black rat complex was congruent to the
tree based on a comparably sized non-immune sequence
dataset (Figure 1). The number of co-divergence events
inferred using JANE 4 was significantly higher than
expected by chance, meaning that the two phylogenies
were similar (Additional file 1: Figure S4). However, the
Shimodaire-Hasegawa test showed significant disagree-
ment between the species tree and both Tlrs phylogenies
(Aln L = 257, ddl = 1, p < 0.001 for Tlr4; Aln L = 76,
ddl = 0.008, p < 0.05 for Tlr7), indicating that neither of
the Tlr trees coincided precisely with the tree based on a
comparably sized non-immune sequence dataset. The
incongruence was mainly caused by recently diverged
species of Rattus. However, we revealed several other
differences, such as the misplacement of the genus
Bandicota (occurring within Rattus in the Tir4d tree) and
the different positions of R. sakeratensis and R. exulans
in species and TUr7 trees (Figure 1).

Evidence of signatures of selection

The comparison of o (dN/dS) revealed substantial differ-
ences between the two Tlrs, as well as between gene
parts encoding different domains (for details see Table 1).
The difference between gene parts was mainly due to
variations in the number of non-synonymous sub-
stitutions (which was higher in ECDs than in the TIR),
while they both had similar numbers of synonymous
substitutions.

The highly conservative SLAC (Single Likelihood
Ancestor Counting) analysis (DATAMONKEY) [66] re-
vealed two codon positions evolving under positive
selection in Tlr4 and only one in TUr7, all of them being
located within the ECD domain (p < 0.05, Table 2,
Figure 2). We found 26 and 10 negatively selected sites for
Tlr4 and TIr7 respectively (p < 0.05, Table 2, Figure 2), dis-
tributed evenly over the whole sequences.

The imprint of natural selection on protein coding
gene is often difficult to reveal because selection is fre-
quently episodic (i.e. it affects only a subset of lineages)
[67]. We therefore looked for evidence of episodic diver-
sifying selection at individual sites along the evolutionary
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branches of the trees using the MEME algorithm.
Thirteen codon positions were found to be affected by
episodic selection for Tlr4 (1.7% of all analysed codons)
while only 4 codon positions showed this signature for
Tlr7 (0.38% of all analysed codons). In Tlr4, 12 of these
sites were located directly in LBR, while in TIr7 none of
the sites evolving under positive selection were in LBR.
Whatever the Tlr gene considered, all sites found to
evolve under positive selection using the SLAC were
identified also by the MEME algorithm.

The signs of positive selection were scattered over
whole Tlr trees, affecting nearly all branches of the Tir4
phylogeny, both basal and terminal, while they mostly
concerned the terminal branches for the T/r7 phylogeny
(Figure 3). Interestingly, one site evolving under positive
selection (p < 0.05) was located in the ICD-DP of Tird
gene (Table 2, Figure 2a). We found that this part (i.e.
the last 57 bp of C-terminal end of the protein following
the TIR domain) was highly variable (19 nucleic acid
alleles and 16 AA variants) with a mean w = 1.11.

Analysis of the ligand binding regions
In general, the Ligand Binding Region (LBR) was much
more variable in T/r4 than in Tlr7 genes. We detected
50 different AA variants of the LBR in the TLR4 dataset,
while only eight different AA variants were detected in
TLR7. Out of the 222 AA sites of LBRyirs, 43% were
polymorphic, while among the 103 AA sites of LBRtr7,
only 10% exhibited genetic variations. The CONSURF
analysis performed to estimate the degree of evolution-
ary conservation of each amino acid position in LBR
revealed 10% of phylogenetically variable positions (i.e.
22 positions assigned to grade 1 and corresponding to
the most variable and rapidly evolving amino acid posi-
tions out of 222 positions in total) in TLR4, but only 2%
(2 positions with grade 1 out of 103) in TLR7 (Figure 4).
Other positions were assigned as conservative (57% and
79% in TLR4 and TLR?7, respectively) or had insufficient
support (33% and 19%, respectively; Figure 4).
Ligand-binding positions in rodents were predicted by
comparison with those identified in humans by Park et al.
[39]. In TLR4, two out of eight LPS-binding amino acid
positions were identical to humans and strictly conserved
among rodents (F438 and F461). Three other were con-
served in terms of amino acid features (i.e. polarity, hydro-
phobicity) but distinct from human residue and variable
among rodents (R263K, K360R and K434R). Interestingly,
one LPS binding site that was uniform in human was
found to be evolving under positive selection using the
MEME algorithm. We found hydrophobic and hydrophilic
residues, although this position, L442Y, is known to be
involved in hydrophobic interactions. Finally, two remain-
ing positions were found to be highly variable in rodents
(339 and 386) (Additional file 1: Table S3). In TLR7, the
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Figure 1 Comparison of phylogenetic trees based on Tlrs and neutral markers. Comparison of the Bayesian phylogenetic trees of TIr4 (a)
and TIr7 (b) on the right with phylogenetic trees based on presumably neutral markers (Cytb, Col, Irbp; for more details see Pages et al. 2010) on
the left. Abbreviations (R1, R2....M) indicate species assignment used in Pages et al. 2010; corresponding legend is on the left. Color lines link the
L supported clades represented by the same species; * indicates posterior probabilities (pp) > 0.95.
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Table 2 Positively (MEME and SLAC-PS) and negatively (SLAC-NS) selected sites detected for the exon 3 of Tir4 and

TIr7 at p < 0.05

ECD (and LBR) D TIR ICD-DP
Tir4 1-635 (248-469) 636-658 671-816 817-835
MEME 273, 335, 345, 347, 361, 363, 366, 368, - - 818
394, 398, 442, 469
SLAC-PS 347, 469
SLAC-NS 99, 105, 149, 240, 253, 364, 457, 461, 463, - 679, 688, 691, 721, 740, 772, 782, 785, 793, 811 822
518, 522, 529, 549, 616, 635
TIr7 1-850 (495-597) 851-873 894-1033 1034-1050
MEME 128, 308, 461, 772 - - -
SLAC-PS 308
SLACNS 156, 272, 455, 528, 541, 671, 676, 709, - 963, 971 -

NOTE. - ECD extracellular domain, LBR ligand binding domain, TD transmembrane domain, TIR TIR domain, ICD-DP distal part of intracellular domain. Prediction
of domains and numbering of sites are according to the reference protein sequence of Rattus norvegicus taken from GenBank [NP_062051.1 for TIr4 and

NP_001091051.1 for TlIr7]. Sites located in LBR are underlined.

nine ligand binding residues predicted following Wei et al.
[68] were strictly conserved within rodents and seven of
them were common to both rodents and human TLR7
(Additional file 1: Table S4).

The pairwise RMSD that allowed estimating the differ-
ences in 3D protein structure among variants varied
from 0 to 1.5A in TLR4 variants, and from 0.6 to 1.7A
in TLR7 variants (Additional file 1: Figure S5). Yet, in
the phenetic diagram of TLR4, 3D-structures of Rattus
sakeratensis and Rattus nitidus were distinct from each
other and also from all other species. Similarly for TLR7,
the 3D-structure of the protein of Rattus exulans was
separated from other species (Additional file 1: Figure S5).
To provide wider context we performed additional
comparison between PDB structures (obtained from The
RCSB Protein Data Bank http://www.rcsb.org/pdb/home/
home.do) of human (HoSaTLR4-3fxi_A) and mouse
(MuMuTLR4-3vq2_A) ECDrigrs and between ECD of
mouse TLR4 and TLR3 (MuMuTLR3-3ciy_A). The com-
parison between species of the same TLR was 1.7A
(HoSaTLR4-MuMuTLR4). Comparison between two
TLRs from most distant TLR families of the same species
was 4.6A (MuMuTLR4-MuMuTLR3). The analysis of
electric charge of LBR revealed higher variation in TLR4
(from -7.7 to 1.5) when compared with TLR7 (from -1.6
to 0.6). Detailed analyses of LBRrir4 revealed that Mus
and Rattus species were well differentiated from each
other (Mus: from -7.7 to -3.7; Rattus and related genera:
from -3 to 1.5, Additional file 1: Figure S6a). Similar pat-
tern was found for LBR; 7 (Mus: -1.6, Rattus and related
genera: from -1.4 to 0.6, Additional file 1: Figure S6b).

Discussion

In this study we analysed the variability of two important
vertebrate immune genes involved in innate immunity
across wild murine rodents and we looked for evidence
of selection. Overall, we found that 7/r4 was much more

variable than T/r7 and that the evolution of both genes
had been influenced mostly by purifying selection.
However, comparison of both Tlrs revealed contrasting
evolutionary patterns. T/r7, which is involved in the
recognition of viral nucleic acids, was highly conserved
across rodents and its evolution seemed to be strongly
shaped by purifying selection. Predicted ligand binding
sites in LBRyrr; were identical across all species and
only few sites were detected to evolve under positive
selection within the whole molecule. By contrast, Tlr4,
which detects several different pathogen ligands, was
more variable and was affected by numerous events of
episodic selection. Positively selected sites mostly occur-
red in LBR, probably as a result of co-evolution with
pathogens. Analyses of the LBR variability in surface
charge revealed a potential for interspecific differences
in ligand binding capacities of both Tlrs.

Differences in TLRs evolution - phylogenetic approach

We found that both Tirs were conserved genes as their
phylogeny almost correctly recapitulated species phyl-
ogeny. In spite of this conservatism we revealed some
incongruence between gene and species topologies,
especially in branches represented by the shallow ge-
nealogy of the black rat complex and Bandicota spp.
(Figure la). These species have experienced recent and
rapid radiation during the Early Pleistocene about 1 Mya
[69,70]. Discrepancies between a gene genealogy and the
species phylogeny in recently diverged species often
results from Incomplete Lineage Sorting (ILS) of an-
cestral polymorphism and/or episodic gene flow and
hybridization [71,72]. Indeed, R. tanezumi R2 and R.
tanezumi R3 were recently proposed as conspecifics or
were suspected to hybridize in Southeast Asia [73]. In
addition, hybridization with introgression occurred bet-
ween the invasive populations of R. tanezumi and R.
rattus in the United States [74]. These phenomena could



Fornuskova et al. BMC Evolutionary Biology 2013, 13:194
http://www.biomedcentral.com/1471-2148/13/194

Page 7 of 17

(a)

% ECD | 4

20

10 l

-10 i

v o)

ICD

-250

DP - distal part of intracellular domain.

Y -
: ;
[0: ICD
i
: i
! i
i
! i
; ]
H i
; i
: i
; ‘
VoL ,
| i *
i !
! i
i i
; |
j
]
i ! ;
i : i
i i }
i + 3
i i 4
i ! i
i ! :
i { i
i i i
i i : i
i LBR | { TIR ICD{DE
NN TNDOURNDODOANMNMTVLONVDNOANMTNONDNO =AM N
MO ON NN ATNOMOLIOINLIOINMOAITNODMOMNOMOLON
.—<.—«.—c~~~mmmvvvvmmmmmwl\v\r\wwwmmmmg

Figure 2 Distribution of sites under selection identified by SLAC and MEME. Intensity of selection acting on TIr4 (a) and TIr7 (b) exon3 with
p < 0.05; the blue line is normalized dN-dS calculated in SLAC (DATAMONKEY); blue arrows-up - sites under positive selection detected by SLAC;
black arrows-down - sites under positive selection detected by MEME (DATAMONKEY); blue full circles - sites under negative selection detected

by SLAC. ECD - extracellular domain; LBR - ligand binding region; TD - transmembrane domain; TIR - TIR domain; ICD - intracellular domain; ICD-

explain incongruence between Tlrs and species trees.
However, directional selection could also be involved.
Discrepancies in TIr7 phylogeny represented by R. exu-
lans and R. sakeratensis seem more likely to be caused
by pathogen selective pressure (Figure 1b). ILS and
hybridization are unlikely to result in such deeper
changes, whereas the influence of directional selection
(positive or negative) on non-neutrally evolving genes
could be at more likely explanation [75]. The rejection
of co-divergence (concerning basal nodes) between Tlrs
and species phylogenies could reflect the occurrence of
pathogen-driven selection on Tlrs during the evolution-
ary history of the murine rodents [32,76]. The former
hypothesis should now be tested by a detailed analysis of
spectrum of pathogens from rodents to determine if the

species producing the incongruent topology displayed
specific pathogens that could mediate this selection.

Tir variability and signatures of selection

We found that 92% and 100% sites (respectively for T/r4
and TIr7) evolving under positive selection were located
in the ECD, which is responsible for pathogen recog-
nition. For Tlr4d 92% of these positively selected sites
found by MEME algorithm were located in the LBR.
This is in concordance with several recent studies
conducted on primates, birds and rodents, that have
suggested a high accumulation of positively selected sites
at LBR [9-11,77,78]. Surprisingly, none of the sites evol-
ving under positive selection was identified directly in
the LBR of TIr7.
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The TIR domain of both Tlrs was evolving under
much stronger functional constraint than the ECD in
both genes. We found only 11 amino acid variants of
TIRtrse in 23 species and six different variants of
TIRtLr7 in 22 species. Altogether our results support the
observation that Tlr exodomains evolve more rapidly
than the intracellular TIR domain [9,56,77,78]. The
requirement of sites within ECD, which would be invol-
ved in ligand recognition and able to recognize perman-
ently fast-evolving pathogens, could explain this pattern.
Besides, the high conservation of the TIR domain could
be adapted to maintain a functional response of signal
transduction see, e.g. [9,33,50,56,58,79].

Both genes showed non-significant differences bet-
ween ECD and TIR with respect to dS, supporting the
hypothesis that there was no difference in mutation rate

between ECD and TIR. The same result has been found
in comparative studies of 10 vertebrate TLRs [33]. The
distal part of ICD in T/r4 was surprisingly highly variable
among rodent species. The reason for such a high level
of variability is still unknown; however some authors
suggest that this region at the carboxy-terminal end of
Tlrd could be responsible for interspecific differences in
LPS sensitivity [50].

Positive selection we also detected using the MEME
approach that individually considers each codon along
the Tlrs phylogeny [67]. We found that episodic positive
selection affected most lineages in the phylogenetic tree
of Tlr4, while the situation was quite different in TIr7,
where the sites evolving under positive selection were
mostly distributed only along the terminal branches.
Episodic diversifying selection could have affected T/r4
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throughout its evolution and this process could still be
in operating, while in Tlr7 diversifying selection seemed
to have appeared more recently and the gene history
was mostly maintained by the stronger purifying selec-
tion (Figure 3).

Analysis of the Ligand binding region

In TLR4 variants we found 22 rapidly evolving positions
distributed all over the LBR. While TLR4 is able to
detect several ligands, the most studied one is LPS of
Gram negative bacteria. TLR4 does not interact with
LPS alone directly but forms stable heterodimers with
MD-2 [80]. Analysis of the crystallographic structure of
mouse TLR4-MD-2-ligand complex has shown that the
interactions between TLR4, -LPS and MD-2 take place
on the concave surface of TLR4 [80]. We predicted that
sites involved in the TLR4-MD-2 interaction should be
highly conserved to maintain the receptor function in
LPS binding and these sites were thus not identified in
the present study. Among the eight known LPS-binding
sites, identified by Park et al. [39] in humans, two resi-
dues (F438 and F461) were conserved between humans
and rodents as well as among rodents. These key
residues are jointly involved also in hydrophobic interac-
tions between TLR4 and MD-2 [39,81]. It is possible that
negative selection might maintain an invariable com-
bination at these sites to preserve MD-2 binding, which
supports our hypothesis mentioned above. One exception
was the controversial site L442Y which was suggested by
Park et al. [39] to be also involved in hydrophobic inter-
actions between TLR4 and MD-2, but Resman et al. [81]
challenged the importance of its function. Among the
studied rodents this codon was found to be polymorphic
and has been shown to be affected by episodic positive
selection during rodent evolution. A hydrophobic non-
polar residue (Leucine, L) was commonly shared between
rodent species except for Maxomys surifer that harbored a
hydrophobic and polar Tyrosine (Y). For three LPS-
binding sites, R263K, K360R and K434R, the biochemical
features of the residue were maintained between rodents
(all were positively charged residues) but distinct amino
acids were detected. The important role of these residues
was supported also by Ohto et al. [82] and the potential
functional importance of substitution R263K was beside
confirmed by conservation analysis. Finally, we have iden-
tified in TLR4 two ligand binding positions, 339 and 386,
with important amino acid substitutions that might be
responsible for variability in LPS binding. No signature of
positive selection was detected for these sites; however
functional importance of position 386 was supported by
the CONSURF analysis. Intriguingly, both residues form
charge interactions with the same lipid A phosphate of the
LPS, which might indicate that the evolution of this pos-
ition is associated with phosphate binding. However, this
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interpretation must be taken cautiously since Resman
et al. [81] have questioned the role of the site 386 (in
human K388) in LPS binding.

LBR11gr; sequence was much shorter than LBRyigg
one (103 vs. 222 codons, respectively), which could be
explained by the smaller size of LBR g, ligand, the viral
ssSRNA [68]. LBRyr; was highly conserved at the inter-
specific level. Only two rapidly evolving positions (out of
103 analysed sites) were detected and neither of them
corresponded to the predicted ligand binding residues
[68]. Generally the conserved sites (sites evolving under
negative selection), have important evolutionary roles for
example in protein-protein interactions (TIR domain) or
in the preservation of protein structure (e.g. LRR for-
ming horseshoe structure).

We found that structural variation between rodent LBR
of both TLRs (TLR4 - 1.5A and TLR7 - 1.7A) was com-
parable with the variation observed between ECDrr4 of
human and mouse (1.7A). The 3D-protein structure
modeling revealed that LBRyr4 differed between Rattus
sakeratensis, R. nitidus and all other rodent species. The
analysis of LBRt1r4 sequences did not reveal any specific
or unique substitution that could be responsible for this
clustering. The same analysis performed on LBRyigrs
revealed that Rattus exulans substantially differed from
other species. This difference could be explained by sub-
stitutions found at position H516Y, one being specific of
R. exulans (Y at position 516) while other Rattus and Mus
species harbored an H amino acid at this position. These
inter-specific differences in LBR 3D structure were not
related to the phylogenetic distance between species. They
could be better explained by similar pathogen exposition
and thus similar pathogen-mediated selection.

The results of charge analyses might be more important
as they revealed interspecific variation in LBRs of both
receptors. Mus species had generally a more negative
overall charge at LBR than Rattus species (Additional
file 1: Figure S6). Differences in protein charges were
previously shown to be associated with differences in
protein-ligand interactions [41,65]. Likewise, differences
between these two groups were also found in LBRy g, at
positions that directly bind to LPS. However, some
caution is needed, since variation of TLR4 and TLR7 in
sensitivity to LPS or ssRNA, respectively, between rats
and mice has not been investigated.

Differences in evolution of bacterial-sensing and viral-
sensing Tlrs

Our results showed that the bacterial-sensing T/r4d was
more variable than the viral-sensing T/r7, and that T/r4
evolution was more intensively shaped by positive
selection than in 7/r7. Tlr4 had 1.7% of codons under
positive selection, while in 77r7 it was only 0.38%. These
differences are likely to be explained by Tlrs” specificity
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to different groups of MAMPs with which they co-
evolved [56]. Tlr4 detects more types of ligands (e.g.
bacterial LPS, envelope viral components, fungal cell
wall components — Mannan) [30] and it seems that
these pathogen structures have exerted more diversifying
selective pressures on T/r4 than the viral ssSRNA affect-
ing TIr7. Recent studies of parasites show that there is
an important structural variability in MAMPs between
bacterial species (e.g. flagellin and LPS) [44,81,83-87].
We propose that the ligand binding region of Tlr4
detecting these MAMPs should reflect higher ligand
variability observed in our data.

Reduced genetic variability in important genes gener-
ally results from strong purifying selection acting against
deleterious mutations in these genes [88]. It can result in
a smaller effective population size and a lower amount
of incomplete lineage sorting [72,89]. These two phe-
nomena were found to be more pronounced when
analysing TIr7 phylogeny. Moreover the TIr7 gene is
located on the X chromosome in mammals, which can
be advantageous during evolution (e.g. lower polymor-
phism is maintained by quicker fixation of beneficial
mutations and elimination of deleterious ones by stron-
ger selection and more intense genetic drift) [90]. We
suggest that the tension between diversifying and purify-
ing selection, caused by adaptation to the variability of
viral motifs detected by viral-sensing 77/¥7 and main-
tenance of function together played an important role in
the distribution of T/r7 polymorphisms.

Conclusion

This study brings a unique insight into the natural vari-
ability and molecular history of two Toll-like receptors
in free-living populations of 23 murine species. Purifying
selection seems to be the dominant evolutionary force
shaping Tir4 and TIr7 polymorphism. However, specific
sites putatively evolving under diversifying selection
were detected in both Tlrs. These sites accumulated
within 7/r4 LBR, and detailed analyses revealed that
several important amino-acid substitutions might alter
LPS binding. These substitutions were often species-
specific and differentiated between the Rattini and
Murini tribes. Interspecific charge variability of LBR and
to lesser extent the variability in 3D structure indicated
the potential differences in protein-ligand interaction. By
contrast, the evolution of TIr7 was strongly shaped by
purifying selection. All predicted ligand binding residues
in this receptor were uniform across all studied mam-
mals to date. The contrasting evolutionary histories of
these two Tlrs are likely to result from different struc-
tural variability of ligands they target. Since the crystal-
lography of certain ligands (e.g. biglycans, hyaluronans
and heparin sulphates, ssRNA) [44,68] remains unknown
and the precise positions of corresponding binding sites
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are still missing, our data provide important avenues
towards understanding which codons might be candi-
dates for ligand binding residues.

Methods

Sampling

Murine rodents from 23 species belonging to the Rattini
and Murini (sensu Lecompte et al. [91]) tribes were sam-
pled mainly in South-East Asia, and three synanthropic
species (i.e. Rattus rattus, Mus m. muscululus and Mus m.
domesticus) were also sampled in Europe and Africa. In
our sampling area, Rattus tanezumi specimens corres-
ponded to two divergent mitochondrial lineages although
they could not be distinguished according to their nuclear
pool [73]. These samples were further referred to clades R.
tanezumi R2 and R3 according to their mitotype. Rattus
sakeratensis corresponds to the lineage previously referred
to as R. losea and found in central, northern Thailand and
Vientiane Plain of Lao PDR (Rattus losea-like by Pages
et al. [69]). This lineage was recently distinguished from
the true R. losea, which is restricted to Cambodia,
Vietnam, China and Taiwan [70].

Species identification was initially based on morpho-
logical criteria and thereafter confirmed using molecular
barcoding for problematic lineages [69,92]. We sequenced
two to 10 individuals per species. In total 103 specimens
were analysed (Additional file 1: Table S1).

Toll-like receptor sequencing and sequence alignments
We sequenced the complete exon 3 of T/r4 (2.250 bp) and
Tlr7 (3.150 bp) as it encompasses the LBR in both genes.
Exon 3 corresponds to 89.7% and 99.0% of the total cod-
ing sequence for Tlr4 and TIr7, respectively. Short exons 1
and 2 (241 bp encoding 5’- untranslated (UT) region and
first 257 bp of ECD in Tlr4ewon» and 154 bp of 5°-UT
regions and 3bp of ECD in T/r7...n2) Were not analysed in
present study, because we were preferentially interested by
functional regions (e.g. LBR and TIR). For all analyses and
discussion the codon numbering follows the sequences of
Rattus norvegicus available in GenBank [GenBank Acc.
NP_062051.1 for Tlr4, and NP_001091051.1, for TIr7].
Primers for Polymerase Chain Reaction (PCR) and
sequencing were designed according to the sequences
available in the Ensembl database for Mus musculus [Tir4
ENSMUSE00000354724/MGI:96824, Tir7 ENSMUSEOO
000405820/ MGI:2176882] and Rattus norvegicus [Tir4
ENSRNOE00000099045/NP_062051, Tlr7 ENSRNOEO00O
00039897/NP_001091051]. We used the software PRI-
MER3 [93] to design primers (see their sequences in
Additional file 1: Table S2 and positions in Additional file
1: Figure S1). Total DNA was extracted from rodent tissue
(biopsy from ear or necropsy from liver) using the DNeasy
Blood & Tissue Kit (Qiagen AB, Hilden, Germany).
Amplifications were carried out in a final volume of 25 ul
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containing 12.5 pl of Multiplex Kit PCR master mix
(Qiagen), 9.3 pl of H,O, 0.5 pM of each of primer pairs
and 2 pl of DNA. Cycling conditions included an initial
denaturation at 95°C for 15 min, followed by 10 cycles of
denaturation at 95°C for 40 s, annealing with touchdown
at 65°C to 55°C (-1°C/cycle) for 45 s and extension at 72°C
for 90 s, followed by 30 cycles of denaturation at 95°C for
40 s, annealing at 55°C for 45 s and extension at 72°C for
90 s, with a final extension phase at 72°C for 10 min. The
final extension was performed for 10 min at 72°C. The
lengths of amplicons were checked on 1.5% agarose gels.
Sequencing was carried out using an ABI3130 automated
DNA sequencer (Applied Biosystems). DNA sequences
were aligned and edited using SEQSCAPE v.2.5 (Applied
Biosystems) and BIOEDIT v.7.1.3 (Hall 1999). All sequen-
ces have been submitted to NCBI GenBank (Accession
numbers are presented in Additional file 1: Table S1).

Sequence analysis

Diploid genotypes were resolved using the Bayesian
PHASE platform [94] implemented in DnaSP ver. 5.10
[95]. Calculations were carried out using 1000 iterations,
10 thinning intervals, and 1000 burn-in iterations.
Sequences were collapsed into individual alleles by Fabox
DNA collapser, an online FASTA sequence toolbox [96].
The identification and visualization of main domains
(ECD, TM and ICD with TIR domain and ICD-DP) was
performed in SMART [97] based on Rattus norvegicus se-
quences provided in GenBank [NP_062051.1 for T/r4 and
NP_001091051.1 for TIr7]. 3D structure was predicted in
PHYRE2 [98] and then visualized using FirstGlance in
Jmol v.1.9. Finally, we estimated nucleotide diversity (i),
number of polymorphic sites (S) and total number of
mutations (g) with DnaSP, and the number of nucleotide
alleles (ZN) and amino acid variants (ZA) using Fabox
DNA collapser.

Phylogenetic reconstructions and congruence between
the tree based on a comparably sized non-immune
sequence dataset and TIr trees

We first tested Tlr sequences for recombination using
SBP, to avoid further false positive events of selection.
This method (implemented in DATAMONKEY, [66,99])
allowed the screening of Tlr sequences for recombina-
tion breakpoints. SBP identify non-recombinant regions
and allowed each region to have its own phylogenetic
reconstruction [100,101].

Phylogenies were reconstructed independently for
each gene using the alignment of complete exon 3
sequences. A phylogeny inferred from the combination
of one nuclear (the first exon of the gene encoding the
interphotoreceptor retinoid binding protein, Irbp) and
two mitochondrial genes (the cytochrome b gene, Cytb,
and the cytochrome ¢ oxidase I gene, Col), taken from
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Pages et al. [69], was used for comparison of “neutral”
evolution of the studied rodents with trees obtained
from the immune gene alignments. Both Maximum like-
lihood (ML) and Bayesian (BA) methods were applied to
infer phylogenetic relationships from each Tir align-
ments. The best evolutionary model of nucleotide substi-
tution was determined using jModelTest 0.1.1 [102].
Phylogenies based on ML analyses were reconstructed
using RAXML 7.2.6 [103]. Analyses were run as the
rapid bootstrap procedure (option —f a) with bootstraps
defined by option —NautoMR. For both Tirs we used
nucleotide substitution model GTR + I (option —-m
GTRGAMMA) selected by jModelTest 0.1.1 as the most
appropriate to our data. Bayesian analyses were perfor-
med using a parallel version of MrBayes v3.1 [104] at
the University of Oslo Bioportal [105] and CBGP HPC
computational platform located at Centre de Biologie
et Gestion des Populations, Montpellier. Two runs of
50,000,000 generations in each were adopted, applying
the best fitted model of substitution (GTR+ TI). A
burn-in period of 10,000,000 generations was deter-
mined using Tracer 1.4 [106]. Convergence was also
evaluated using Tracer v1.4. After discarding samples
from the burnin period, results were based on the
pooled samples from the stationary phases of the two
independent runs. Trees were edited using FigTree
v1.3.1. [107].

We tested the congruence between the rodent phyl-
ogeny and the Tlrs phylogeny based on the MrBayes
approach using reconciliation analyses. Reconciliation
analyses explore all possible mappings of one tree onto
another, assigning different costs to evolutionary events
and find optimal (i.e. yielding minimal costs) solutions.
These analyses were conducted using JANE 4 [108]. This
software was initially built to reconcile parasite and host
trees, yet it can also be used for comparative analysis of
species and gene trees. In the context of host-parasite
relationships, five evolutionary events between parasites
and host can be taken into account in JANE 4: co-
speciation, host switches, duplication, failure to diverge
and parasite loss. These events are analogous to co-
divergence, convergence, duplication, purifying selection
and gene loss (respectively) when considered in the
context of species and gene tree reconciliation. For each
of these events the specific costs can be set. The lowest
cost is attributed to the event considered as most likely.
In order to obtain reconciliations that maximize the
number of co-divergences we set the cost of a co-
divergence event to 0 while other costs were set to 1
(see Cruaud et al. [109] for similar approach). The cost
of the best solution is then compared with costs found
in reconciliations in which tip mappings are permuted at
random. This generates a null distribution of the costs
of reconciliation. If the cost of the best solution is lower
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than that expected by the chance it means that the two
phylogenies are significantly congruent. The following
parameters were used: the number of generations
(iterations of the algorithm) was set to 100 and the “popu-
lation” (number of samples per generation) was set to 100.
Input phylogenies were those obtained by the Bayesian
inference. The cost of the best solution was compared to
distribution of the costs of 1000 randomizations.

Moreover, we tested the congruence between genes
and tree based on a comparably sized non-immune
sequence dataset using SH test [110] as implemented in
PAUP. Alternative topologies required for ML SH test
were reconstructed by ML approach in the software
GARLI v. 2.0 [88]. Two different ML trees were estimated
for each Tlr; a first one inferred under non-constrained
conditions with default options and a second one cons-
trained by the tree topology based on a comparably sized
non-immune sequence dataset. Mouse species (genus
Mus) were excluded from the analysis of co-divergence in
order to match data with the study of Pages et al. [69]
where the mice are missing.

Search for signatures of selection on Tlr sequences

We estimated separately the number of synonymous
(dS) and non-synonymous (dN) substitutions per site for
the whole exon 3, ECD, LBR and the TIR domains, and
for both Tlrs. Computations were made with 1000
bootstraps and Nei-Gojobori method (with Jukes-Cantor
correction) in MEGA 5 [111]. We then estimated the
overall ratio dN/dS for each domain and for the whole
exon 3 of both Tlrs by Single Likelihood Ancestor
Counting (SLAC) implemented in DATAMONKEY. The
p-value was 0.05. As the SLAC method tends to be a
very conservative test, the actual rate of false positives
(i.e. neutrally evolving sites incorrectly classified as
selected) can be much lower than the significance
level [67]. In the next step we estimated selection at
each codon by SLAC to find which codons of the exons 3
have been subject to positive and negative selection. As a
default tree we used a NJ tree and appropriate substitution
model proposed by automatic model selection tool in
DATAMONKEY.

Finally, we used the Mixed Effects Model of Evolution
(MEME) algorithm in the HYPHY package accessed on
the website of DATAMONKEY interface [99] to detect
codons evolved under positive selection along the bran-
ches of the phylogenies. This method is recently
recommended as a replacement for the Fixed Effects
Likelihood (FEL) and SLAC models [67]. It allows the
detection of signatures of episodic selection, even when
the majority of lineages are subject to purifying selection.
This test permits o to vary from site to site and also from
branch to branch in phylogeny [67]. Tests of episodic
diversifying selection were performed at significance level
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p < 0.05 and MrBayes trees were used as working topo-
logies. Only events of positive selection with Empirical
Bayes Factor (EBF) estimated by MEME near to 100 were
mapped on to the phylogeny.

Functional analysis of ligand binding region

Positions of LBR in both TLRs have been previously
described in humans [39,68]. The corresponding LBR
position in rodents was predicted based on the human-
rodent alignment. The LBR was located between codons
AA248 and AA469 in TLR4 and between codons AA495
and AA597 in TLR7.

We first explored the evolutionary conservation of
each amino acid position in LBR using the CONSURF
algorithm [112]. CONSURF estimates the evolutionary
rate of amino acid positions in a protein molecule, based
on the phylogenetic relationships between homologous
sequences. Conservation scale is defined from the most
variable amino acid positions (grade 1, color represented
by turquoise) which are considered as rapidly evolving
to conservative positions (grade 9, color represented by
maroon) which are considered as slowly evolving. We
used the proposed substitution matrix and computation
was based on the empirical Bayesian paradigm. MrBayes
trees were used as the working topology. Protein tertiary
structure was adopted from R. norvegicus [Gene Bank
Acc. TLR4/KC811688 and TLR7/KC811786].

Because protein tertiary structure is essential for its
biological function we finally explored the variability in
the 3D structures of LBRs in the different AA variants.
The prediction of 3D structures of the variants was
performed by homology modeling using PHYRE2 [98].
Differences in 3D protein structure among variants were
then evaluated using the root mean square deviations
(RMSD) calculated by the DALI pairwise comparison
tool [113]. The RMSD-based distance matrices were
analysed in STATISTICA v. 8.0 (StatSoft, Inc., Tulsa) by
joining tree clustering using Unweighted Pair Group
Method with Arithmetic Mean (UPGMA, [114]). We
then analysed the variability of the charge of each LBR
variant, which could be another key indicator of func-
tional changes, because differences in protein charge
could influence the ability to bind ligands [41,65]. LBR
charge of each variant was estimated at predefined
neutral pH = 7 using LRRFINDER [115].

Availability of supporting data section

All sequences have been submitted to NCBI GenBank
under Accession numbers from KC811609 to KC811800
(Individual accession numbers are presented in Additional
file 1: Table S1). Tlr phylogenies based on MrBayes
(Tlr4_MrBayes_final.nex, TIr7_MrBayes_final.nex) and
RAXML (TIrd_RAxML_final.nex, Tlr7_RAxML_final.nex)
approach were added to the TreeBase database
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(http://treebase.org/treebase-web/home.html). Trees are
available at URL: http://purl.org/phylo/treebase/phylows/
study/TB2:514659.

Additional files

Additional file 1: Table S1. Summary of sampled specimens and
identification of haplotypes. Table S2. Primer description. Table S3.
Residues binding to LPS in TLR4 based on knowledge of 3D-
crystalography in human predicted by Park et al. 2009. Table S4.
Potential residues binding ssRNA predicted by Wei et al. 2009. Figure S1.
Protein structure of TLR4 (a, ¢) and TLR7 (b, d) identified by SMART
(http://smartembl-heidelberg.de/) (a, b) and CONSURF (c, d). SMART (g, b)
identified following types of domains: LRR - Leucine rich repeat; LRRCT -
Leucine rich repeat C-terminal domain; TIR - TIR domain, Fulfilled

blue box (TD) - transmembrane domain; LRRNT - Leucine rich repeat
N-terminal domain. Red box - LBR (from AA248 to AA469 for TLR4 and
from AA495 to AA597 for TLR7). ECD - extracellular domain is
represented by solid black double arrow; ICD - intracellular domain is
represented by dashed double arrow. Distal part of ICD (ICD-DP) is
indicated by a simple solid arrow. Positions of forward and reverse
primers used for amplification are shown by arrows. Arrows of same
color indicates primer pairs. Description of crystallographic structure (c, d)
LBR is represented by red polygon; TD is present between two dashed
lines. To the right from TD is ICD, to the left is ECD. Figures S4. Test of
congruence between the presumably neutral and TIr phylogenies

(Tir4 (@), Tlr7 (b) following JANE 4). Number at X axis represents costs of
co-divergence. The red dashed line represents the cost observed in our
data. The blue columns represent the random distributions of costs.
Lower cost than random observed in our data signified higher
congruence between species and gene topologies. Figure S5.
Superimposition of structures, tree clustering diagrams based on linkage
distance, (a) LBRTLR4 and (b) LBRTLR7; individual LBR-variants often unify
more species; description of LBR-variants labels is in the Table ST under
Hap_LBRTLR4 and Hap_LBRTLRY. Figure S6. Analysis of LBR amino acid
sequence charge at pH 7 (LRRFinder) for (a) LBRTLR4 and (b) LBRTLR?,
individual LBR-variants often unify more species; description of LBR-
variants labels is in the Table ST under Hap_LBRTLR4 and Hap_LBRTLR7.
Mouse species are in red, Rattus spp. and related genera are in blue.

Additional file 2: Figures S2 and S3. (Phylogenetic trees).
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