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SUMMARY

The major histocompatibility complex (MHC) is a multigene cluster characterized by
remarkable polymorphism and a complex evolutionary history. The MHC genes assume a
central role in the adaptive immune response of vertebrates and their polymorphism is
thought to affect the functional plasticity of immune responses against heterogeneous
pathogenic pressures. Beside of their immune function, MHC genes are thought to be
involved in a variety of non-immune functions, such as mate choice, individual or kin
recognition and other reproductive functions. This makes them a particularly interesting
molecular marker to address some fundamental evolutionary questions, such as evolution
of molecular adaptations or proximate mechanisms maintaining species diversification at
the molecular level.

The challenges imposed by genotyping highly polymorphic MHC genes have
long hampered progress in conducting large-scale studies that would enable addressing
such questions, especially in non-model organisms. Introducing Next-generation
sequencing (NGS) therefore represent a major break-through in this aspect. I first review
advantages as well as challenges linked to the use of NGS for MHC genotyping before
envisioning the revolutionary implications of integration of NGS into MHC-based
research in evolutionary ecology and primatology.

Moreover, the remarkable MHC polymorphism often crosses species boundaries,
with similar alleles or allelic motifs shared across species. Understanding the origin and
mechanisms underlying the maintenance of this polymorphism across different species
may improve our understanding of the evolution of host-immune response. Here, |
therefore aimed to broaden our understanding of the evolution and the maintenance of
MHC class Il polymorphism at the community level. First, | explored MHC variation at
the two highly polymorphic loci, DRB and DQB, and patterns of molecular selection
acting upon them in four sympatric con-familiar lemur species - Microcebus murinus, M.
berthae, Cheirogaleus medius and Mirza coquereli (Cheirogaleidae).

| observed contrasting patterns of MHC variation and molecular selection, but
also considerable functional and structural overlap among MHC alleles of these species.

These lemurs present contrasting aspects of their ecology that has been suggested to affect
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SUMMARY

MHC variation and the level of pathogen exposure. | found out that demographic factors
may exert a stronger influence than pathogen-driven selection on current levels of
standing allelic richness, especially in species with more pronounced ecological
vulnerability.

| then attempted to elucidate the origin of MHC allelic similarity. Shared MHC
polymorphism at coding regions has been suggested to reflect either the operation of
convergent selection in the presence of parallel selective pressures (e.g. shared parasites),
or via allelic co-ancestry and the long-term maintenance of MHC sequence motifs over
multiple speciation events. | integrated MHC data with parasitological screening of gut
helminth communities to investigate whether similar parasite pressure may select
functionally similar MHC alleles in different host species. | detected link between shared
parasite pressures and the distribution of functionally similar MHC alleles across
Cheirogaleidae. Moreover, | found out significant associations between functionally
similar MHC alleles and particular helminth infestation in closely related Microcebus sp.
that suggested potential functional convergence between these species. This finding
indicates that shared descent rather than convergent evolution might be responsible for
this functional convergence. Finally, | explored MHC data presented by this thesis and
those previously obtained for other Cheirogaleidae to examine patterns of structural
integrity of MHC alleles as a sign of allelic co-ancestry. | provide quantitative evidence
that co-ancestry is the primary mechanism responsible for the retention of MHC sequence
motifs between species that diverged up to 30 million years ago.

My findings highlight the importance of moving from simple host-parasites
models to community level approach that may provide more realistic picture of host-
pathogen co-evolution. Moreover, | show that common selective pressures may contribute
to rather slow-down MHC divergence across species and populations and that the
exceptional polymorphism is in fact concentrated within species rather than among
species. Last, functionally similar alleles, or allelic motifs, have been maintained over
multiple speciation events, presumably accumulated through interactions between hosts
and parasites over long evolutionary time scales. This stresses out the importance to

protect standing genetic variability as it might be slow to regenerate when eroded



ZUSAMMENFASSUNG

Der Haupthistokompatibilitdtskomplex (major histocompatibility complex, MHC) ist ein
Multigen-Cluster, welcher durch seinen bemerkenswert hohen Polymorphismus sowie
seine komplexe Evolutionsgeschichte gepragt ist. Die MHC-Gene spielen eine zentrale
Rolle in der adaptiven Immunantwort von Wirbeltieren, wobei der Polymorphismus
mutmaBlich einen Einfluss auf die funktionelle Plastizitdt der Immunantwort auf
heterogene pathogene Selektionsdriicke hat.

Des Weiteren wird vermutet, dass MHC-Gene in weitere, nicht-immunspezifische
Funktionen involviert sind, wie z.B. Partnerwahl, Verwandten- und Individuenerkennung
sowie weitere Fortpflanzungsfunktionen. Es handelt sich daher bei den MHC-Genen um
einen besonders interessanten molekularen Marker fiir die Beantwortung fundamentaler
evolutiondrer Fragen, wie z.B. die Evolution der molekularen Adaption oder der
molekularen Mechanismen der Speziesdiversifikation.

Die Genotypisierung solch hochpolymorpher Gene, insbesondere auBlerhalb von
Modellorganismen, wurde erst durch das aufkommen des Next Generation Sequencing
(NGS) ermoglicht. Zu Beginn werde ich Vorteile und Herausforderungen der Anwendung
von NGS fiir die Genotypisierung der MHC-Gene erldutern, bevor ich auf die
revolutiondren Implikationen von NGS fiir die MHC-basierte Forschung im Bereich
evolutionirer Okologie und Primatologie eingehe.

MHC Polymorphismus {iiberschreitet hiufig Artgrenzen, das heiflt es werden
dhnliche Allele bzw. Allelmotive iiber Artgrenzen hinweg gefunden.Wissen iiber den
Ursprung sowie die Mechanismen, welche diesen Polymorphismus iiber Artgrenzen
hinweg erhalten, konnten unser Verstindnis der Evolution der Wirtsimmunantwort
erhohen. Diese Arbeit zielte daher auf ein breiteres Verstdndnis der Evolution und des
Erhalts des Klasse Il MHC Polymorphismus auf der Gemeinschaftsebene ab.

Als erstes untersuchte ich in den vier sympatrischen con-familidren Lemurenarten
Microcebus murinus, M. berthae, Cheirogaleus medius and Mirza coquereli
(Cheirogaleidae) die MHC-Variationen der zwei hochpolymorphen Loci DRB und DQB
sowie die molekulare Selektion, der sie ausgesetzt sind. Hierbei beobachtete ich
gegensitzige Muster der MHC-Variationen und der molekularen Selektion, aber auch
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eine funktionelle und strukturelle Uberlappung der MHC-Gene dieser Spezies. Diese
Lemuren zeigen gegensitzliche oOkologische Aspekte, welche moglicherweise einen
Einfluss auf die MHC-Variationen und Pathogen Exposition haben. Meine Ergebnisse
zeigen, dass die Demographie einen stirkeren Enfluss auf die momentane Allelreichheit
ausiibt, als pathogen-basierte Selektion, insbesondere in Arten mit erhohter 6kologischer
Gefdahrdung.

Des Weiteren untersuchte ich mogliche Ursachen der MHC Alleldhnlichkeit. ES
wurde vorgeschlagen, dass das Vorliegen eines gemeinsamen MHC Polymorphismus in
den kodierenden Regionen auf konvergenter Selektion aufgrund von parallelen
Selektionsdriicken (z.B. gemeinsame Parasiten), oder aber auf einer allelischen co-
Abstammung und der langfristigen Erhaltung der MHC-Seqgenzmotive iiber mehrere
Speziationen hinaus beruht. Um zu untersuchen, ob &hnliche parasitire Selektionsdriicke
auf funktionell &dhnliche MHC-Allele selektieren, habe ich die Ergebnisse eines
parasitologischen Screenings des Verdaungstraktes auf Wirmer mit MHC-Daten
kombiniert. Innerhalb der Cheirogaleidae konnte ich eine Korrelation zwischen
gemeinsamen parasitdren Selektionsdriicken und der Verteilung funktionell dhnlicher
MHC-Allele finden. AuBlerdem fand ich eine signifikante Assoziation von funktionell
dhnlichen MHC-Allelen und bestimmten Wurminfektionen in eng verwandten
Microcebus sp., was eine potentielle funktionelle Konvergenz zwischen diesen eng
verwandten Arten indiziert. Schlufendlich untersuchte ich MHC-Daten dieser
Dissertation sowie zuvor gewonnene Daten auf Muster struktureller Integritit innerhalb
der MHC-Allele als Zeichen allelischer co-Abstammung. Ich zeige quantitave Beweise,
das co-Abstammung der primidre Mechanismus des Erhalts von MHC-Sequenzmotiven
zwischen Spezies ist, deren Artbildung bis zu 30 Millionen Jahre zuriick liegt.

Diese Funde heben hervor, wie wichtig es fiir ein realistischeres Bild der Wirt-
Parasit Koevolution ist, den Fokus von einfachen Wirt-Parasit-Modellen auf
Gemeinschafstebenemodelle zu legen. Ich zeige auflerdem, dass gemeinsame
Selektionsdriicke zu einer Verlangsamung der art- und populationsiibergreifenden MHC-
Divergenz fithren und das der auflergew6hnliche Polymorphismus eher innerhalb einer
Art als zwischen den Arten zu finden ist. Funktionell dhnliche Allele oder Allelmotive
blieben liber mehrere Artbildungen hinweg erhalten und wurden moglicherweise durch

Wirt-Parasit-Interkationen iiber lange evolutiondre Zeitrdume hinweg akkumuliert. Dies
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hebt die Wichtigkeit des Schutzes der bestechenden genetischen Variabilitit hervor, da sie

nach Verlust nur langsam wieder regeneriert werden kann.



GENERAL INTRODUCTION

MHC AS A PLEIOTROPIC MARKER IN EVOLUTIONARY
BIOLOGY

The major histocompatibility complex (MHC) is a multigene cluster consisting of highly
polymorphic immune genes with an elaborate architecture (Hedrick 2002; Garrigan and
Hedrick 2003; Piertney and Oliver 2006; Spurgin and Richardson 2010). MHC genes
encode MHC molecules, cell-surface glycoproteins, that are actively involved in initial
phases of immune-response against intracellular (MHC class 1) or extracellular pathogens
(MHC class I1) by peptide (antigen) presentation at peptide-binding region (PBR) to T-
lymphocytes (Bernatchez and Landry 2003). Each MHC molecule can bind only a limited
array of antigens derived from pathogens (Rammensee et al. 1995) and thereby initiate an
antigen-specific immune response (Trowsdale 1993). The majority of MHC
polymorphism is concentrated at peptide-binding region (PBR) (Hughes and Nei 1988,
1989; Bernatchez and Landry 2003; Hughes and Yeager 1998). The immuno-repertoire of
an indivudal, i.e. the array of recognized antigens, can be increased by a number of
mechanisms, such as gene duplication, increasing individual level of allelic diversity,
increasing polymorphism at PBR, or alternatively, outside PBR (ca 4 A; Nielsen et al.
2007) that may alter the 3D positioning of PBR contact residues (Bjorkman and
Burmeister 1994). Consequently, it also determines the binding specificity of each
encoded MHC molecule to a limited range of antigens (Rammensee et al. 1995). MHC
genes have also been found to be involved in a variety of non-immune functions in all
major vertebrate taxa, including mate choice, individual or kin recognition thought to be
mediated by olfactory signalling and a number of other reproductive functions (reviewed
in Apanius et al. 1997; Penn and Potts 1999; Younger et al. 2001; Penn 2002; Milinski
2006; Yamazaki and Beauchamp 2007; Havlicek and Roberts 2009; Spurgin and
Richardson 2010; Ruff et al. 2012).

Due to their immune function, MHC genes are thought to be under strong
selection pressure driven largely by balancing selection mediated by host-pathogen

6



GENERAL INTRODUCTION

interactions which are thought to promote its extreme polymorphism (reviewed in
Apanius et al. 1997; Bernatchez and Landry 2003; Piertney and Oliver 2006; Spurgin and
Richardson 2010). Compelling evidence for this hypothesis stems from reported
associations between higher MHC diversity in populations or individuals exposed to a
higher diversity of parasites (Wegner et al. 2003; Simkova et al. 2006; Dionne et al. 2007;
de Bellocq et al. 2008; Prugnolle et al. 2005; Garamszegi and Nunn 2011; Tobler et al.
2014), or associations between possession of certain MHC alleles and single or multiple
pathogen prevalence at the population or at the community level (e.g. Hill et al. 1991;
Wegner et al. 2003; Froeschke and Sommer 2005; Meyer-Lucht and Sommer 2005;
Schad et al. 2005; Schwensow et al. 2007, 2010a,b; Oliver et al. 2009; Froeschke and
Sommer 2012; Sepil et al. 2013; Sommer et al. 2014; Pilosof et al. 2014).

Based on the assumption of co-dependency between strength of selective pressure
exerted by pathogens and its link to the evolution of MHC polymorphism, several
potentially non-exclusive evolutionary mechanisms have been proposed to explain it. Up
to date, hypotheses of negative frequency-dependent selection (Snell 1968; Bodmer 1972;
Borghans et al. 2004), based on the principles of dynamic MHC allelic frequency
fluctuation in response to co-evolving parasite communities, and of heterozygote
advantage (Doherty and Zinkernagel 1975) extended to divergent allele advantage
hypothesis, that would increase the host flexibility towards heterogenous pathogenic
pressure (Wakeland et al. 1990; Lenz 2011) have received largest empirical support
(reviewed in Apanius et al. 1997; Spurgin and Richardson 2010). In addition, variation of
parasite-mediated selection patterns in space and time can induce selection for a specific
set of MHC alleles (i.e. fluctuating selection; Hedrick 1999; Spurgin and Richardson
2010; Eizaguirre et al. 2009a, 2012).

Patterns and strength of selection exerted on MHC genes are likely to be affected
by the diversity and frequencies of MHC alleles present in a host population, thus its
demography (Hedrick 1972; Borghans et al. 2004), and by the composition and
pathogenicity of the local parasite communities (Eizaguire et al. 2009a; 2012). The
capability of populations to keep up with co-evolving parasites depends on the
contemporary genetic diversity (O'Brien and Evermann 1988; Hedrick 2001; Frankham
et al. 2002). Thus, loss of genetic diversity, and thereby adaptive flexibility, may have

critical consequences on fitness as well as spread of parasites due to increasing
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frequencies of common genotypes (Frankham et al. 2002; Meagher 1999; Spielman et al.
2004). Therefore, the capacity to effectively respond to changing pathogenic pressure
might be severely disrupted in small fragmented populations where limited gene flow
might result in loss of standing genetic variation through genetic drift and inbreeding
(Wright 1969; Keller and Waller 2002; Frankham et al. 2002; O'Brien and Evermann
1988). Moreover, introduction of novel pathogenic pressures might challenge the
capability of such population to keep up with co-evolving parasites on a long-term.

The resistance of an individual against pathogens may affect its health, long-term
fitness and survival (reviewed e.g. in Albon et al. 2002; Degen 2006; Pedersen and
Greives 2008), and consequently, may influence the value of given genotypes for a
potential mate. In that context, the type of selection affecting balanced MHC
polymorphism linked to disease resistance may be also sexual selection (Milinski 2006;
Penn and Potts 1999). In that sense, particular alleles that confer resistance against
particular or multiple infestations, or allelic combinations that would expand the antigen
binding repertoire of an individual facing heterogenous pathogenic pressure, might be
targeted by mate choice (reviewed in Apanius et al. 1997; Milinski 2006; Spurgin and
Richardson 2010) that appears to be context-dependent (Setchell and Huchard 2010;
Kamiya et al. 2014). These targeted alleles might be species- or locally specific, reflecting
the composition and selective impact of the present parasite community (Blais et al. 2007;
Eizaguirre et al. 2009a, 2011, 2012; Eizaguirre and Lenz 2010; Matthews et al. 2010).

The crucial role of MHC genes in initial phases of immune response and its link to
fitness and long-term survival of populations and mate choice, as well as complex routes
leading to maintenance of their extreme polymorphism, predestinate MHC genes to be
among the most interesting marker to study proximate mechanisms of molecular
adaptation (Sommer 2005) and processes leading to population diversification (Eizaguirre
et al. 2009a). Understanding which selective mechanisms or ecological factors have a
crucial impact on the observed patterns of standing MHC variation (in terms of number of
specific alleles ‘allelic richness’ as well as in terms of nucleotide or amino acid diversity
‘allelic divergence’) in species facing environmental and demographic challenges will
facilitate future assessments of their ability to cope with rapid environmental changes,

demographic fluctuations and novel selective pressures.



GENERAL INTRODUCTION

EVOLUTIONARY MECHANISMS DRIVING MHC
POLYMORPHISM

The origin and maintenance of remarkably complex and variable patterns of MHC
polymorphism across species or populations and the presence of shared orthologous
(homologous sequence descending from the same ancestral sequence) allelic lineages or
identical allelic motifs across multiple speciation events, have received lots of attention
(Klein et al. 2007). Inconsistencies between MHC genealogy manifested by inter-specific
clustering of MHC alleles and species phylogeny has been reported for a variety of
vertebrate species, including mammals (e.g. Lundberg and McDevitt 1992; Edwards et al.
1997; Otting et al. 2002; Bryja et al. 2006; Huchard et al. 2006; Cutrera and Lacey 2007;
Xu et al. 2009; Kamath and Getz 2011; Kuduk et al. 2012; Yao et al. 2014), birds (e.g.
Burri et al. 2008; Li et al. 2011; Alcaide et al. 2007, 2013; Eimes et al. 2015), fish (e.g.
Graser et al. 1996; Figueroa et al. 2000; Ottova et al. 2005; Lenz et al. 2013), reptiles (e.g.
Jaratlerdsiri et al. 2014; Stiebens et al. 2013) or amphibians (e.g. Kiemnec-Tyburczy et al.
2010; Tracy et al. 2015); reviewed in Azevedo et al. 2015; Tesicky and Vinkler 2015.
Two major evolutionary mechanisms have been proposed to explain this intriguing
presence of identical alleles in MHC of distant species that is often limited to coding
regions of MHC alleles.

First, sharing of possibly advantageous orthologous allelic lineages, or allelic
motifs, across taxa and over macro-evolutionary time-scales (trans-species
polymorphism, ‘TSP’) has been attributed to similarity by descent, which is thought to be
maintained by balancing selection (Klein 1987, Klein et al. 1998, 2007; Figueroa et al.
1988; McConell et al. 1988). The empirical evidence that enabled the foundation of this
concept is based on serological isolation of mouse MHC H2 antigen showing identical
peptide map between mouse and rat by Klein and Arden (1982), the presence of identical
structural modifications (Figueroa et al. 1988) or retroposon-tagged mapping of
transmission patterns (McConnell et al. 1988). Alternatively, MHC allelic similarity
limited to peptide binding region (PBR) of the coding regions can be induced by the

operation of convergent evolution. Convergent evolution assumes a presence of
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overlapping selective pressures from parasites (e.g. in sympatry, or ecologically
overlapping niches) leading to developing convergent adaptations in different species
independently and regardless of their taxonomy (Gustafsson and Andersoon 1994; Yeager
and Hughes 1999; Christin et al. 2010). Specifically, alleles that are similar by descent at
peptide-binding regions (PBR) are expected to retain a signature of co-ancestry also at
sites that are selectively neutral, or under purifying selection, such as PBR- neighbouring
codons (‘non-PBR”), or non-coding introns. In contrast, independent convergence would
be indicated if MHC alleles are more similar at PBR, but not at the non-PBR, or introns
(Klein et al. 1998; Kriener et al. 2000). Moreover, other intriguing characteristics, such as
shared polymorphism located within a CpG dinucleotide (the occurrence of C base next to
G within linear DNA sequence) has been envisaged to provide information whether
polymorphism in question is shared by descent, or is identical by state (i.e. occurs
independently in different lineages). Cytosin in CpG can be methylated, which can alter
the DNA expression (see e.g. Azevedo et al 2015 for a detailed review)

Both qualitative or quantitative indications supportive of either scenario in shaping
MHC similarity across species have been reported (e.g. Convergent evolution: Andersson
et al. 1991; Trtkova et al. 1995; Yeager and Hughes 1999; Figueroa et al. 2000; Kriener et
al. 2000a, 2001; Srithayakumar et al. 2012; Pilosof et al. 2014; Co-ancestry: Lundberg
and McDevitt 1992; Klein et al. 1993b; Graser et al. 1996; Garrigan and Hedrick 2003;
Xu et al. 2009; Lenz et al. 2013; Tobler et al. 2014; Eimes et al. 2015), but only few
studies have attempted to disentagle between these hypotheses directly. It remains
challenging to quantitatively distinguish between these two evolutionary scenarios under
natural settings, especially due to difficulties to identify and quantify major selective
pressure and due to the complexity of MHC genotyping that would require genotyping
large PBR coding and non-coding regions (e.g. introns) (see e.g. Zhang and Kumar 1997,
Kriener et al. 2000a).

The complexity of MHC genotyping has for a long time hampered the large-scale
population or community level studies that would enable addressing these and other
major evolutionary questions, especially when dealing with non-model species. The main
challenges are associated with the use of low quality non-invasive DNA samples in rare,
threatened or otherwise protected species that may impair genotyping reliability, the

extreme allelic polymorphism and frequent loci duplication, primer design that would
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enable capturing the full allelic variability, or the correct identification of non-functional
pseudogenes that might require obtaining invasive samples for gene-expression studies
(reviewed in Janeway et al. 2005; Piertney and Oliver 2006; Babik 2010; Lighten et al.
2014a).

Majority of studies have thus focused on sequencing short fragments containing the
antigen-binding sites and studies that would investigate also non-coding introns are
relatively rare (see e.g. Zhang and Kumar 1997; Kriener et al. 2000; Lenz et al. 2013).
Due to all these challenges, most MHC studies reporting TSP have suggested that the
maintenance of ancient alleles by balancing selection is the most likely mechanism to
explain lack of species-specific polymorphism at the coding sites.

Moreover, other molecular mechanisms, such as intra-locus recombination leading
to gene conversion, incomplete lineage sorting by chance (i.e. allele sharing in closely
related species that gradually disappears; Klein et al. 1998; Tracy et al. 2015), or allelic
introgression between hybridizing species have been indicated to play a role in shaping
allelic similarity (Andersson and Mikko 1995; Martinsohn et al. 1999; Wegner and
Eizaguirre 2012; Nadachowska-Brzyska 2012; Hedrick 2013), but the empirical evidence
remains limited.

Interactions between host MHC and parasite communities have been suggested to
trigger and speed up fundamental evolutionary processes such as early population
diversification preceding speciation events. MHC divergence could emerge in a context
of local adaptation to differentiated parasite communities and later speed-up reproductive
isolation via assortative mating (for example, choice for particular MHC-alleles) during
episodes of adaptive radiation (Haldane 1949; Eizaguirre et al. 2009a; Maan and
Seehausen 2011). Despite some evidence that divergent parasite pressures may promote
selection for divergent MHC alleles in different populations (Blais et al. 2007; Ekblom et
al. 2007; Eizaguirre et al. 2009a, 2011, 2012; Eizaguirre and Lenz 2010; Matthews et al.
2010), empirical evidence for a role of parasite-mediated selection in generating
reproductive isolation between closely related species is scarce (Schluter 2001; Buckling
and Rainey 2002; Eizaguirre et al. 2009a; Abbott et al. 2013). In contrast, balancing
selection has been shown to homogenize, rather than diversify, MHC alleles in sympatric
species after speciation, despite differences in parasite communities and erosion of

background genomic diversity (Fraser and Neff 2010; Tobler et al. 2014). Balancing
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selection could in theory over-ride the power of divergent parasite-mediated pressures and
thereby hinder species diversification and speciation. Moreover, the presence of similar
alleles, or allelic motifs, across different species exposed to different parasite pressures
may suggest structural constraints on MHC evolution favoring certain allelic motifs
(Gustafsson and Anderson 1994; Andersson et al. 1991).

Thus, understanding the origin of MHC allelic similarity will assist to comprehend which
evolutionary processes might have majorly contributed to shape MHC variation and
maintenance of similar allelic motifs, hence homogenizing the genetic diversity at coding
regions in closely related but also more distantly related species, over evolutionary time-

scales.
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THESIS AIMS

The introduction of Next-generation sequencing (NGS) technologies has brought a
breakthrough in the feasibility of large-scale studies of species with unknown MHC
constitution by overcoming numerous technical difficulties associated with traditional
methods used for MHC genotyping. In the first chapter of my thesis, | review the progress
in MHC genotyping techniques prior and after introducing NGS before focusing on new
challenges emerging during processing complex high-throughput datasets generated by
cost-effective, but also error-prone NGS technologies. | then highlight the potential of
NGS technologies for future large-scale studies in evolutionary biology and primatology.

In the second chapter, | aim at understanding the processes responsible for shaping
MHC variation among closely related, yet ecologically differentiated sympatric species.
Here | attempted to understand the effects of demographic and ecological variation would
influence patterns of MHC variation and molecular selection in two sympatric congeneric
species. To do this, I compare patterns of MHC variation and tracks of molecular
selection acting on the two highly polymorphic loci — DRB and DQB - in two sympatric
lemurs species (Microcebus sp.), the rare ecological specialist Madame Berthae’s
(Microcebus berthae) mouse lemur and the common generalist grey (Microcebus
murinus) mouse lemur. Using NGS (454 pyrosequencing), | describe MHC class 1l
variation in M. berthae for the first time and compare my findings to the MHC data
previously obtained for its sympatric congener M. murinus over comparable spatial and
temporal scale in Kirindy forest, western Madagascar. These species present both a
contrasting ecology and demography, two factors that have been shown to influence
patterns of selection at MHC.

M. berthae is currently endangered (Blab.i-iii; Andriaholinirina et al. 2014) and
highly endemic to the dry forest of the Menabe region in western Madagascar (Schmid
and Kappeler 1994; Ganzhorn et al. 2001; Schéfler and Kappeler 2014). It exhibits lower
population densities than its widely distributed and abundant sympatric congener
(Schifler and Kappeler 2014). These two species contrast in the level of ecological
flexibility and social cohesion, with M. berthae relying on specialist diet that is thought to

promote intense scramble competition leading to spatial over-dispersion and lower rates
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of social interactions among conspecifics (Dammhahn and Kappeler 2009). In contrast, a
generalist diet may facilitate spatial proximity and social interactions among conspecifics
of M. murinus (Dammhahn and Kappeler 2008a, b, 2010), and thus parasite transmission
between them as well as it might promote exposure to more diverse array of pathogens.
Moreover, larger population size and generalist diet is thought to increase risk of
exposure to heterogenous parasites (e.g. Chen et al. 2008; Vitone et al. 2004; Nunn et al.
2003; Hughes and Pages 2007). These ecological aspects are thought to promote higher
MHC allelic richness (number of distinct alleles) and allelic divergence (nucleotide or
amino acid differentiation) as well as higher level of parasitism (Hedrick 1985; Anderson
and May 1978; Vitone et al. 2004; Nunn et al. 2003; Hughes and Page 2007; reviewed in
Morand 2015).

Based on these assumptions, | predicted allelic richness to be higher and the
strength of molecular selection to be more prominent in M. murinus, given its potentially
greater exposure to parasites and its larger population size. Alternatively, if ecological
differentiation of M. berthae would promote relaxed pathogen-mediated pressure, |1 would
expect to detect weaker tracks of pathogen-driven selection on MHC alleles compared to
M. murinus.

These two species represent a good example of species with close life-histories
facing similar environmental challenges, such as ongoing loss of habitat or highly
seasonal environment, but showing different degrees of ecological vulnerability.
Indications of demographic or genetic bottlenecks have been reported across various
lemur species (Louis et al. 2005; Olivieri et al. 2008; Markolf et al. 2008; Radespiel et al.
2008; Craul et al. 2009; Razakamaharavo et al. 2010; Holmes et al. 2013; Baden et al.
2014). However, little is known about potential fitness consequences and the capability of
these populations to maintain effective level of functional (adaptive) genetic variation
facing heterogenous and increasing environmental and anthropogenic pressures.
Consequently, the evaluation of standing MHC variation over longer time scales in
species with contrasting ecological vulnerability may assist further assessments of future
viability of lemur species facing similar environmental settings.

In the third chapter, | examine the patterns of functional and neutral MHC similarity

across sympatric and allopatric lemur species of the family Cheirogaleidae in an attempt
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to determine which evolutionary mechanism, common ancestry or convergent evolution,
are likely responsible for shaping MHC variation beyond genus level.

Using NGS, | first describe MHC class Il variation of the two highly polymorphic loci
(DRB and DQB) in four sympatric mouse and dwarf lemurs (M. murinus, M. berthae,
Cheirogaleus medius and Mirza coquereli) and assessed the divergence in pathogen-
driven selective pressures among these species by evaluating the overlap in their
gastrointestinal parasite communities. Gastrointestinal macroparasites (e.g. helminths) are
well suited to study the effects of pathogen-driven selection. Helminths represent the most
prevalent macroparasite group of endoparasites (Weil et al. 2006) and especially
gastrointestinal nematodes can have a pronounced impact on human and animal health
(Stear et al. 1997; Mas-Coma et al. 2008). Although their effects are usually non-lethal,
they may impose significant energetic demands, and consequently have detrimental
effects on the overall host fitness, fecundity or even mortality rates in domestic as well as
wild host species (e.g. Coyne and Smith 1994; Stien et al. 2002; Moran et al. 2006).
Moreover, in wild populations, where non-invasive sampling is often required, screening
of gut parasites has become a common approach to assess the level of parasitism of a
population or community.

| then employ a bioinformatic approach to characterise MHC alleles according to the
binding specificities of amino acid residues lining their peptide-binding groove (PBR) and
classify functionally equivalent groups into so called ‘MHC supertypes’ (Sette and Sidney
1999; Southwood et al. 1998; Trachtenberg et al. 2003). This approach allows me to
define functional overlap (similarities) between encoded MHC molecules that aids to
clarify functional proximity between MHC alleles of different hosts. Using this
classification, I then explore whether parasite-mediated selection is likely to contribute to
the distribution of MHC supertypes across species by evaluating whether shared parasite
pressures may select for shared MHC supertypes in different host species.

At last, | integrate MHC data of four sympatric Cheirogaleidae with those
previously obtained for other allopatric populations of M. murinus and two other
Microcebus sp. to investigate patterns of codon usage at functionally relevant (PBR)
versus neutral sites of MHC alleles. Here | attempt to determine whether MHC allelic
similarity at PBR (in case of supertype overlap) stems from independent convergence

occurring after speciation event, or rather from common descent. | predict that if common
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descent is responsible for allelic similarity at PBR across different host species, allelic
structural (codon) similarity would also show higher similarity than expected by chance at
adjacent neutral sites (non-PBR) that are not directly involved in antigen binding. In
contrast, the operation of convergent evolution would be expected to promote only amino
acid, but not codon similarity, at PBR, whereas phylogenetic signal would be retained at
non-PBR (Klein et al. 2007; Lenz et al. 2013).

A community of four sympatric lemurs provides an ideal setting to investigate these
questions. First, they are exposed to broadly similar environmental conditions, with slight
differentiation in their diet (Dammhahn and Kappeler 2014), the level of social interactions
and demography that vary to a certain degree among the four species regardless of their
phylogeny (Dammhahn and Kappeler 2014; Dammhahn and Kappeler 2005, 2008a;
Kappeler et al. 2002; Kappeler 2003; Eberle and Kappeler 2002, 2004, 2006; Fietz et al.
1999 a,b; Mittermeier et al. 2008; Markolf et al. 2008; Schiffler and Kappeler 2014). All
these factors have been previously suggested to affect the level of parasitism and MHC
variation at the population level to a certain level (e.g. Nunn et al. 2003; Vitone et al. 2004;
Hughes and Page 2007; Chen et al. 2008; reviewed in Godfrey 2013; Morand 2015) and
may provide an additional opportunity to evaluate the impact of ecological overlap on
patterns of MHC allelic similarity. Second, previous studies have suggested parallel
parasite-mediated selection affecting MHC supertype overlap in two of these species —
M.murinus and C. medius (Schwensow et al. 2010b) as well as an effect of DRB genes on
individual fitness and mate choice (Schad et al. 2005; Schwensow et al. 2007, 2008a,b,
2010a,b; Huchard et al. 2013; Sommer et al. 2014), supporting the assumption of adaptive
value of the DRB in Cheirogaleidae. Third, variation in phylogenetic relatedness allows
me to test the relative contribution of the two evolutionary scenarios in species pairs
presenting a gradient of phylogenetic relatedness and may even allow me to estimate MHC
allelic longevity. Fourth, the absence of ongoing reproduction minimizes the risk of
confounding factors, such as allelic introgression (Klein et al. 2007; Lenz et al. 2013).
Overall, identifying which evolutionary mechanism is more likely to contribute to maintain
MHC allelic similarity across multiple speciation events will provide valuable information
of the origin of MHC polymorphism as well as on the longevity of MHC alleles (or shared

allelic motifs) across larger evolutionary time-scale.

16



THESIS AIMS

Eva Pechouskova / Cheirogaleus medius

© Eva Pechouskova / Mirza coquereli © Eva Pechouskova / Microcebus berthae

17



CHAPTER 1

THE MAJOR HISTOCOMPATIBILITY COMPLEX
AND PRIMATE BEHAVIORAL ECOLOGY: NEW
TOOLS AND FUTURE QUESTIONS

Elise Huchard and Eva Pechouskova

This is Golden Open Access version

Originally published in:

International Journal of Primatology (2013) 35:11-31. doi:10.1007/s10764-013-9700-1
Publisher: Springer

Copyright: © Springer Science+Business Media New York 2013

18



CHAPTER 1

19



CHAPTER 1

Abstract

Since the serendipitous discovery of the effect of the Major Histocompatibility Complex
(MHC) on mate choice in laboratory mice nearly 40 years ago, there has been sustained
interest in the role that MHC genes may play in vertebrate sexual behaviour. However,
the challenges posed by MHC genotyping have long hampered progress in this area. We
briefly introduce the documented links between MHC and behaviour, before presenting
an overview of the genotyping methods that were available before the introduction of new
sequencing technologies. We then clarify why next-generation sequencing represents a
major break-through in MHC genotyping by reviewing the recent successes - and pitfalls
- of pioneer studies applying these techniques, before envisioning their revolutionary
implications for future MHC studies in evolutionary ecology and primatology. We hope
that our practical guidance to the design of MHC-based projects will promote and
facilitate the integration of a MHC component into the research agendas of

primatologists.

Keywords: Major Histocompatibility Complex, sexual behaviour, mate choice, kin
discrimination, primates, next-generation sequencing, MHC genotyping
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Introduction

The important immune function of genes of the Major Histocompatibility Complex
(MHC) was known well before the serendipitous discovery of their potential influence on
behaviour in 1976 (Yamazaki et al. 1976). MHC molecules are cell surface glycoproteins
responsible for recognizing foreign peptides (‘antigens’), and presenting them to
specialized immune cells (such as lymphocytes) to initiate the appropriate immune
response. MHC is a large cluster of highly polymorphic genes, and this variability is
thought to be selected by the great variety of pathogenic agents (Doherty and Zinkernagel
1975; Apanius et al. 1997; Hughes and Yeager 1998). Accumulating evidence suggests
that MHC genes have several non-immune functions, including a role in reproduction and
materno-foetal interactions as well as a role in behaviour and mate choice thought to be
mediated by olfactory communication (Alberts and Ober 1993; Potts and Wakeland 1993;
Penn and Potts 1999). It is, however, still unclear whether sexual selection and
reproduction play a significant role in maintaining MHC polymorphism. Due to their
influence on a variety of fitness-related traits, such as disease resistance, reproduction and
mate choice, and the complexity of the selective mechanisms that generate and maintain
their polymorphism, MHC genes have emerged as a popular model for evolutionary
biologists and behavioural ecologists (Apanius et al. 1997; Sommer 2005; Milinski 2006;
Piertney and Oliver 2006). Here we will first outline the potential that studying MHC
variability in wild populations offers for understanding animal behaviour, before
explaining the technical challenges that have thus far restricted rapid progress in this
field, and highlight novel approaches that will broaden the use and scope of MHC studies
in behavioural ecology and primatology. We provide a glossary to guide the non-
specialist reader through molecular biology terminology.
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MHC and Behavior

MHC and Mate Choice

Evidence for MHC-dependent mate choice comes from all major vertebrate taxa. Various
mating strategies have been described, including choice for partners possessing (i)
compatible, (i) diverse or (iii) particular MHC genotypes (Penn and Potts 1999; Milinski
2006; Yamazaki and Beauchamp 2007; Ruff et al. 2012).

In the first case, choosing a compatible partner to favour a good combination of
genes in the offspring (Trivers 1972) may take the form of choice for maximally or
optimally dissimilar partners, or for similar partners. Choice for MHC dissimilar partners
may help to limit the deleterious effects of inbreeding or, alternatively, increase offspring
diversity at specific MHC genes. A high MHC diversity may help fighting against a
greater variety of pathogens (‘heterozygote advantage': Doherty and Zinkernagel 1975)
but may also increase the risk of reacting against self-derived peptides (and thus of
autoimmune disease), so that optimal diversity may sometimes be more advantageous
(Woelfing et al. 2009). Finally, choosing a similar mate may in particular contexts limit
potential outbreeding costs.

In the second case, it is less clear why females may choose diverse (or
heterozygous) partners, because paternal heterozygosity is not transmitted to offspring.
Such a strategy may nevertheless be observed when females choose to mate with healthy
partners if heterozygous individuals are more vigorous than homozygotes, or if it favours
the transmission of rare MHC alleles to offspring because the possession of a rare allele is
generally associated with heterozygosity at the considered locus (Apanius et al. 1997).
This latter form of mate choice does not differ from MHC-disassortative mate choice.

In the third case, female choice may also target particular MHC genotypes
conferring protection against dominant pathogenic pressures in a given environment. As
possessing specific MHC genotypes may often be more important than possessing a high
MHC diversity for parasite and disease resistance (Apanius et al. 1997), this form of
MHC-dependent mate choice may be common. However, it is difficult to detect in nature,
as testing for the effects of particular MHC alleles requires large sample sizes, and few
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studies — none in primates - have so far been able to generate these large-scale tests (i.e.,
Eizaguirre et al. 2009Db).

Primate studies have detected choice for partners possessing dissimilar (Schwensow et al.
2008a; Setchell et al. 2010), diverse genotypes (Sauermann et al. 2001; Schwensow et al.
2008a; Schwensow et al. 2008b) or no mate choice at all (Huchard et al. 2010) suggesting
that mate choice may be flexible and context-dependent (Setchell and Huchard 2010). For
example, mate choice for dissimilarity may be favoured in inbred populations, while mate
choice for particular genotypes may be favoured under high pathogenic pressure.
Consequently, much remains to be done to understand the evolutionary drivers of MHC-
dependent mate choice by measuring its fitness benefits across a range of environmental

conditions and in populations exhibiting contrasted genetic structures.

MHC and Social Signaling: A Wider Behavioral Function of MHC?

An obvious challenge in understanding MHC-biased mate choice is identifying its
proximate basis, through modes of signalling and perception of genetic information
among individuals. MHC contributes to the discrimination of self and non-self at the
molecular level and may also contribute to individual and kin discrimination at the
organismic level, with behavioural consequences that may extend further than mate
choice, by affecting cooperation among kin (Brown and Eklund 1994; Ruff et al. 2012),
parent-offspring recognition (Yamazaki et al. 2000) or even species diversification
(Eizaguirre et al. 2009a). The role of MHC genes as determinants of sensed genetic
individuality through olfactory cues has been highlighted in various vertebrate taxa (Penn
2002; Yamazaki and Beauchamp 2007). A MHC signature in odours has been identified
by several studies in rodents (Willse et al. 2006; Kwak et al. 2008; Kwak et al. 2011) as
well as in a primate species, the mandrill (Mandrillus sphinx, Setchell et al. 2011). In
rodents, MHC similarity can be perceived beyond overall genomic similarity (Younger et
al. 2001a; Yamazaki and Beauchamp 2007) and some studies suggest this may be the case
in humans, too (Havlicek and Roberts 2009a). Although physiological pathways linking
MHC genes and odour production are far from being understood at the organismic level
(Kwak et al. 2011), the tight genomic linkage between MHC and a large cluster of

olfactory receptor genes observed in humans and rodents raises the possibility of a
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functional connection between both, where the possession of particular MHC genotypes
might be associated with particular olfactory abilities or preferences (Ehlers et al. 2000;
Younger et al. 2001a). This functional association is further supported by the activation
of vomeronasal receptors by MHC derived peptides in rodents (Leinders-Zufall et al.
2004). More importantly, a recent study has demonstrated that particular HLA alleles
directly influence the production of specific volatile organic compounds at the cellular
level, leading to a cell-specific odour “fingerprint” (Aksenov et al. 2012).

It is, however, important to realize that MHC genes are not the only candidates for
the genetic basis of chemical communication. For example, Major Urinary Proteins
(MUPs) have been linked to the individual odour-based regulation of species-specific
behaviour in mice (Hurst et al. 2001; Hurst et al. 2005; Cheetham et al. 2007) and genes
coding for MUPs represent an equivalent polymorphic complex but with no implications
for immune function. Comparing their respective effect on social and sexual behaviour
would thus be very interesting (Thom et al. 2008). Recent findings of functional MUP
genes in non-human primates such as mouse lemurs suggest that the role of MUPs in
olfactory signalling is not limited to rodents, though functional MUP genes have not been
detected in humans (Logan et al. 2008).

Overall, increasing evidence suggests that MHC genes directly influence socio-sexual
behaviour. However, much of this evidence remains correlative, except for experiments
performed on humans and rodents, and the ecological and evolutionary significance of

MHC-dependent behaviour, as well as its universality, remains to be established.

MHC Genotyping: Historical Challenges and New Alternatives

The single main obstacle to elucidating the role of MHC in behaviour, and more generally
in population ecology, lies in the challenges of MHC typing. These challenges currently
limit the scale of studies, include difficulties associated with low-quality DNA from non-
invasive (fecal) samples and occasionally result in unreliable genotyping. The next
section reviews the approaches adopted by molecular ecologists to overcome these

problems, before introducing the contribution of new sequencing technologies.
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Why Is MHC Notoriously Difficult to Genotype?

Three features of MHC genes pose major challenges to MHC typing (Bernatchez and
Landry 2003; Piertney and Oliver 2006; Babik 2010): (i) its extreme allelic
polymorphism, (ii) the presence of pseudogenes (non-functional genes) and (iii) the
frequent gene duplications that have resulted in variation in the number of loci within and
across species. The parts of MHC proteins involved in binding foreign antigenic peptides
determine the functional differences between MHC alleles and frequently represent the
regions of interest for behavioural ecologists, thus setting the targets for genotyping. They
represent the most variable regions of MHC, which can count over 8500 alleles in humans
(Robinson et al. 2011). This polymorphism precludes the application of molecular tools
routinely available to type genetic polymorphisms, such as sequence-specific priming,
except when extensive background information is available regarding MHC variability in
the species of interest, as is the case in humans and some organisms used in biomedical
research like laboratory rodents or rhesus macaques (Macaca mulatta). A widespread
alternative consists in sequencing short fragments containing the antigen-binding sites but
a critical difficulty there consists in designing primers which may amplify the full range
of allelic variation (Babik 2010). Failing this step may cause investigators to miss an
unknown fraction of the MHC variation in the genotyping process, which will cast doubts
on the results of downstream analyses. Designing efficient primers requires
characterization of the primer binding region and may take place as an incremental
process consisting in cloning and amplifying the region of interest repeatedly until full
characterization (e.g. Babik 2010; Sepil et al. 2012).

Second, identifying whether pseudogenes are present is required if the project goal
Is to characterize functional variation. It is sometimes possible to identify a pseudogene
simply by examining its nucleotide sequence, for example if it contains a stop codon.
However, not all pseudogenes show such features and their identification therefore
requires ensuring that all alleles are expressed by comparing genotypes obtained by RNA
(cDNA) and genomic DNA amplification. RNA should be extracted from tissues
expressing the MHC molecules targeted, because certain MHC genes are only present in

blood and lymphoid organs (Janeway et al. 2005). Although this step should represent a
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standard for MHC studies (Knapp 2007), it is not always possible to acquire invasive
samples from subjects of field studies.

Finally, MHC loci are frequently duplicated, resulting in multiple co-occurring
copies in the genome. This means that DNA amplification for a single individual often
yields more than the two sequences expected if this individual is heterozygous. The co-
amplification of multiple alleles has traditionally represented the single main challenge to
MHC genotyping. A PCR product containing an allelic mix cannot be sequenced using
traditional sequencing methods (Sanger sequencing), as a mix of sequences renders the
sequencing chromatogram unreadable (see Fig. 1). Sanger sequencing therefore requires a
preliminary separation of the different alleles present in the PCR product of a given
individual, and a variety of methods have been proposed to overcome this challenge.

These are briefly detailed below.

Figure 1. A concrete example of the difficulties of MHC sequencing: two example chromatograms
obtained from Sanger (traditional) sequencing of two MHC PCR products. Each coloured peak
represents one of the four nucleotides (A, T, G or C). Panel A: chromatogram from a pure PCR
product containing only one allele. Panel B: chromatogram from a PCR product containing an allelic
mix. This is a problem because Sanger sequencing methods rely on reading a single nucleotide at
each time interval.

What Are the Methods Commonly Used to Genotype MHC in Evolutionary
Ecology?

We aim to provide a brief, non-exhaustive, overview of the most common methods used
to genotype MHC in organisms for which extensive background knowledge on MHC

variability is unavailable, as is frequently the case for the species studied by field
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primatologists (summarized in Table 1). More information can be found elsewhere (Babik
2010). The “gold standard” method of separating the different alleles present in the initial
PCR product is cloning the PCR product. Molecular cloning involves inserting a
particular fragment of DNA into the purified DNA genome of a self-replicating genetic
element—generally a virus or a plasmid - which is then introduced into a bacterial cell
and cultivated to generate a large population of bacteria containing identical DNA
molecules (e.g. Alberts 2002). Consequently, sequencing multiple bacterial colonies for
one given PCR product allows the identification of multiple alleles present in the PCR
product because each colony “selects” one (and only one) allele at random. In concrete
terms, cloning 10 to 20 PCR products (corresponding to 10 to 20 study subjects) may
typically require a week of work and the sequencing of 30 to 50 bacterial colonies for
each PCR product to ensure that all alleles present have been identified, which is
financially costly.

As a result, alternative methods relying on sensitive electrophoresis have been
developed which are substantially quicker and cheaper than cloning. These methods
typically occur in two main steps. The first step consists of migrating the different alleles
present in the initial PCR product on a gel, in order to separate them according to their
differential nucleotide composition using Denaturating Gradient Gel Electrophoresis or
DGGE (Fig 2) (Myers et al. 1987; Knapp et al. 1997; Knapp 2005b; Huchard et al. 2006)
or according to the differential 3D conformation of a single DNA strand using Single
Strand Conformational Polymorphism or SSCP (Orita et al. 1989; Sommer et al. 2002).
The second step consists of excising each separate band (which corresponds to one allele)
from the gel and re-amplifying it to sequence it. A gel may accommodate 10 to 20 PCR
products (typically 10-20 study subjects) and preparing and running it may take a working
day. Although more efficient than cloning, this method is still impractical for processing
more than one hundred individuals. Electrophoretic methods are also difficult to optimize
in order to obtain a resolution able to separate alleles differing by only a point mutation
(Knapp 2005b), which are common in MHC genes. As a result, they often require extra
separation steps, including cloning (Huchard et al. 2008).

Finally, a last approach consists of identifying microsatellite polymorphisms tightly
linked to a variable MHC region of interest, for example located in the intron of the MHC

gene targeted (Doxiadis et al. 2007; de Groot et al. 2008). This method can easily be
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carried out on a large number of samples but requires considerable optimization to

identify appropriate microsatellite polymorphisms and link them to the corresponding
MHC allele.
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Table 1. Summary table of the most common Major Histocompatibility Complex (MHC) genotyping methods used in non-model organisms. As a very
rough indication of the financial costs, each € symbol represents 5-15€, and one sample represents one individual for one gene (so one individual for two
genes would cost twice as much). A low optimization effort may represent few days to few weeks (less than a month) of work for one person, while a
high optimization effort would likely represent more than that.

Genotyping method Cost per Initial Throughput? High quality Example study in
sample optimization DNA required? primates
effort
Cloning €€e Low + No (Lukas et al. 2004)
Electrophoresis-based methods ~ €-€€2 High ++ Yes DGGE: (Knapp et al.
1997)
SSCP: (Schad et al. 2004)
Microsatellite typing € High +++ No (Doxiadis et al. 2007)
Next-generation sequencing €-€€8 Low ++++4 Possibly not (Huchard et al. 2012)

! Throughput indicates the potential of the method to handle large samples.

2These methods may turn out to be more onerous than initially thought when extra separation steps are required.

% Costs proportionally decrease as the number of samples increases, but are also conditional on the coverage required, which largely depends on the
number of co-amplified loci.

4 While time spent in the lab is usually much shorter than with other methods, time spent sorting alleles using bioinformatics and statistic tools is
substantial, and may typically require a minimum of 3 months per project.
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Figure 2. Example of an electrophoresis gel (DGGE) separating the different alleles of a mixed
PCR product. PCR products of a variable fragment of MHC class Il DRB are shown for four
chacma baboons (Papio ursinus) identified by different codes with different MHC genotypes. The
thickness of the lowest band of the individual LM12 reveals the limits of the resolution of this gel
in separating alleles: two alleles co-migrated in this location, and additional separation steps were
thus required to separate these sequences.

What Is the Alternative Offered by New Sequencing Technologies?

The recent introduction of Next Generation Sequencing (NGS) to MHC genotyping
shows a great deal of promise to circumvent some of the challenges inherent to the
complexity of MHC structure. It greatly improves the scope of MHC studies by
considerably extending the scale of the projects that can be undertaken. 454-technology
has now been successfully applied to MHC genotyping in a number of studies (Babik et
al. 2009; Wegner 2009; Galan et al. 2010; Zagalska-Neubauer et al. 2010; Sepil et al.
2012) including one in primates (Huchard et al. 2012). Similar to cloning in principle, but
without the need for living recombinant organisms, NGS provides individual reads of
each single DNA molecule present in a sample, thus avoiding the delicate step of
separating the multiple alleles present in a PCR product (Shendure and Ji 2008; Metzker

2010). The fragment length that can be analysed using 454-pyrosequencing ranges from
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approximately 100 to 500 base pairs, which represents the typical length of the most
variable MHC exons that are routinely sequenced by MHC studies. We briefly describe
below the basic principle of 454-sequencing that is useful for MHC genotyping and
recommend some well-illustrated reviews for additional information regarding the
principle and chemistry of next-generation sequencing (Shendure and Ji 2008; Metzker
2010). In a first step, the DNA of each individual is amplified with a set of tagged
primers, that is primers that contain a unique label (in the form of 4 to 10 nucleotides)
specific to each individual involved in the experiment. In a second step, PCR products
from all individuals can be mixed (as they are identified by their individual tag) and the
clonal amplification of each DNA molecule is performed by an “emulsion PCR”. During
this amplification step, each single DNA strand from the DNA-mix is captured by a
different bead and the bead-DNA complex is encapsulated into a water droplet in an oil
solution. A PCR amplifies each DNA molecule enclosed into the “emulsion bubble”
leading to thousand copies of the same DNA template in each bead. In a final step, the
beads are deposited in a PicoTiterPlate for pyrosequencing. Each bead binds to one
micro-well of the PicoTiter Plate (which contains around 10° to 10° wells depending on
the sequencer model) and the PCR products enclosed in each bead are sequenced in
parallel using a bioluminescence method. A sequencing run takes 4-6 hours and provides
an output consisting of 10° to 10° sequences (commonly referred to as “sequencing
reads”), each of which can be attributed to one individual thanks to its primer tag,
allowing a list of the reads possessed by each individual to be established. The average
number of reads per individual is referred to as the ‘coverage’ and is adjusted at the
optimization stage: if a maximum of two alleles per locus is expected, a coverage of 20-
40 reads / individual may be sufficient to ensure that both alleles are captured (Galan et
al. 2010). If the number of gene copies targeted is greater, a higher coverage is required.
Given that the total number of sequences per sequencing run is fixed, the coverage
determines the number of individuals that can be sequenced in any given run. With a
targeted coverage of 100 reads per individual, 10* individuals can be genotyped in one
run. It is important to keep a comfortable safety margin when establishing a targeted
coverage as there is extensive variation in the number of reads across individuals (and
possibly alleles). One sequencing run, from the initial amplification stage to the final

sequencing stage, typically takes one full week of work.
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The utility of NGS technology comes at the cost of frequent genotyping errors.
Pioneering studies have suggested that this difficulty may be overcome by stringent
quality control, allowing true and false alleles to be sorted (Babik et al. 2009; Wegner
2009; Galan et al. 2010; Zagalska-Neubauer et al. 2010; Huchard et al. 2012; Sepil et al.
2012). The high frequency of false alleles is, in fact, not specific to next-generation
sequencing and is common in any MHC genotyping method that relies on DNA
amplification; it is very frequent in cloning (Huchard et al. 2012) and present in
electrophoretic methods (Knapp 2005b). However, the high throughput of next-generation
sequencing precludes manual allele sorting, and requires bioinformatics to automate this
process. Although several authors have provided valuable guidance on how to proceed
(Babik et al. 2009; Wegner 2009; Galan et al. 2010; Zagalska-Neubauer et al. 2010; Sepil
et al. 2012), this task should not be underestimated and may take three months of work
(or more) for a given project. It represents the main drawback of 454-sequencing applied
to MHC genotyping, which otherwise has the key advantages of relatively low costs per
sample, high throughput and rapid optimization (once primers are identified). It may also
allow relatively smooth genotyping of the most complex multilocus systems with
extensive allelic polymorphism (Zagalska-Neubauer et al. 2010; Sepil et al. 2012).

Designing an MHC Project: A Practical Guide

The next section provides some practical advice to the design of a MHC project in
behavioural ecology. It is broken into three sections focussing on identifying the most
suitable study system, the best genotyping approach, and the most appropriate scale of

projects in the time frame and funding conditions of a typical research project.

(1) What Is the Ideal Study System?
It is a species for which: (i) prior information on MHC variability and suitable
primers are available for several MHC loci; (ii) high quality DNA can be obtained
from a large number of recognizable individuals in the wild or in free-ranging
populations; (iii) high resolution behavioural and life-history data can be obtained
from the same individuals as well as, if possible, physiological and parasitological
data (although the need for the latter obviously depends on the research question to
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be addressed); (iv) multigenerational data are available as well as a molecular-based
pedigree, which will allow validation of MHC genotyping and the investigation of
multiple questions relating to MHC's influence on mate choice and patterns of
parentage; and (v) a captive population of the same species is accessible so that
some questions can be addressed using an experimental approach, allowing further
mechanistic exploration of the processes under scrutiny. Although not many
primate models score all these points, some of them do. The phylogenetic proximity
of anthropoid primates to humans may facilitate the use of molecular tools
developed on HLA, the human equivalent of the MHC, in many of these species (de
Groot et al. 2002; Doxiadis et al. 2007). In addition, primatology counts a number
of long-term studies documenting the behaviour of many individuals throughout
their life (Kappeler and Watts 2012). There is certainly no need to have all these
advantages to start a comprehensive MHC study, but combining a couple of them

may considerably increase the scope of the questions that can be addressed.

(2) Which Genotyping Approach Should Be Adopted?
The constraints and the opportunities of the study species should guide the approach
used (see Table 1). In brief, and regardless of the method employed, difficulties in
optimizing the genotyping are to be expected if only low quality DNA (from non-
invasive samples) is available and if appropriate primers have to be designed. Low
quality DNA will also require that most or all samples are genotyped in duplicate or
triplicate to ensure reliability (Lukas et al. 2004; Knapp 2005a). The standards of
the field are progressively moving away from studies that investigate variation in a
single short DNA fragment, so future projects should plan to analyse variation in
more than one MHC gene, especially since sequencing technologies now provide
this possibility. Sequencing a higher number of variable loci will increase the
resolution of measures of MHC similarity among partners, or of MHC diversity
within individuals, and may help to identify the most important MHC regions for
mate choice or social signals (Huchard et al. 2013). In studies where DNA is
available from a large number of individuals, there may be a trade-off between the
number of individuals and of loci to be sequenced, the optimal value of which will
depend on the research question, the ease with which many loci can be sequenced,
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and the extent of phenotypic data available for some or all individuals. Previous
knowledge regarding the relative variability of different MHC loci in the target
species will be helpful to identify the best genes to be studied. The topic of the
project will also guide this decision. The MHC is divided into several main clusters,
including the class | region, which is typically involved in resistance against
intracellular pathogens such as viruses, and the class Il region, which is typically
involved in resistance against extracellular parasites such as macro-parasites and
bacteria (Janeway et al. 2005). Whereas many primate studies have focussed on a
few variable genes in MHC class 1l (typically DRB and DQB) which are known to
be important in parasite resistance (Setchell and Huchard 2010), less is known
regarding the ecological and evolutionary consequences of MHC class | variation,
which is known to influence a number of reproductive functions including materno-
foetal interactions (Alberts and Ober 1993), but notoriously more difficult to
genotype in Old World Monkeys due to the complexity of its organisation (e.g.,
Otting et al. 2005).

Any large-scale project — e.g. more than 100 individuals — should turn to NGS.
The number of genotyping platforms increases rapidly, and access to sequencing
facilities should never be a limiting factor given that a full MHC project may only
take 6 hours of sequencing time. Access to help for the bioinformatics following
NGS may be more limiting. Regardless of the genotyping method, it is essential to
evaluate the genotyping quality by running duplicates for a large subset of samples,
or by comparing genotypes among parent-offspring dyads to estimate error rates.
Baseline levels of MHC variability observed in the study population should be
published along with a demonstration of the genotyping reliability, even if the
primary interest of the principal investigator is in behavioural ecology (Huchard et
al. 2008; Huchard et al. 2012; Sepil et al. 2012). This is facilitated by the fact that
standards in the field of immunogenetics encourage investigators to describe new
MHC alleles (for any given species) in publications detailing their characteristics,
rather than simply depositing them in public databases. Unreliable MHC
genotyping may cast doubts on downstream analyses, and the robustness of this
field of research critically depends on the use of rigorous and transparent

procedures.
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(3) What Scale Can Be Envisaged in the Realm of a Typical Research Project?
MHC genotyping, as already emphasized, can be time-consuming and care should
be taken to avoid underestimating the optimization stage — typically the most time-
consuming part of the whole process — especially in conditions where difficulties
are to be expected. Projects should use reasonably large sample sizes, and starting a
MHC project with less than fifty individuals is risky as most analyses may fall short
of power, except perhaps through an experimental approach. Genotyping 500-1000
samples in the context of a typical three-year project is realistic using NGS,
although handling a high number of samples may require extra time at other stages
of the project, such as genotyping these for neutral markers to establish pedigrees or
to infer demographic influences on genetic variation. It is good practice to take the
time necessary to validate and publish genotyping quality before moving on to the
next stages, which should also factor into planned time schedules. Practically,
although a large-scale MHC project can be planned in the context of a three-year
project, it may be incompatible with extensive fieldwork, and it may thus be safer to
use behavioural data that are already available. Enough time should be reserved for
data analyses, which may typically require tools from adjacent fields including
population genetics and molecular evolution, as well as sophisticated statistics.
Acquiring a basic understanding of these disciplines is necessary and may be time-

consuming.

What is the Future of MHC Studies in Primatology?

New sequencing technologies dramatically increase the scale and scope of studies aimed
at elucidating the mechanistic bases and ultimate causes of MHC-biased behaviour, and
promises rapid progress in the near future. The broad socio-ecological diversity found in
the primate order (Kappeler and van Schaik 2002; Mitani et al. 2012) and the richness of
primate socio-sexual behaviour and signalling (Dixson 1998; Kappeler 2002) offer
opportunities to address important questions regarding the role of MHC genes in sexual
and kin selection. In addition, resources available to primatologists, including some key

molecular resources designed for human research and transferable to closely related
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species (Tung et al. 2010), a wealth of comparative data across primate species and
populations, as well as a number of multigenerational individually-based field studies
(Kappeler and Watts 2012) place primates at the forefront of future research. Here, we
highlight some specific questions and topics to which the study of primates may provide

valuable contributions.

Test the Links Between MHC and Behavior at the Genomic Scale

The sequencing of the full genome of several primate species has been achieved (Tung et
al. 2010) and is ongoing for several others. This information will be very helpful for the
design of densely spaced markers throughout the MHC region and the whole genome. As
a result, primate studies may stand at the forefront of the number of MHC genes and
markers examined. Marker design will offer insights into whether specific MHC loci
exert an influence on behaviour, and may, in turn, help to identify the pathway linking
genotype and phenotype, as specific MHC genes may have specific functions, for
example in reproductive physiology. In addition, these influential MHC loci may be
linked to other functional genes causing the observed patterns given the high level of
linkage disequilibrium observed in the MHC region (Horton et al. 2004), and genomic
scans may help to detect effects of this kind. For example, the tight genomic linkage
observed between MHC and olfactory receptor genes in humans and rodents (Younger et
al. 2001b) may suggest that genetic diversity or dissimilarity at olfactory receptor genes
may generate observed behavioural biases attributed to MHC genes.

In addition, it is important to contrast MHC variation measured over an extensive region
with wider genomic diversity using markers of the same nature (e.g., Single Nucleotide
Polymorphisms) to determine whether observed behavioural effects are MHC specific or
not (see e.g. Chaix et al. 2008; Laurent and Chaix 2012 for an example of this design in
humans). This remains an outstanding question in MHC evolutionary ecology, as most
studies have examined the links between behaviour and a small MHC fragment (Huchard
et al. 2010) without necessarily controlling for wider genomic diversity. When they have
controlled for it, they have often used crude estimates in the form of multilocus
heterozygosity measured over a handful of microsatellite loci (Balloux et al. 2004). As a

result, it is often impossible to exclude the possibility that MHC-disassortative mate
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choice is a simple by-product of inbreeding avoidance based on MHC-independent cues.
Genome-wide studies are costly and may only be applicable to a subsample of
individuals, so documenting the effect size of the MHC-dependent behavioural bias of
interest using a traditional genotyping approach on the mastersample may provide a good
starting point to calculate the minimum number of individuals to be included in the

genome-wide study.

Understand How Social and Mating Systems Drive MHC-Associated Mate
Choice

The social diversity of primates, including solitary, pair-living and group-living taxa, and
the corresponding diversity in mating systems, with monogamous, polyandrous,
polygynous and polygynandrous mating patterns (Kappeler and van Schaik 2002) offers
an opportunity to examine the universality and context-dependence of mate choice rules
(Setchell and Kappeler 2003). Individual mating strategies appear to be constrained by
group size and social structure. For example, alpha males may largely monopolize
reproduction in mixed sex groups of polygynous species (Cowlishaw and Dunbar 1991;
Port and Kappeler 2010) and compromise the expression of mating preferences of
subordinate males and females. In addition to the social system, demographic effects on
population genetic structure may influence the expression of individual mating strategies.
For example, research in humans suggests that MHC-disassortative mate choice only
operates in close, inbred populations (Chaix et al. 2008) and further efforts are needed to
understand the links between population genetic structure and the evolution and plasticity
of mate choice. Primatologists can play a key role in addressing these questions, because
primate societies have been comparatively well-studied and provide a wealth of detailed

data on behaviour and ecology (Setchell and Kappeler 2003).

Investigate Variations in MHC-Dependent Mate Choice Within and Across

Individuals, and Their Consequences

Detailed individually-based longitudinal datasets developed by primatologists over

decades can be used to measure within-individual consistency in MHC-dependent mate
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choice, and to identify factors driving variation, such as fluctuations in social context
(Gowaty 2004) (e.g., the pool of available partners) or reproductive state (Havlicek and
Roberts 2009b). Some large-scale studies can be used to examine the extent and causes of
inter-individual variation in mating decisions, as well as the fitness consequences of
MHC-dependent mate choice, which are far from being established, and even further
from being measured (Setchell and Huchard 2010). Primatologists can also pinpoint the
mechanisms mediating MHC-biased mate choice. Whereas most published studies of
MHC-dependent mate choice rely on indirect measures of mate choice based on biased
paternities, it is now important to understand whether these biases occur prior or after
copulation and detailed records of mating behaviour available in many primate studies
can shed light on this question. In addition, the primate order counts some of the brightest
and most colourful sexual signals found in mammals, and recent work has highlighted
potential connections between the possession of particular MHC genotypes, individual
condition and the intensity of these signals in primates (Setchell et al. 2009; Huchard et
al. 2010b). Future studies may attempt to confirm these intriguing findings using larger

sample sizes.

Test the Role of MHC in Kin Discrimination

Whereas kin recognition has long been thought to be mediated by familiarity through
stable bonds created during early development (Waldman 1988), recent studies suggest
that individuals may recognize and preferentially associate with unfamiliar relatives such
as paternal kin in promiscuous societies where paternity is uncertain (reviewed by Widdig
2007). These observations suggest alternative mechanisms of kin discrimination,
potentially through self-referent phenotype matching, the comparison between own and
other’s phenotypes (Widdig 2007). Many cues reflect relatedness in non-human primates,
including visual appearance (Alvergne et al. 2009; Parr et al. 2010; Kazem and Widdig
2013), vocalisations (Rendall et al. 1996; Kessler et al. 2012) and odours (Charpentier et
al. 2008; Célerier et al. 2010). Despite a long held belief that monkeys and apes are
microsmatic and that their main communicatory channels rely on visual rather than
olfactory cues (Heymann 2006), recent developments in the study of primate olfactory

communication have revealed that scents reflect genome-wide diversity and genetic
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relatedness in ring-tailed lemurs Lemur catta (Charpentier et al. 2008; Charpentier et al.
2010) and MHC diversity and dissimilarity in mandrills (Setchell et al. 2011). Testing
whether the MHC plays a role in kin discrimination is thus an important goal for future
research, in primates and other animals. The best evidence so far comes from a recent
study in Xenopus laevis showing that within sibships, tadpoles associate preferentially
with MHC-similar full-sibs, with a positive linear relationship between MHC similarity
and the intensity of association among partners (Villinger and Waldman 2012). In
addition, new findings indicate that humans can discriminate the odour of self from non-
self MHC peptide ligands (Milinski et al. 2013). Establishing the role of MHC in kin
discrimination in non-human primates will nonetheless represent a challenging task,
because it requires showing that affiliation or association among unfamiliar individuals
depends on their MHC similarity, independently of their degree of kinship (which may be
reflected in other phenotypic cues). To reach that goal, studies will have to compare the
social interactions of unfamiliar individuals who exhibit a similar level of kinship but
vary in MHC similarity. Experimental designs in captive colonies or comparisons of
interactions among paternal kin in long-term field studies of polgynandrous primates —

where familiarity is an unreliable paternity cue - may be able to tackle this challenge.

Elucidate a Potential Role of MHC in Species Diversification

One of the major riddles in our understanding of the evolution of socio-ecological
diversity represents the identification of traits responsible for the regulation of gene flow
across populations. Sexual selection, along with selection against hybridization or
ecological selection, has been considered to be of major importance in this process
(reviewed in Hoskin and Higgie 2010). Adaptive traits linking mate choice to
environmental changes, sometimes referred to as “magic traits” (Gavrilets 2004), may
play a crucial role in the speciation process if they contribute to the translation of
adaptation to a new environment into a shift in mating preference. MHC genes have been
proposed to represent “magic genes” (Eizaguirre et al. 2009a). Several studies have
suggested that pools of MHC genes are shaped by local pathogen communities that may
vary across populations (Wegner et al. 2003; Blais et al. 2007; Eizaguirre et al. 2009a)

and that mate choice favouring locally adapted MHC genotypes might consequently
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accelerate reproductive separation among populations (Eizaguirre et al. 2009b; Eizaguirre
et al. 2012). This framework represents a new angle linking MHC to biodiversity at an
evolutionary scale. Several primate radiations, featuring several cryptic species,
incomplete lineage sorting, or hybridization in situ (Weisrock et al. 2010) provide an
excellent opportunity to unravel the tangled influence of genetic and ecological factors in

leading to reproductive isolation among closely related species.

Conclusions

MHC figures among the first set of functional genes that have been identified as
influencing behaviour in laboratory rodents. Sustained research efforts invested in
understanding the mechanisms and evolutionary function of this intriguing connection
have long been hampered by the challenges posed by MHC genotyping. The first studies
to apply NGS to MHC genotyping successfully have thus opened a major technological
lock. NGS dramatically expands the potential scope of studies, which can now be
undertaken at the genomic and population scale. This opens exciting opportunities to
resolve old outstanding questions, such as understanding whether, and to what extent,
MHC causes behavioural variation, and whether, and to what extent, sexual selection
contributes to the generation and maintenance of MHC polymorphism. NGS will also
help to exploit the full potential of longitudinal individually-based primate field studies
that have run over decades, and represent the historical strength of primatology.
Primatologists thus have key assets at hand to pioneer the next generation of studies
addressing the links between MHC and behaviour.
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Box 1 — Glossary.

454- pyrosequencing (Roche diagnostics): A method of DNA sequencing by synthesis,
using a large-scale parallel pyrosequencing system capable of sequencing roughly 400-
600 megabases of DNA per 10-hour.

ABS (Antigen-Binding Site): The physical location of MHC molecules where antigens
bind and are presented to T cells.

Antigen: Any molecule recognized by an antibody or T-cell receptor.

cDNA (complementary DNA): Single-stranded DNA produced from an RNA template,
lacking introns (introns are the non-coding parts of genes).

DGGE (Denaturing Gradient Gel Electrophoresis): a technique used for separation of
DNA fragments according to their mobility under increasingly denaturing conditions.

Electrophoresis: A technique used to separate DNA, RNA, or protein molecules based
on their size and electrical charge.

Exon: The sections of a gene that are translated into a protein.

Haplotype: Set of alleles, which are found in adjacent locations (loci) on a single
chromosome and inherited as a physically linked set from each parent.

HLA (Human Leucocyte Antigen): The human major histocompatibility complex.

Heterozygosity: Two different alleles at a locus in diploid organisms, resulting from
inheritance of different alleles from each parent.

MHC (Major Histocompatibility Complex): A complex of tightly linked genes coding
for molecules involved in the detection of non-self antigens and their presentation to
specialized immune cells such as lymphocytes.

Molecular cloning involves inserting a particular fragment of DNA into the purified
DNA genome of a self-replicating genetic element, generally a virus or a plasmid, which
is then introduced in a bacterial cell and cultivated to generate a large population of
bacteria containing identical DNA molecules.

MUPs (Major Urinary Proteins): A subfamily of a larger protein family called
lipocalins. MUPs are found in abundance in the urine and other secretions of many
animals. They are encoded by a cluster of genes, located adjacent to each other on a
single stretch of DNA, varying in number between species: from about 21 functional
genes in mice to none in humans.

NGS (Next-Generation Sequencing): DNA sequencing method, extending basic
principles of Sanger sequencing across millions of reactions in a massively parallel
fashion. Rather than being limited to a single or a few DNA fragments as in Sanger
sequencing, NGS generates hundreds of gigabases of data in a single sequencing run.
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PCR (Polymerase chain reaction): Technique used to amplify DNA sequences using
specific primers.

Polymorphism (in genetics): presence of different alleles at a given locus.

Primer: Short DNA sequences used to target the part of the genome to be amplified in
PCR.

Primer binding region: A region of DNA where a single-stranded primer binds to start
replication; or a duplication of a complementary DNA sequence during PCR.

Pseudogenes: Gene or allele that is not coding for a functional protein because it contains
mutations that disrupt the sense of the sequence.

RNA (Ribonucleic Acid): A single-stranded molecule similar to DNA, often resulting
from DNA transcription and performing multiple vital roles in the coding, decoding,
regulation, and expression of genes.

Sanger sequencing: A method of DNA sequencing, based on a selective incorporation of
chain-terminating radioactively or fluorescently labelled dideoxynucleotides by DNA
polymerase during in vitro DNA replication. The resulting DNA fragments are heat-
denatured and separated by size using gel electrophoresis.

SSP (Sequence-Specific Priming): Also known as allele-specific PCR, a molecular
typing method consisting in designing PCR primers that amplify one (and only one)
specific allele of a polymorphic gene. Genotyping relies on using all specific-primers
designed for each known allele to identify which allele(s) is/are possessed by the
individual.

SNP (Single Nucleotide Polymorphism): A type of polymorphism involving variation
of a single base pair.

SSCP (Single-Strand Chain Polymorphism): A conformational difference of single-
stranded nucleotide sequences of identical length, a characteristic which allows
distinguishing the sequences by means of gel electrophoresis (separating different
conformations).

Stop codons: A trinucleotide sequence within a messenger RNA (mRNA) molecule
signalling a halt to protein synthesis.
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Abstract

The polymorphism of immunogenes of the major histocompatibility complex (MHC) is
thought to influence the functional plasticity of immune responses and, consequently, the
fitness of populations facing heterogeneous pathogenic pressures. Here, we evaluated
MHC variation (allelic richness and divergence) and patterns of selection acting on the
two highly polymorphic MHC class 1l loci (DRB and DQB) in the endangered primate
Madame Berthe’s mouse lemur (Microcebus berthae). Using 454 pyrosequencing, we
examined MHC variation in a total of 100 individuals sampled over 9 years in Kirindy
Forest, Western Madagascar, and compared our findings with data obtained previously
for its sympatric congener, the grey mouse lemur (Microcebus murinus). These species
exhibit a contrasting ecology and demography that were expected to affect MHC
variation and molecular signatures of selection. We found a lower allelic richness
concordant with its low population density, but a similar level of allelic divergence and
signals of historical selection in the rare feeding specialist M. berthae compared to the
widespread generalist M. murinus. These findings suggest that demographic factors may
exert a stronger influence than pathogen-driven selection on current levels of allelic
richness in M. berthae. Despite a high sequence similarity between the two congeners,
contrasting selection patterns detected at DQB suggest its potential functional divergence.
This study represents a first step towards unravelling factors influencing the adaptive
divergence of MHC genes between closely related but ecologically differentiated
sympatric lemurs and opens new questions regarding potential functional discrepancy that

would explain contrasting selection patterns detected at DQB.

Keywords: Primates, Cheirogaleidae, Microcebus berthae, 454 pyrosequencing
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Introduction

The island of Madagascar, one of the world’s biodiversity hotspots, has faced rapid
deforestation over the last century, resulting in population fragmentation of many
endemic primates (Lemuriformes) (Ganzhorn et al. 2001; Mittermeier et al. 1992;
Schwitzer et al. 2013a,b), 94% of which are currently classified as threatened (Schwitzer
et al. 2013a). Many of these species are highly arboreal, inhabit restricted biogeographic
ranges and exhibit fast life histories and higher population turnover compared to most
anthropoid primates; however, the average life span is thought to be compromised by
high extrinsic mortality pressure in the wild populations (Kraus et al. 2008; Fichtel 2012;
Kappeler 2012). These characteristics make lemurs particularly vulnerable to an ongoing
habitat degradation that may disrupt gene flow and cause local demographic fluctuations.
This may in turn result in an irreversible loss of genetic diversity in lemurs, especially
those species with restricted spatial distribution. Given the ongoing rate of deforestation,
rapid surveys of remaining genetic diversity and its potential consequences for the future
viability of these populations are essential to determine conservation priorities (Kremen et
al. 2008). Although difficult to detect in small populations (Chikhi et al. 2010), signals of
demographic or genetic bottlenecks or decreasing genetic diversity at neutral markers
seem present across lemur taxa (Louis et al. 2005; Olivieri et al. 2008; Markolf et al.
2008; Radespiel et al. 2008; Craul et al. 2009; Razakamaharavo et al. 2010; Holmes et al.
2013; Baden et al. 2014). However, little is known regarding its potential fitness
consequences and the capacity of such populations to maintain an effective level of
functional (adaptive) genetic variation (allelic richness and divergence), sufficient to
ensure their health and survival.

Genes of the major histocompatibility complex (MHC) are well suited to study the
adaptive maintenance of genetic variation given their immune function (Klein 1986) and
extreme polymorphism (e.g. Hedrick 2002; Garrigan and Hedrick 2003; Sommer 2005;
Piertney and Oliver 2006; Spurgin and Richardson 2010). MHC genes are coding for
MHC molecules (cell surface glycoproteins) that trigger the immune response by
presenting antigens at antigen-binding sites (ABS) to T-lymphocytes, which then activate
further components of the immune system. Each MHC molecule can bind only a limited

array of antigens, and a number of mechanisms may increase the spectrum of antigens
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recognized, including gene duplications, extensive allelic diversity, polymorphism at
ABS (Hughes and Nei 1988), or polymorphism outside ABS that may alter the 3D
positioning of ABS contact residues (Bjorkman and Burmeister 1994).

Balancing selection, primarily exerted by pathogen pressure, is thought to
represent one of the major forces driving MHC polymorphism (reviewed in Bernatchez
and Landry 2003; Sommer 2005; Piertney and Oliver 2006; Milinski 2006; Spurgin and
Richardson 2010). Three non-mutually exclusive evolutionary mechanisms have been
proposed to explain this polymorphism. First, due to the codominant expression of MHC
alleles and the function of MHC molecules in the immune response, MHC heterozygous
individuals may be at an advantage in a population facing heterogeneous pathogen
pressures (i.e. heterozygote advantage; Doherty and Zinkernagel 1975). Second, MHC
alleles that are advantageous in protection against dominant pathogens in a given
environment (Apanius et al. 1997) may temporarily rise in frequency, until pathogens
evolve resistance to the most common host alleles, which are then progressively replaced
by rarer alleles (i.e. frequency-dependent selection; Snell 1968; Bodmer 1972; Borghans
et al. 2004). Finally, parasite communities typically vary in space and time and may
thereby select distinct sets of MHC alleles in host populations (i.e. fluctuating selection;
Hedrick 1999; Spurgin and Richardson 2010; Eizaguirre et al. 2009a, 2012). As a result,
patterns of selection on MHC genes are likely to be durably affected by the diversity and
frequency of MHC alleles present in the host population and, hence, by its demography
(Hedrick 1972; Borghans et al. 2004). The interruption of gene flow across fragmented
populations and the reduction of effective population sizes can therefore result in a loss of
genetic diversity through genetic drift and inbreeding (Wright 1969; Keller and Waller
2002; Frankham et al. 2002) and may disrupt balancing selection (Hughes and Yeager
1998) that might consequently compromise population capacity to respond to changing
pathogenic pressures (O’Brien and Evermann 1988).

In support of this assumption, a possible link between highly divergent or specific
MHC genotypes and individual fitness (Schad et al. 2005; Schwensow et al. 2007, 2010a,
b; Sommer et al. 2014) and mate choice (Schwensow et al. 2008a, b; Huchard et al. 2013)
has been suggested for two widely distributed lemurs — Microcebus murinus and
Cheirogaleus medius (Cheirogaleidae, Primates). Consequently, the evaluation of MHC

variation retained in populations of endangered confamiliar species can provide valuable
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insights to assess their viability. The complexity of MHC genotyping has long impaired
detailed genetic studies of free-ranging species with unknown genomic organisation.
Next-generation sequencing (NGS) technologies promises progress in this area by
overcoming some of the technical difficulties associated with the complexity of MHC
genotyping and by allowing cost-effective processing of large datasets (reviewed in
Babik 2010; Huchard and Pechouskova 2014; Koboldt et al. 2013; Lighten et al. 2014a).

Here, we investigated MHC variation (allelic richness and divergence) and
patterns of selection of two highly polymorphic MHC class 11 genes, DRB and DQB, in
the endangered Madame Berthe’s mouse lemur, Microcebus berthae (Blab.i-iii,
Andriaholinirina et al. 2014), by genotyping a total of 100 individuals sampled over 9
years in three study areas. This world’s smallest primate (ca. 30g) is endemic to the dry
forests of the Menabe region in western Madagascar (Schmid and Kappeler 1994;
Ganzhorn et al. 2001; Schéffler and Kappeler 2014), which has recently been identified as
a priority site for conservation (Schwitzer et al. 2013a). The distribution of M. berthae is
restricted to an area of less than 810km? within two forest fragments and a narrow
corridor connecting them (e.g. Rasoloarison et al. 2000; Schéffler and Kappeler 2014). Its
population density varies across its geographic range (30-100 individuals/km?) and seems
to be affected by habitat heterogeneity and anthropogenic disturbances (Schwab and
Ganzhorn 2004; Schiffler and Kappeler 2014).

Next, we compared our findings with data obtained across a similar temporal scale
from a population of M. murinus, a sympatric congener (e.g. Weisrock et al. 2010), which
in comparison to M. berthae presents several key ecological and demographic differences.
M. berthae is a feeding specialist relying mostly on dispersed fast depleting resources,
such as homopteran secretions or arthropods. This feeding strategy is thought to promote
an intense scramble competition leading to spatial avoidance, overdispersion and lower
rate of social interactions among conspecifics (Dammhahn and Kappeler 2009). In
contrast, the more opportunistic feeding niche of M. murinus, including diverse plant and
animal matter, seems to reduce competition and facilitate spatial proximity and social
interactions among conspecifics (Dammhahn and Kappeler, 2008a, b, 2010). The
ecological flexibility of M. murinus is also reflected by its wide distribution across
southern and western Madagascar. Its population density is higher and population size

larger in Kirindy forest than those of M. berthae (Eberle and Kappeler 2004; Dammbhahn
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and Kappeler 2005, 2008b). We expect these inter-specific contrasts to influence MHC
variation. First, given that allelic richness appears to be a function of effective population
size (Hedrick 1985), we expect MHC allelic richness of M. berthae to be lower than in M.
murinus. Second, the larger population of M. murinus might harbour a more diverse array
of pathogens (Anderson and May 1978; Nunn et al. 2003; Hughes and Page 2007; see
also Altizer et al. 2007), and this effect might be enhanced by a broader feeding niche and
more frequent encounters with conspecifics offering a greater chance of pathogen
encounter and transmission. In contrast, low population densities and low rates of social
interactions in combination with a narrow feeding niche could result in relaxed pathogen-
mediated pressure in M. berthae. As such, we predict to detect weaker tracks of pathogen-

driven selection on M. berthae MHC alleles compared to M. murinus.

Methods

Sample collection and DNA extraction

DNA samples were collected from M. berthae from three sub-populations captured
between 2005 and 2013 using baited Sherman life traps set within 25-ha study areas (N5,
CS7 and Savannah) located within a 12.500-ha concession of Kirindy Forest of the Centre
National de Formation, d'Etude et de Recherche en Environnement et Foresterie
(CNFEREF) de Morondava (Madagascar: 44° 39’ E, 20° 03° S, Kappeler and Fichtel
2012). The centres of the study areas N5-CS7 and Savannah-CS7 are situated ca 2-2.5 km
and N5-Savannah ca 4-4.5 km away from each other, respectively. In total, we collected
samples from 100 individuals, with sample sizes reflecting contrasting population
densities and sampling effort across the years at each study area (Electronic
supplementary material, see Appendix 1 pp. 102-108: ESM 1; N5: n=80; 423/37%/1 n.a.;
CS7: n=14, 134/13 n.a.; Savannah: n=6, 39/3J). At first capture, each individual was
briefly immobilised with 10 ul Ketanest 100 (s.c.) (Rensing 1999), individually marked
with a sub-dermal microtransponder (Trovan, Usling, Germany) for other studies (e.g.
Dammhahn and Kappeler 2005; 2008a,b; 2010), and a small ear biopsy of 2-3 mm? was
taken and preserved in 70 % ethanol. Genomic DNA was extracted from ear biopsies

following standard protocol (Qiagen QIAmp DNA Mini-Kit, Qiagen Germany). We have
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adhered to the Guidelines for the Treatment of Animals in Behavioral Research and
Teaching (Animal Behavior 2006, 71: 245-253) and the legal requirements of the country
(Madagascar) in which the fieldwork was carried out.

454 library preparation

PCR amplification targeting the two loci of the most variable parts of the MHC class Il
region, DRB and DQB, was performed using primers that flank the functionally important
ABS and captured the full variability in the congener M. murinus (Schad et al. 2004;
Averdam et al. 2011). PCR reaction mix and amplification conditions are summarised in
ESM 2. Each individual PCR product (further referred to as amplicon) was
electrophoresed on 1 % agarose gel to verify successful amplification. Primer design and
the preparation of locus-specific amplicon libraries were described elsewhere (Huchard et
al. 2012). Sequencing was conducted according to standard protocols for GS Junior
sequencing (Roche, 454 pyrosequencing). All sequencing reads retrieved from a total of
six sequencing runs were processed according to a post-sequencing quality control

procedure following Huchard et al. (2012).

454 library processing

Allelic discrimination and evaluation of the number of loci
Artefactual alleles introduced by PCR or sequencing errors and assessing the sequencing
depth necessary for reliable genotyping are well-known technical challenges associated
with NGS that might compromise the reliability of assessments of MHC polymorphism
(reviewed in Babik 2010; Lighten et al. 2014a).

Here, we adjusted some of the filtering steps proposed by previous authors (e.g.
Babik et al. 2009; Galan et al. 2010; Zagalska-Neubauer et al. 2010; Huchard et al. 2012)
to discriminate true versus artefactual alleles, relying on two central assumptions: (1)
Artefactual alleles should show high similarity to one of the two parental sequences they
originated from within amplicons, either by single point mutation or indels causing a shift
in the reading frame, or by recombination of the two parental sequences (chimeras), and

(2) artefactual alleles should be relatively rare, compared to true alleles, both across and
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within amplicons. In contrast to studies mentioned above, we did not identify artefactual
alleles based on global allelic frequency thresholds established across amplicons but
evaluated allele status both across and within each amplicon.

Both manual alignment (Multalin; Corpet 1988) and two numeric indices of allelic
frequency were used to critically evaluate a potential number of loci and to discriminate
true alleles from artefacts: (1) the mean per amplicon frequency (MPAF) of any given
allele as the proportion of reads from an amplicon assigned to this allele, averaged across
all amplicons possessing this allele, and (2) the relative per amplicon frequency (RPAF)
of each allele as the proportion of reads retrieved for each given allele within a given
amplicon. We predicted that artefactual alleles should be relatively rare, compared to true
alleles across amplicons (reflected by low MPAF) and within amplicons (reflected by low
RPAF). While MPAF can help to identify artefacts returned at low frequencies across
sequencing runs, RPAF can help to identify heterogeneities in the distribution of within-
amplicon allelic frequency. These can be either artefactual alleles that occur non-
randomly across sequencing runs or at high frequencies only in few amplicons, skewing
their MPAF (i.e. run-specific sequencing errors or homopolymers) (see also Lenz and
Becker 2008; Harismendy et al. 2009; Gilles et al. 2011; Sommer et al. 2013; Lighten et
al. 2014a, b), or cross-amplicon contaminations of true alleles (with high MPAF and low
RPAF). The occurrence of such DNA carryover contaminants has recently been
acknowledged as an underrated source of genotyping errors associated with NGS
(Huchard et al. 2012; Li and Stoneking 2012; Sommer et al. 2013; Lighten et al. 2014a,
b). Here, we did not systematically eliminate these suspected contaminants by using a
fixed threshold for a minimum frequency per amplicon (here referred to as RPAF) under
which alleles are filtered out within amplicons (e.g. Sepil et al. 2012; Huchard et al.
2012), to avoid eliminating true alleles and thereby generating potential allelic dropout
(van Oosterhout et al. 2006; Sommer et al. 2013). Rather, the status of amplicons
suspected of contaminations by true alleles was clarified by replicating affected
amplicons.

In the first step of the allele sorting procedure, we attempted to evaluate whether
target genes may be duplicated in order to assess the sequencing depth required to ensure
reliable genotyping. Although there was no indication of a loci duplication in M. murinus

(Averdam et al. 2011; Huchard et al. 2012), we could not assume the same in M. berthae
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due to extensive variation in the genomic organisation of MHC within and across species
(e.g. Kelley et al. 2005; Winternitz and Wares 2013; Lighten et al. 2014b). Therefore, we
investigated the MPAF and RPAF distribution of the most common to the least common
alleles across all amplicons, assuming that in the case of non-duplication, we would detect
a notable drop between the two most common and remaining alleles (see also Babik et al.
2009; Huchard et al. 2012). Next, we evaluated our findings by manual alignment of all
alleles within each amplicon and attempted to discriminate artefactual from true alleles
based on our assumptions - similarity to parental allele and low MPAF and RPAF. When
the status of alleles remained ambiguous, affected amplicons were replicated. Finally, we
replicated those few amplicons that passed allele sorting with more true alleles than
expected given the estimated number of loci to check whether this came from the genuine

locus duplication or from an artefact.

Assessment of minimum sequencing depth and genotyping reliability

Based on the estimated number of loci, we proceeded with a final screening step to
evaluate the sequencing depth necessary for accurate genotyping using the program
‘Negative Multinomial’ developed by Galan et al. (2010). Amplicons that did not return a
sufficient amount of reads based on this estimate were re-genotyped.

The efficiency of allele sorting was then evaluated through two steps. First,
assuming that artefacts originated during a single PCR reaction or introduced by a
genotyping mistake would not occur independently in many amplicons, we investigated
the relationship between the MPAF of each allele and the number of amplicons
possessing this allele. We then correlated both values before and after allele sorting. Here,
we expected a positive relationship before allele sorting - due to the fact that artefacts
should display both low MPAF and be retrieved in few individuals only - that would
disappear after allele sorting (Babik et al. 2009; Huchard et al. 2012). Second, a set of
amplicons were additionally replicated for each loci within independent sequencing runs

(DRB n=23; DQB n=27) to assess the reliability of our genotyping for each locus within.
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Seqguence analysis and phylogeny reconstruction

All true alleles were retained for downstream analysis, including those that were
possessed by one individual only to prevent the elimination of rare alleles leading to an
underestimation of allelic richness and to avoid generating false homozygotes. However,
these alleles were not submitted in public repositories.

Allelic divergence was evaluated by computing average pairwise distances
(number of differences) among all pairs of nucleotide and amino acid sequences in each
locus in MEGA 6 (Tamura et al. 2013). Evolutionary relationships between amino acid
sequences of both loci found by this study in M. berthae and previously in M. murinus
were constructed in MEGA, using a neighbour-joining algorithm with Poisson correction
(Saitou and Nei 1987; Zuckerkandl and Pauling 1965). Mimu sequences originated from
664 individuals captured within the study area CS7 between the years 2000 and 2010.
These Mimu alleles were retrieved using 454 technology and comparable allele validation
steps (see Huchard et al. 2012). The repeatability of sequence alignment was determined
by a bootstrap analysis with 1000 replications.

Allelic richness of both loci detected within the study population of M. berthae
was compared to those previously described for M. murinus (Huchard et al. 2012). To
evaluate the number of alleles detected for a given sampling effort, we conducted a
permutation test in R (www.r-project.org). Here, we randomly selected 10 individuals and
counted the number of distinct alleles detected. This procedure was repeated 100 times to
calculate a mean and SD for each sampling effort, adding 10 individuals at each step until
100. This procedure was conducted for both M. berthae and M. murinus and plotted for

both loci to illustrate the number of distinct alleles detected per given sampling effort.

Population genetic analysis

Linkage disequilibrium between DRB and DQB loci was tested using a likelihood ratio
test, where the null hypothesis of no association between loci (linkage equilibrium) is
compared to the hypothesis of a possible association (Slatkin and Excoffier 1996). The
significance of the procedure is found by computing the null distribution of this ratio
under the hypothesis of linkage equilibrium using 10,000 permutations implemented in
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Arlequin 3.5.1.3. (Excoffier and Lischer 2010). Using GENEPOP v 1.2 (Roussett and
Raymond 1995), a null allelic frequency was estimated by maximum likelihood
estimation (EM algorithm; Dempster et al. 1977), and deviations from Hardy-Weinberg
equilibrium (HWE) were calculated for each locus separately using the exact U-score test
(Rousset and Raymond 1995), with the alternative hypothesis predicting heterozygote
excess. The extent of genetic differentiation among sub-populations (regardless of sex
and year cohort) was examined by pairwise Fst at both loci using Arlequin (10,000
permutations, Wright 1965). Comparisons between adult males and females and across
year cohorts were not included due to uneven and small sample sizes (see above and ESM
1).

Test of positive selection

The presence of positively selected sites (PSS) was investigated in both genes separately.
PSS are characterised by o>1 with o=dn/ds and dn and ds being the relative amounts of
substitutions at non-silent (dn) and silent (ds) codon sites. First, we investigated the
strength of positive selection using the likelihood ratio modelling approach. We compared
two models of the codon evolution: the null model, where o<1 and varies according to
the beta distribution (model M7), and a model allowing an additional class of sites, where
®>1, to account for a possible occurrence of PSS (model M8) using a likelihood ratio test
(LRT) (in Yang et al. 2000). If model M8 fits the data better than M7, PSS were
identified through Bayes Empirical Bayes (BEB) procedure and retained for evaluation by
the next step if statistically significant (Yang et al. 2005), using the package CodeML
implemented in PAML 4.7 (Yang 2007).

As a second approach, we estimated values of dy and ds and their standard errors
by calculating the pairwise number of silent and non-silent substitutions (Nei and
Gojobori 1986) applying Jukes-Cantor correction for multiple hits implemented in
MEGA. This rather conservative approach considers all possible evolutionary pathways
(excluding termination codons) leading from one codon to another as equally probable
and is thereby expected to provide conservative (minimum) estimates of numbers of
substitutions compared to the positive selection hypothesis w>1 (Nei and Kumar 2000). A

codon based Z-test of selection was performed to test whether both PSS (®>1) and non-
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PSS (®<l), identified by the previous approach using BEB procedure, were under
positive selection. Furthermore, we compared ® in ABS and non-ABS. Their location was
derived from referential human sequences (HLA-DQB, HLA-DRB; Bondinas et al. 2007)
and compared with previously detected PSS and non-PSS. Finally, overall values of dn

and ds were calculated.

Results

Allelic discrimination and evaluation of the number of loci

A total of 321 unique sequences were retrieved for DRB from 148 amplicons (including
49 replicates, see below) and 105 sequences for DQB from 130 amplicons (including 32
replicates), in the range of 162-170bp (excluding primers). For more details and statistics
of sequencing outcome, see ESM 3. The distribution of MPAF and RPAF from the first to
sixth most common alleles averaged across all amplicons revealed a notable drop of
frequency between the two most common and remaining alleles, suggesting no
duplication of either locus (ESM 4).

Within 321 DRB sequences, 286 (89%) displayed MPAF<0.05 and were
identified by manual alignment as artefacts (95 %) or contaminants (5 %), following our
criteria. From the remaining 35 (11 %) alleles with MPAF>0.05, 13 alleles were
identified as artefacts. Additionally, five alleles occurring within a single amplicon
(MPAF 0.05-0.08) were identified as contaminants and discarded (see below). The
remaining 17 alleles (MPAF 0.08-0.69) were retained as true alleles.

In DQB, 74 (70 %) of all 105 sequences displayed MPAF<0.05, and all of those
were eliminated as artefacts (95 %) or contaminants (5 %). Among 31 remaining
sequences with MPAF>0.05, four more sequences were eliminated as artefacts and five as
contaminants (MPAF 0.06-0.24). The remaining 22 sequences were retained as true
alleles. In both loci, artefacts with MPAF>0.05 mostly represented homopolymer indels -
occurring either at inconsistent frequencies across sequencing runs, within a single
sequencing run or amplicon - and their elimination was further supported by running

replicates of affected amplicons. Nine out of 14 contaminants were eliminated by running
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replicates and three in DRB and two in DQB occurred within one amplicon that was due
to extensive inflation of artefacts, and thereby inconclusive genotype, excluded in each
locus. Overall, 304 (95 %) sequences in DRB and 83 (79 %) in DQB were eliminated.
After allele sorting, only three (out of 96 individuals) and six (out of 98 individuals)
amplicons had more than two true alleles in DRB and DQB, respectively. In all of them,
the existence of a third and in one case fourth allele could be excluded by re-sequencing
affected amplicons, which further confirmed our assumption that both loci were non-
duplicated.

Assessment of minimum sequencing depth and genotyping reliability

Based on our conclusions of no loci duplication, we used the probabilistic model (Galan
et al. 2010) and estimated that a minimum of 18 reads were required for reliable
genotyping of each given locus with a confidence level of 0.95. All amplicons with <18
reads (DRB 26; DQB 5) were re-genotyped and replaced in the dataset, except of three
amplicons in DRB that did not return >18 reads in the second genotyping attempt.
Additionally, 23 amplicons for DRB and 27 for DQB were genotyped in replicates to
estimate genotyping reliability and all of them showed a perfect reproducibility of
assigned genotypes.

The correlation between the MPAF of each allele and the number of amplicons
possessing this allele was significant before allele sorting in both loci (Pearson’s
correlation, DRB n=321 alleles, r=0.78, P<10*>; DQB n=105 alleles, r=0.69, P<10%),
largely driven by the presence of alleles that had both low MPAF and low frequency
(ESM 5). This correlation disappeared in DQB after discarding artefacts (Pearson’s
correlation n=22 alleles, r=0.22, P=0.33) and was weakened in DRB, though still
significant (Pearson’s correlation, DRB n=17 alleles, r=0.64, P<0.006).

Sequence analysis and phylogeny reconstruction

From the total of 17 Mibe-DRB and 22 Mibe-DQB sequences found in 96 and 98
individuals of M. berthae, respectively, none have been described previously. Accession

numbers of these alleles as well as the full nucleotide sequence of alleles occurring in
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only one individual are given in Electronic supplementary dataset, see Appendix 1 pp.
109-111.

Average nucleotide divergence (number of differences) between sequences was
comparably high in both loci (mean+SD; DRB 17.07+£2.44, DQB 14.44+2.16). Among
Mibe-DRB sequences, we found 47 (29 %) variable nucleotide sites and 35 (21 %) among
Mibe-DQB sequences. Each nucleotide sequence of both loci translated into a unique
amino acid sequence and the absence of stop codons suggests that all sequences can
encode functional proteins. Amino acid sequences revealed 23 (43 %; DRB) and 23 (41
%; DQB) variable sites out of 54 and 56 sites (see below), and comparable amino acid
divergence was found in both loci (mean+SD; DRB 11.73+£2.0, DQB 10.76+1.82).

The reconstruction of evolutionary relationships between amino acid sequences of
both species revealed two distinct loci-specific clusters, with the exception of three Mibe-
DQB sequences (Mibe-DQB*017, *016 and *007), that clustered separately among DRB
sequences of both M. berthae and M. murinus (Fig. 1). These three Mibe sequences were
retrieved independently at least in two and up to 11 individual amplicons across different
sequencing runs, and their presence and loci identity was confirmed by replicating from
one to three amplicons possessing affected sequences. Moreover, these three sequences
clustered with other DQB sequences when including only Mibe sequences in the analysis
(data not shown). There was no clear separation between sequences of the two species in
either locus (Fig. 1), and the level of amino acid divergence was comparable within (see
above and Huchard et al. 2012) and between allelic pools of the two species (Mimu vs.
Mibe-DRB 11.6+2.1; DQB 11.3£1.9). Additionally, an insertion (two codons) causing
fragment length polymorphism in DQB, homologous to the one previously described in
19 Mimu-DQB sequences (Huchard et al. 2012), was detected in 7 Mibe-DQB sequences.
This insertion did not result in a shift of the reading frame, and there was no evidence for
stop codons that would indicate a loss of function. These sequences created large distinct

clusters, except for one Mibe sequence (Mibe-DQB*008, Fig. 1).
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Fig. 1 Evolutionary relationships between a
and 22 Mibe-DQB sequences (grey circles

mino acid sequences for 17 Mibe-DRB (black circles)
for sequences without 6-bp insertion and red circles

for sequences with the insertion) described in this study, including 59 Mimu-DRB (black

triangles) and 58 Mimu-DQB sequences

(grey triangles for sequences without two-codon

insertion and red triangles for sequences with it) described in Huchard et al. (2012). The tree

configuration was derived using neigh

bour-joining algorithm (Bootstrap 1000; Poisson

correction) in MEGA 6. Only bootstrap values exceeding 50 % are shown. Accession numbers

and nucleotide sequences of M. berthae are

presented in Appendix (Table 3)
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Allelic richness (number of distinct alleles) estimated for a given sampling effort (number
of sampled individuals) through re-sampling procedure in M. berthae and M. murinus is
shown in Fig. 2. The estimated mean of distinct alleles detected per sampling effort is
lower in M. berthae in both loci, indicating lower overall allelic richness for a given

sampling effort in this study population.

N. DQB alleles observed

20 40 60 80 100

N. individuals sampled

Fig. 2 Estimation of allelic richness for a given sampling effort through re-sampling procedure,
showing the number of distinct alleles detected when randomly drawing an increasing number of
individuals from our sample in M. berthae (red) and M. murinus (blue). Given the similarity of
the observed pattern between DRB and DQB, only the plot for DQB loci is shown. The dotted
lines indicate the standard deviation around the estimated mean (solid line)
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Population genetic analysis

The null hypothesis of linkage equilibrium between loci could be rejected (x>=810.33,
df=396, P<107). Allelic distribution patterns were relatively similar in both genes across
all sub-populations with allelic frequencies varying widely within each locus from 1 to 33
% in DRB and 1 to 27 % in DQB (Fig. 3).

The estimated frequency of null alleles was low in both loci (<0.01). The
comparable observed and expected level of heterozygosity could be found at both loci
across all sub-populations (DRB, Ho=0.91, Hg=0.90; DQB, Ho and Hg=0.92), and
heterozygote excess was not detected in either locus (DRB, Fis"4°=-0.007, P=0.58;
DQB, Fis"&c=0.005, P=0.80).

Pairwise comparisons did not reveal any genetic differentiation in either loci
among the three sub-populations (for all pairs, Fst<0.001; P=0.49-0.84), suggesting
intact/ongoing gene flow among them. The allelic frequencies within each sub-population
and across year cohorts of the largest sub-population (N5) are shown in ESM 6.

61



CHAPTER 2

0.35
0.30
0.25
0.20
0.15
0.10 |

oo || Hﬂﬂﬂﬂﬂmmmmmmﬁ

%@N%c@ & :9‘) & @ @ @‘b ,,cb@ m\’ &N’ 0” t)” c“' QJ:)” q,d\ 0(:?'
o“d‘&c‘*o““é‘“s&:&&o‘*o‘*o‘“&&““oq“@
-4 (- (A Qn Q— 2; Q‘

FFFFFFITE T @‘@*@@ﬁ’

Allelicfrequency

0.30
0.25 +

0.20 +

watil HH Hﬂﬂﬂﬂﬂﬂﬂmﬁmw

!

Fig. 3 The distribution of allelic frequencies (i.e. rate of occurence) of 17 MHC-DRB and 22
MHC-DQB alleles within the study population of M. berthae (DRB, ning=96; DQB, Nning=98)

Test of positive selection

The significant deviation of the LRT statistics from a y? distribution allowed rejection of

the null model assuming neutral evolution (M7) in favor of a model allowing for a class

of sites being subjected to diversifying selection (M8) for both loci (Table 1). In DRB,
nine PSS were identified (CI 99 %, n= 7; Cl 95 %: n=2). Eight of those occurred at
homologous positions with HLA-ABS and another one was located within a three amino
acid distance (Fig. 4). In DQB, 13 PSS were detected (CI 99 %, n=11; CI 95 %, n=2). Six

out of 13 PSS were homologous to HLA-ABS, seven other located within one to four

amino acid distance (Fig. 4). In comparison, two out of three DQB-PSS described in M.
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murinus (Huchard et al. 2012) were homologous to those identified in M. berthae
(positions 5 and 16). Additionally, six PSS were homologous between the two species in
DRB.

The estimated values of dn and ds (+SE) through evolutionary pathways method
(Table 2) confirmed the results of the first analysis by revealing an elevated dn relative to
ds in all ABS versus non-ABS, and in all PSS versus non-PSS. Codon-based Z-tests of
selection indicated that all PSS and ABS have been affected by positive selection in both

loci.
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Fig. 4 Amino acid variation plots for Mibe-DQB and Mibe-DRB alleles. Human antigen-binding
sites (ABS) are indicated with the letter h (Bondinas et al. 2007), and positively selected sites
(PSS) are indicated by black (P> 99%) and grey triangles (P>95 %). The insertion of two codons
at positions 24-25 in seven DQB alleles causes a gap in sequences of DRB loci
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Table 1 Evaluation of the goodness of fit for different models of codon evolution and estimated parameter values

Model LnL? Kappa AIC AAIC®  Parameters
(ts/tv)

MHC-DRB
MO0-one ® -922.27 0.79 1846.12 184.38 ©°=0.61
M7-nearly neutral with 9 -839.49 0.86 1680.7  18.96
M8-positive selection with B (00<1, ®1>1)" -830.14  0.73 1661.74 Best p09=0.78, p1°=0.22 , ®™=3.01
MHC-DQB
MO0-one ® -873.89 1.34 1750.45 150.84 ®©=1.29
M7-nearly neutral with 3 -810.82 1.66 1624.97 25.36
M8-positive selection with B (00<I, ©1>1) -7983 15 1599.61 Best p0=0.73, p1=0.27, ©=4.24

AIC Akaike information criterion, Kappa (ts/tv) transition/transversion rate

2 Log likelihood of a model

® Difference between the value of the AIC of a given model and the best model

¢ dn/ds
d Proportion of sites with o<1
¢ Proportion of positively selected sites (0v>1)

fEstimated value of w for sites under positive selection
9For all sites, ®<I and the [ distribution approximates o variation

"Proportion of sites evolves with o>1
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CHAPTER 2 — MHC variation in sympatric mouse lemurs

Table 2 Results of evolutionary pathways method (MEGA 6) to estimate values of dy, ds (+=SE)
for ABS and non-ABS defined by homology with HLA, and for PSS and non-PSS identified by

Bayes Empirical Bayes (BEB) analysis (PAML).

Number
of
Positions codons dn ds z P
in each

category
MHC-DRB
ABS 11 0.59+0.09 0.05+0.04 5.038 0.000
Non-ABS 43 0.05+0.02 0.06+0.03 -0.470  0.639
PSS 9 0.75+0.08 0.17+0.14 3.226 0.002
Non-PSS 45 0.06+0.02 0.04+0.02 0.484 0.629
All 54 0.13+0.03 0.06+0.03 1.921 0.057
MHC-DQB
ABS 11 0.35+0.11 0.01+0.01 3.123 0.002
Non-ABS 43 0.07+0.02 0.04+0.02 1.493 0.138
PSS 13 0.50+0.09 0.04+0.04 4,912 0.000
Non-PSS 41 0.04+0.01 0.03+0.02 0.783 0.435
All 54 0.12+0.03 0.03+0.02 3.174 0.002

From Nei and Gojobori 1986, Bondinas et al. 2007, Yang et al. 2005.
P probability of dy=ds using Z-test of selection. All positions containing gaps and missing data

were eliminated

65



CHAPTER 2

Discussion

This is a first description of the polymorphism of two MHC class Il genes in the
endangered Madame Berthe’s mouse lemur. We detected a total of 17 Mibe-DRB and 22
Mibe-DQB unique sequences which showed high divergence and tracks of past positive
selection. Below, we compare patterns of variation and selection in M. berthae with those
previously described for M. murinus, a closely related sympatric congener, that differs in
several key aspects of its demography and ecology and discuss potential implications of

these results on population viability.

MHC variation and selection patterns

A total of 17 Mibe-DRB and 22 Mibe-DQB unique sequences were detected within
members of the three sub-populations of M. berthae in Kirindy forest, Western
Madagascar. Comparison with 59 DRB and 58 DQB sequences of M. murinus obtained
previously from the same study site (Huchard et al. 2012) revealed no clear separation of
amino acid sequences between the two species in either locus (Fig. 1). Nucleotide and
amino acid sequence similarity between alleles of the two species, as well as the presence
of a two-codon insertion located at the same position in 19 Mimu- and 7 Mibe-DQB
sequences, could indicate the retention of MHC motifs in both loci during periods of time
exceeding the evolutionary split between species (trans-species polymorphism; Klein,
1987). MHC sequence similarity limited to exons encoding peptide binding regions have
been detected many times between species that were sometimes distantly related
(summarised in Klein et al. 2007; Lenz et al. 2013) and may represent examples of trans-
species polymorphism or result from convergent evolution (independent evolution of
similar traits in response to similar ecological pressures) (e.g. Klein et al. 2007). In
addition, the reconstruction of evolutionary relationships between amino acid sequences
of the two loci revealed a partial paraphyly, with three Mibe-DQB sequences clustering
within DRB sequences. A BLAST search of the affected Mibe-DQB nucleotide sequences
revealed Mimu-DQB sequences as a close match. Moreover, when analysed separately,
Mibe sequences generated two distinct loci-specific clusters (data not shown) supporting

their correct assignment to DQB loci. Additionally, these sequences occurred within
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multiple individuals and their presence was confirmed by replication, which excluded the
possibility of sequencing run-specific amplification mismatch. Such paraphyly has been
also reported previously in M. murinus by Huchard et al. (2012) and may result from a
combined effect of tight physical linkage, shared origin and high functional similarity
between the two loci.

In contrast to 17 Mibe-DRB and 22 Mibe-DQB sequences obtained by this study
from the total of ca. 100 individuals sampled over 9 years in three study areas, 59 Mimu-
DRB and 58 Mimu-DQB originated from 664 individuals of M. murinus sampled over a
comparable period of time within a single study area (Huchard et al. 2012). Allelic
richness (number of distinct alleles) for a given sampling effort (hnumber of sampled
individuals) that was estimated through re-sampling procedure in dataset of both species
revealed the average number of distinct alleles detected for a given sampling effort to be
ca. two—fold lower in M. berthae compared to M. murinus (Fig. 2). This finding indicated
lower allelic richness in M. berthae, where sampling of ca. 60 individuals, compared to
ca. 200 individuals in M. murinus, would allow to capture most alleles present in the
study population, deduced from an inflection in the graph illustrating the relationship
between allelic richness and sampling effort (see Fig. 2 and Huchard et al. 2012).
Moreover, the allelic distribution across year cohorts within the largest sub-population of
M. berthae (N5) suggests that reported allelic richness within this study site may be
overestimated, since some alleles were detected exclusively within earlier cohorts and
seem to have disappeared within current generations (e.g. after 2008-2009) (ESM 6).
However, sample size is too small to interpret apparent fluctuations in allelic frequencies
that might be further enhanced by a progressive displacement of the M. berthae
population, located at the periphery of the study area (Dammhahn and Kappeler 2008b),
or by individual migrations. The lower allelic richness found in M. berthae matched our
predictions based on its overall lower population densities and population size relative to
M. murinus (Dammhahn and Kappeler 2005, 2008b). Even though the reasons for lower
population density of M. berthae are unknown, factors such as a narrow feeding niche
promoting intense intra-specific scramble competition, larger home ranges and less
cohesive social networks in M. berthae (Dammhahn and Kappeler 2005; 2008a; 2009;
2010), when compared to spatially more clumped generalist M. murinus (e.g. Eberle and

Kappeler 2004), are thought to contribute to the naturally lower population densities in
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this species (Dammhahn and Kappeler 2008b). Additionally, we observed a notable
decrease in the number of newly captured individuals across the years in the most densely
populated study area (N5) despite of a comparable capture effort across years (ESM 1).
This pattern could either be the result of a decreasing population size or, alternatively, a
spatial exclusion from the study area by its superior competitor (Dammhahn and Kappeler
2008b), whose sub-population is shifting in recent years into the areas previously
exclusively occupied by M. berthae (data not shown).

Finally, the small population size, specialist diet and lower rate of social
interactions among conspecifics of M. berthae could to some extent promote a limited
array of pathogens and its transmission across conspecifics (rewieved in Edwards and
Potts 1996; Nunn et al. 2003; Vitone et al. 2004; Rifkin et al. 2012). This could in turn
result in relaxed selection, possibly manifested not only by lower allelic richness and/or
divergence but also by less tracks of selection on MHC sequences. In M. berthae, allelic
divergence in both loci, as well as strong evidence of past historical balancing selection
on MHC sequences (Table 1 and 2; Fig. 4), are comparable to patterns described in M.
murinus (Huchard et al. 2012) and do not support the idea of a weaker pathogen-driven
selection in M. berthae compared to M. murinus. Thus, population size rather than weak
selection seems to constrain allelic richness in this population.

In addition, nine PSS were detected across 17 Mibe-DRB sequences, and 13
across 22 Mibe-DQB sequences, suggesting that DQB may be of equal or higher
functional importance than DRB in this species. This contrasts with previous findings in
M. murinus, where DRB was suggested to be under stronger diversifying selection than
DQB based on their relative number of PSS (11 vs. 3) (Huchard et al. 2012). Contrasting
selection patterns could reflect divergent functions of this locus in M. berthae versus M.
murinus. Under this scenario, we may also expect different levels of allelic variation
(richness and divergence) between the two loci. This is the case in neither M. murinus nor
M. berthae. This may be due to the fact that (i) selection pressures acting on both loci are
not independent given their tight linkage, (ii) allelic variation reflects variation in
demography and not simply selection, or (iii) allelic variation and signatures of past
positive selection reflect the strength of selection over different time scales. An elevated

rate of non-synonymous mutations requires a long time to accumulate (Bryja et al. 2007)
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as well as to vanish after the disappearance of selection (Garrigan and Hedrick 2003),

whereas fluctuations in allelic variation may be more dynamic.

Implications for population resistance

To assess the adaptive significance and fitness consequences of MHC variation, it is
essential to distinguish the relative importance of different measures of MHC
polymorphism (Garamszegi and Nunn 2011). The high level of amino acid divergence
among Mibe alleles or their effective combination within individual genotypes may buffer
potential detrimental effects of lower allelic richness for pathogen resistance. Thus,
persistence of certain Mibe alleles across several generations and study areas (ESM 6)
could be facilitated by their divergence (i.e. divergent allele advantage hypothesis)
(Richman et al. 2001; Schwensow et al. 2010a; Lenz et al. 2009; Lenz 2011; Froeschke
and Sommer 2012; Sepil et al. 2013) or by the effect of MHC-dependent mate choice
favoring specific alleles conferring resistance against dominant pathogens (e.g. Hill et al.
1991; Schad et al. 2005; Schwensow et al. 2007, 2010a; Axtner and Sommer 2012; Kloch
et al. 2013). However, high allelic divergence may not be sufficient to maintain effective
flexibility of the immune response in the long-term when allelic richness is low. In small
populations with limited gene flow, genetic drift may weaken the capability of balancing
selection to maintain high levels of MHC polymorphism through disappearance of rare
allelic variants (Hartl and Clark 1997; Ejsmond and Radwan 2011). This might in turn
compromise the capability of the host’s immune system to keep up with the evasive
mechanisms of the current, or newly introduced pathogens. However, whether and how
MHC variation found in M. berthae translates into population viability remains to be

tested by the integration of genetic data with further health and survival assessment.
Overall, the empirical evidence supporting a link between MHC variation and
fitness remains equivocal across taxa (reviewed in Acevedo-Whitehouse and Cunningham
2006; Radwan et al. 2010; Winternitz et al. 2013). Some populations that have undergone
a demographic bottleneck seem to cope with critically low MHC variation (e.g. Ellegren
et al. 1993; Mikko et al 1995, Babik et al. 2005; Gangoso et al. 2012), or low MHC allelic
richness compensated by high allelic divergence (e.g. Radwan et al. 2007; Castro-Prieto
et al. 2011), while others retained high levels of MHC variation despite facing a
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bottleneck that simultaneously lowered neutral genetic diversity (Aguilar et al. 2004;
Hedrick and Hurt 2012; Oliver and Piertney 2012). Although the consequences of
decreasing MHC variation might be undetectable over long periods of time, it might
eventually compromise the ability of small or isolated populations to resist to ever-
changing pathogen pressures in the future, over time scales that may be difficult to
measure in most empirical studies (reviewed in Radwan et al. 2010; Spurgin and
Richardson 2010). Therefore, the continuous long-term demographic monitoring of
populations for which estimates of MHC variation have been established at one or several
points in time may, in the future, help us to refine our understanding of the time-scale

over which such processes are acting, especially in relatively short-lived species.

70



CHAPTER 2

Compliance with ethical standards

Research involving animals: We have adhered to the Guidelines for the Treatment of
Animals in Behavioral Research and Teaching (Animal Behavior 2006, 71: 245-253) and
the legal requirements of the country (Madagascar) in which the fieldwork was carried
out.

Funding: This study was funded by a SAW project of Leibniz Graduate School for the
Foundations of Primate Social Behavior issued by Wissenschaftsgemeinschaft Gottfried
Wilhelm Leibniz e.V. (SAW-2011-DPZ-4) and field work was supported by the DPZ and
DFG (Ka 1082/10-1&2).

Conflict of interest: The authors declare that they have no conflict of interest.

Acknowledgements

We would like to thank all people who have contributed to the collection and processing
of DNA samples, with a special thanks to the Kirindy field assistants, notably Bruno
Tsiverimana, Tiana Andrianjanahary, Jean-Claude de Beroboka and Mamy
Razafindrasamba, as well as to Christina Glaschke. We also thank the Département de
Biologie Animale, Universit¢ d’Antananarivo, the CAFF of the Direction des Eaux et
Foréts and the CNFEREF Morondava for granting a research permit and to Prof. Lutz
Walter and Dr. Christian Roos for use of the GS Junior sequencer and Nico Westphal for
providing technical help. This research was funded by a SAW project of Leibniz
Graduate School for the Foundations of Primate Social Behavior issued by
Wissenschaftsgemeinschaft Gottfried Wilhelm Leibniz e.V. (SAW-2011-DPZ-4) and
field work was supported by the DPZ and DFG (Ka 1082/10-1&2).

71



CHAPTER 3

EVOLUTIONARY ORIGINS OF SHARED MHC
POLYMORPHISM IN SYMPATRIC LEMURS

Eva Kaesler (born Pechouskova), Peter M. Kappeler, Markus
Brameier, Janina Demeler, Cornelia Kraus, Josué H. Rakotoniaina,

Anni. M. Hamalainen and Elise Huchard

Submitted to Molecular Ecology

72



CHAPTER 3

73



CHAPTER 3

Abstract

Genes of the Major Histocompatibility Complex (MHC) assume a central role in the
adaptive immune response of vertebrates. They exhibit a remarkable polymorphism,
which often crosses species boundaries, with similar alleles or allelic motifs shared across
species, a phenomenon known as ‘trans-species polymorphism’. Trans-species
polymorphism may reflect the operation of parallel selective pressures, either via
convergence and the emergence of functionally similar alleles, or via co-ancestry and the
long-term maintenance of MHC sequence motifs over multiple speciation events. Here
we investigate the origins of MHC similarity across several confamiliar lemur species
(Cheirogaleidae). We examined MHC class Il variation in two highly polymorphic loci
(DRB and DQB) and evaluated the overlap of gut-parasite communities in four sympatric
lemurs. We tested for parasite-MHC associations across species to determine whether
similar parasite pressure may select similar MHC alleles in different host species. Next,
we integrated our MHC data with those previously obtained from other Cheirogaleidae to
investigate the relative contributions of convergence versus co-ancestry to trans-species
polymorphism by contrasting patterns of codon usage at functional and neutral sites. Our
results indicate that parasites shared across host species may select for functionally
similar MHC alleles and some alleles may affect risk of multiple infections in several host
species implying that the dynamics of MHC-parasite co-evolution should be envisaged at
the community level. We further show that co-ancestry is the primary mechanism
responsible for the retention of MHC sequence motifs between species that diverged up to
30 million years ago, suggesting that MHC polymorphism is capitalized over multiple

speciation events and may be slow to regenerate when eroded.
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Introduction

The Major Histocompatibility Complex (MHC) is a multigene cluster characterized by
remarkable polymorphism and a complex evolutionary history. The MHC genes encode
MHC molecules, cell surface glycoproteins, that trigger the initial phase of an immune
response against intracellular (MHC class I) or extracellular pathogens (MHC class 1), by
binding antigenic peptides at peptide-binding regions (PBR). Antigens are presented to T-
lymphocytes that initiate an antigen-specific immune response (Trowsdale 1993). Amino
acid polymorphism lining the peptide-binding groove (Hughes and Nei 1988) or its close
proximity (ca 4 A, Nielsen et al. 2007), may alter the 3D-positioning of amino acid
contact residues (Bjorkman and Burmeister 1994) that determines the binding specificity
of each encoded MHC molecule and consequently spectrum of antigens recognized
(Rammensee et al. 1995). The individual immune repertoire, that is, which pathogens can
or cannot be recognized by its adaptive immune response, is then determined by MHC
genotype.

MHC polymorphism is thought to be largely maintained by balancing selection
mediated by co-evolving parasites through selective mechanisms such as divergent allele
advantage (Wakeland et al. 1990; Richman and Kohn 1999; Lenz 2011) or
overdominance and negative-frequency dependent selection (Klein et al. 1993a; Spurgin
and Richardson 2010). Support for a pathogen-mediated selection on MHC stems from
associations between certain MHC alleles and the prevalence of some pathogens at the
population or community level (e.g. Hill et al. 1991; Schwensow et al. 2007, 2010a,b;
Wegner et al. 2003; Froeschke and Sommer 2012; Sepil et al. 2013; Sommer et al. 2014;
Pilosof et al. 2014), or from positive correlations between MHC polymorphism and
parasite richness across species (de Bellocq et al. 2008; Garamszegi and Nunn 2011).
Host-parasite co-evolution can be seen as a dynamic interplay of direct and indirect
effects between multiple hosts and parasites shaping host MHC variation (Pilosof et al.
2014). For instance, according to the ‘rare-allele advantage hypothesis’ (e.g. Snell 1968,
Bodmer 1972; Spurgin and Richardson 2010), rare alleles may confer selective advantage
over more frequent alleles given that co-evolving pathogens might not have enough time
to evolve evasive mechanisms. Alterations in parasite resistance in one host species, e.g.

via changes in allelic frequencies, can influence parasite prevalence in a host population,
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which can have cascading effect on individuals of other host species by altering selection
imposed by the parasite on their MHC diversity. Thus, it is important to consider the
whole community rather than single species to comprehend the effects of parasite-
mediated selection on the evolution of MHC polymorphism (Pilosof et al. 2014).

The extensive MHC polymorphism often crosses species boundaries, with similar
alleles or sequence motifs shared among species confounding MHC-based phylogenetic
reconstructions, a phenomenon referred to as ‘trans-species polymorphism’ (‘TSP’, Klein
1987, 2007). Two fundamental evolutionary scenarios have been proposed to explain it.
First, the MHC allelic similarity across taxa may originate from common ancestry (CA)
provided distinct orthologous allelic lineages are passed from ancestral to descendant
species across speciation events (Klein 1987; Figueroa et al. 1988; McConell et al. 1988;
reviewed in Klein et al. 2007; Azevedo et al. 2015; Tesicky and Vinkler 2015).
Alternatively, similar parasite pressures may select for similar allelic motifs in different
species that are limited to the PBR through the operation of convergent evolution (CE),
independently of host taxonomy (Gustafsson and Andersoon 1994; Yeager and Hughes
1999; Christin et al. 2010). If co-ancestry is responsible for allelic similarity at coding
regions, adjacent regions that are not directly involved in antigen recognition (e.g. non-
PBR, or flanking introns) would also show higher similarity than expected by chance. In
contrast, convergent evolution would promote amino acid (but not necessarily codon)
similarity limited to coding regions, but should not affect the structural (nucleotide)
composition of non-coding regions that are expected to segregate according to the species
phylogeny (Klein et al. 2007; Lenz et al. 2013).

So far, qualitative or quantitative indications supportive of either scenario were
reported (e.g. CE: Andersson et al. 1991; Trtkova et al. 1995; Yeager and Hughes 1999;
Kriener et al. 2000, 2001; Srithayakumar et al. 2012; Pilosof et al. 2014, CA: Lundberg
and McDevitt 1992; Klein et al. 1993b; Graser et al. 1996; Garrigan and Hedrick 2003;
Lenz et al. 2013; Eimes et al. 2015; Tobler et al. 2014), but the majority of instances
where inconsistent MHC genealogy was observed were attributed to common ancestry.
Simultaneous examination of MHC constitution, including the evolution of non-coding
regions (‘introns’, Zhang and Kumar 1997; Kriener et al. 2000), and MHC-parasite

interactions would be an ideal setting to address the relative contribution of the two
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evolutionary mechanisms to MHC allelic similarity. However, this approach remains
challenging in natural populations and non-model organisms (Lenz et al. 2013).
Additional insights regarding the interactions between pathogens and host immune
response can be achieved by reaching beyond nucleotide or amino acid similarity to
examine (1) the functional similarity of encoded MHC proteins, as well as (2) patterns of
codon usage, as an indication of co-ancestry. Each encoded MHC molecule can bind a
limited array of antigens, and the antigen specificity is determined by physio-chemical
properties of amino acids positioned at PBR. Consequently, MHC alleles encoding MHC
molecules with similar antigen-binding affinities can be classified into functionally
equivalent groups, referred to as ‘MHC supertypes’ (Sette and Sidney 1999; Southwood
et al. 1998; Trachtenberg et al. 2003; Lund et al. 2004). Supertype classification has
proven valuable to investigate associations between the binding specificity of MHC
alleles possessed by a given host, and host susceptibility to pathogens within and across
species (e.g. Trachtenberg et al. 2003; Schwensow et al. 2007, 2010b; Sepil et al. 2013;
Pilosof et al. 2014). Functional similarity across species (i.e. alleles from different species
belonging to a same supertype) would suggest the operation of convergent evolution if
allelic structural similarity is absent from non-PBR regions. Alternatively, if shared
polymorphism at PBR is a consequence of common descent, we expect the similarity of
amino acid sequences to reflect the similarity of nucleotide sequences, and so, similar
patterns of codon usage (Lundberg and McDevitt 1992; Lenz et al. 2013).

Here we aim to address the relative contribution of convergent evolution and
common ancestry to MHC allelic similarity by simultaneous examination of MHC
constitution and parallel selective pressures in a community of four sympatric lemur
species — Microcebus berthae, M. murinus, Mirza coquereli and Cheirogaleus medius
(Primates, Cheirogaleidae). This lemur community presents three key advantages for the
present study. First, they vary in phylogenetic relatedness, allowing us to test the relative
contribution of the two evolutionary scenarios across pairs of species that have diverged
more or less recently. We may expect their contribution to vary with the degree of species
relatedness, which may provide insights about the potential longevity of MHC alleles.
Second, these species are reproductively isolated and the absence of ongoing
hybridization minimizes the risk of confounding factors, such as allelic introgression (see

also Lenz et al. 2013; Klein et al. 2007). Third, all these species are small-bodied
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(<500g), nocturnal omnivores facing broadly similar environmental conditions. This
community includes rare solitary and spatially more dispersed M. berthae and M.
coquereli, relatively abundant and pair-living C. medius and abundant and socially
cohesive M. murinus (Dammhahn and Kappeler 2005, 2008b; Kappeler et al. 2002;
Markolf et al. 2008; Fietz et al. 1999a,b; Mittermeier et al. 2008; Eberle and Kappeler
2002, 2006). They exhibit different levels of ecological overlap in their diet and in their
demography in dyadic fashion that is incongruent with their phylogeny (Dammhahn and
Kappeler 2014; Thiele et al. 2013). This may provide an opportunity to assess the
importance of ecological overlap explaining patterns of MHC variation in these species,
given that diet, host population density and spatial proximity have been indicated to affect
the level of parasitism (e.g. Vitone et al. 2004; Hughes and Page 2007; Chen et al. 2008;
Godfrey 2013; Morand 2015). A considerable overlap in parasite communities, dietary
ranges and functional proximity of MHC alleles reported between M. murinus and C.
medius (Schwensow et al 2010b; Dammhahn and Kappeler 2014) suggest a certain degree
of ecological convergence present between at least these two species.

Here we proceed in three main steps. First, we assess the extent of overlap in
gastro-intestinal gut parasites across four sympatric lemurs and compare patterns of their
MHC class Il allelic variation in the two highly polymorphic loci (DQB and DRB)
derived by this and a previous study (M. berthae, Pechouskova et al. 2015).

Second, to evaluate the impact of pathogen-mediated selection on shaping MHC
allelic variation across species, we evaluate the functional overlap between MHC alleles
using supertype classification. Next, we integrate these data with helminth prevalence
across species, to test whether species with similar parasite communities present similar
patterns of MHC supertype frequencies. We further examine MHC-parasite interactions at
a community and species level to test whether shared parasite pressures may select for
functionally equivalent MHC alleles across host species, according to two distinct
scenarios of parasite-driven selection. First, if each MHC supertype protects against one
or few parasite species within and across species, we expect to detect a correlation
between the frequency of particular MHC supertypes and the prevalence of particular
parasites within and across species. The effect of particular helminths on host fitness
remains unknown in Cheirogaleidae and the most common genera presumably show

rather mild pathogenicity (Raharivololona and Ganzhorn 2010; Irwin and Raharison
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2009). In contrast, multiple infestations can impose additional energetic demands causing
detrimental effect on host fitness and survival and thereby reduced reproductive output
(reviewed e.g. in Morand 2015). Thus alternatively, if some MHC supertypes have a
broader and more generalistic effect than others and may protect against a diverse array of
pathogens within and across species, we expect to detect a correlation between the
frequency of particular MHC supertypes and parasite richness within and across species.
Third, to evaluate whether MHC functional similarity stems from common descent
or from independent convergence, we evaluate the potential co-ancestry of (1)
orthologous alleles that are functionally similar and belong to a same supertype and (2)
orthologous peptide motifs at the PBR in species with various degrees of phylogenetic
proximity by integrating our MHC data with those previously acquired for other
Cheirogaleidae. Under the co-ancestry hypothesis, we predict that (1) MHC alleles
belonging to the same supertype show higher structural similarity at non-PBR than alleles
belonging to different supertypes, and (2) amino acids at PBR show higher codon
similarity across species than expected by chance. In contrast, under the operation of
convergent evolution, selection for similar amino acids, but not codons, would be
expected across species. Moreover, allelic similarity should be predominantly limited to
PBR (Lenz et al. 2013), especially in more distantly related species. Lastly, we expect the
relative contribution of co-ancestry and convergence to vary with the degree of
phylogenetic relatedness of species, with co-ancestry being the primary mechanism

responsible for allelic similarity among the most closely related species.

Materials and Methods

Study site, DNA collection and MHC genotyping

The four lemur species live in sympatry within 12,500-ha Kirindy Forest/ CNFEREF
(Centre National de Formation, d'Etude et de Recherche en Environnement et Foresterie)
in western Madagascar (Kappeler and Fichtel 2012). Members of each species have been

regularly captured between the years 1993 and 2013 at four study sites, using Sherman
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and Tomahawk live traps. Further details on sampling design and sample size distribution
of each species are presented in Supporting Information 1; see Appendix 2, pp. 113-145.
The capture and DNA sampling and extraction protocols were identical to those
previously described elsewhere (e.g. Pechouskova et al. 2015; Supporting Information 1).
PCR amplification targeting the two highly polymorphic loci of the MHC class Il region,
DRB and DQB followed by MHC genotyping (454 pyrosequencing; Roche, France) were
conducted as described in Pechouskova et al. (2015); see Supporting Information 1 for a
brief summary.

All animal handling and sample treatments were in compliance with animal care
regulations and applicable national laws of Germany and Madagascar (CITES: 429C-
EA10/MGO7, 430C-EA10/MGO07), approved by the appropriate Animal Use and Care
committees of Germany (Bundesministerium fiir Naturschutz, BfN) and the legal

requirements of Madagascar (Ministére de I’Environment et des Eaux et Foréts,

MINEEF).

Parasite communities screening at species level

Coproscopic samples used in this study were collected during animal handling and from
clean traps between September and December 2012. Samples were immediately
homogenized in 10% formalin and stored for further examination. Helminth eggs were
extracted using two different techniques: (a) standard FLOTAC protocol (Cringoli et al.
2010) and (b) Ritchie’s formol - ether concentration method (Ritchie 1948) and their
presence was determined microscopically following criteria for egg-morphotype
classification up to the genus level (Raharivololona et al. 2006, 2009; Irwin and
Raharison 2009). Only morphotypes that could be identified reliably (8 genera,
Supporting Information 1) were retained for the subsequent analyses. The amount of
samples collected for each host species is presented in Supporting Information 1.
At first, a simple quality control procedure was performed to evaluate the repeatability of
helminth egg detection. The implementation and the outcome of this analysis are
presented in Supporting Information 1.

Next, to evaluate the extent of overlap among helminth communities in the four
host species, we tested whether two random samples collected from the same species are
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more similar than two random samples from different species. A higher proportion of
individuals of M. murinus (42 %) and C. medius (41 %) were sampled only once,
compared to M. coquereli (13 %) and M. berthae (7 %). Thus, we homogenized sampling
effort across species by including only those individuals that were sampled at least twice
throughout two different sampling months. To control for seasonal variability, we
performed the same test including only a subset of individuals that were sampled on the
same trapping session only (within 1-3 days apart). The number of individuals included in
each test is provided in Supporting Information 1. For all tests, Jaccard dissimilarity index
was calculated for each pair of samples, using the function ‘vegdist’ implemented in the
package ‘vegan’ (Oksanen et al. 2015), and averaged across groups (e.g. ‘same’ versus
‘different’ species). The resulting average was compared using Mann-Whitney U tests.

Finally, to assess the extent of parasite sharing among the four host species, we
created a host-parasite matrix based on helminth prevalence (the proportion of individuals
within each species infected by a given parasite) within each host species, following
Pilosof et al. (2014). The host-parasite matrix (see Fig. 1) was transformed into a
dissimilarity matrix using the Ruzicka index (RI), a quantitative version of the Jaccard
index that allows direct comparisons between hosts (Speed et al. 2010, Tamas et al.
2001), implemented in the R package ‘vegan’. A RI value of 1 indicates maximum
dissimilarity, where no parasites are shared between a pair of hosts and a RI value of 0
indicates that parasites infect hosts with a similar prevalence. All analyses were
conducted in R v.3.2.1. (R Core Team 2014).
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Fig. 1 Host-parasite matrix (on top, in green) based on helminth prevalence defined as the fraction
of individuals within host species (columns) infected by a given parasite (rows), sorted from
generalist to specialist genera ; and host-MHC supertype matrix (bottom, in blue) based on
supertype frequencies defined as the number of infected individuals of a given host species
(columns) possessing a given supertype (rows), divided by the total number of individuals
possessing this supertype within the same host species. Phylogenetic relationships between the
four host species are visualised using an ultrametric phylogenetic tree based on 1140bp of
cytochrome b mitochondrial gene sequences

MHC variation and patterns of molecular selection across species

Allelic richness for each locus was compared across the four species, while controlling
for sampling effort (number of individuals trapped in a given species), using a simple
permutation test set to evaluate the number of alleles present in the population based on
the number of alleles retrieved for a given sampling effort (Huchard et al. 2012). Physical
association between the two loci was examined using tests of linkage disequilibrium in
each host species implemented in Arlequin v.3.5.1.3. (using 10,000 permutations;
Excoffier and Lischer 2010).

82



CHAPTER 3

The presence of positive selection operating on nucleotide sequences was tested following
the method developed by Yang et al. (2000, 2005), using the program CodeML
implemented in the PAML v.4.7 software (Yang 2007). The implementation of the

method is summarized in Supporting Information 1.

Characterization of MHC supertypes

Classification of MHC alleles into ‘supertypes’ consists in characterizing MHC alleles by
the binding specificity of amino acid residues lining the peptide-binding groove (here
represented by positively selected sites ‘PSS’ identified in the previous step of the
analysis) to assess their functional proximity within and across species.

At first, we generated a sequence alignment for each locus that was restricted to
PSS. Given that the PSS distribution was not homologous across species for either locus,
we created a conservative consensus alignment that would enable designing of supertypes
across species. We included all PSS detected in any species (20 DRB and 12 DQB) to
ensure that any functionally important site was retained in the analysis. Each amino acid
from the DRB (or DQB) PSS alignment was characterized by a vector of five physio-
chemical descriptor variables that are thought to play a key role in determining antigen-
binding specificities (Sandberg et al. 1998): z1 (hydrophobicity), z2 (steric bulk), z3
(polarity), z4 and z5 (electronic effects); as described by Doytchinova and Flower (2005).

The resulting matrix was then subjected to a K-means clustering algorithm with
increasing number of groups using the function “find.clusters” implemented in ‘adegenet’
R package (Jombart et al. 2010) following Sepil et al. (2012). Here, different clustering
solutions are compared using the Bayesian Information Criterion (BIC) to identify the
optimal number of clusters. A minimal number of clusters is manually selected when BIC
statistics decreases by a negligible amount, indicated by a minimum or an elbow in the
curve of BIC values as a function of cluster number.

The supertype classification was validated in two steps as proposed by Pilosof et
al. (2014). First, we repeated the procedure by running 500 automated classifications
using the automated clustering criterion ‘smoothNgoesup’ implemented in the package
‘adegenet’, that reduces sensitivity to small fluctuations in the decrease of the BIC
statistics and therefore the risk of identifying a local minimum. Second, we compared
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results of manual classification with the automated one using a measure of normalized
mutual information (MI) based on information theory (Danon et al. 2005). Here an index
of certainty is calculated with its maximum value (1) reached when clusters created by
both approaches contain only identical alleles, and its minimum value (0) when only

different alleles are present.

Selection of similar supertypes across species: parasite-host-supertype

associations

To examine whether parasite-driven selection is likely to contribute to the distribution of
MHC supertypes across species, we examined associations between helminth infestations
and supertype frequency using two different approaches. Here a total of 187 individuals
(M. berthae n=14; M. murinus n=128; M. coquereli n=8; C. medius n=37) for which both
MHC and data on helminth prevalence were available were included in following

analyses.

Supertype-parasite associations at the community level

First, we investigated the extent of association between the frequency of MHC supertypes
and helminth prevalence across all host species, to test whether species with similar
helminth communities may also show similar MHC supertype distributions. Following
the procedure described by Pilosof et al. (2014), we created a matrix describing the
frequency of MHC supertypes in different host species and then transformed it into a
distance matrix using the Ruzicka index (RI1) in the same manner as described above for
the host-parasite matrix (see Fig. 1). To control for a potential phylogenetic signal among
the four host species, we constructed a phylogenetic tree based on previously published
cytochrome b mitochondrial gene sequences (1140bp; NCBI Genebank, M. coquereli
EUB835932; C. medius EU825326 in Groeneveld 2008, 2009; M. berthae GU327166, M.
murinus GU327178 in Weisrock et al. 2010). The tree was constructed using a ML
algorithm (GTR substitution model, 1000 bootstrap replications; Tavaré 1986)
implemented in PhyML 3.0 (Guindon et al. 2010); and is displayed in Fig 1. We then
inferred phylogenetic distances using the function ‘cophenetic.phylo’ implemented in the
R package ‘ape’ (Paradis et al. 2004). Finally, we performed a partial Mantel test to
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evaluate the significance of the correlation between the host-supertype and host-parasite
matrices, while controlling for host phylogeny. To examine whether uneven sample sizes
available for each species could influence the supertype-parasite association patterns we
repeated the partial Mantel test controlling for host abundance (see also Pilosof et al.

2014; Supplementary methods).

Supertype-parasite associations at the species level
If each MHC supertype inhibits or favors infection by a limited array of parasites, we

expect to detect a correlation between the frequency of some MHC supertypes and the
prevalence of some parasites within and across species. In a first approach, we therefore
examined the strength of supertype-helminth associations across samples and individuals
from different species, using multivariate generalized linear mixed models (GLMMs)
with helminth presence/absence in a given sample as a response variable (binomial error
distribution, logit-link function). Alternatively, if some MHC supertypes may have a
broader, more generalistic effect than others and inhibit or favor infection by a diverse
array of parasites, we expect to detect a correlation between the frequency of some MHC
supertypes and parasite richness within and across species. In a second approach, we
therefore examined whether some supertypes may influence parasite richness measured
by the number of helminth genera present in a given sample, using multivariate GLMMs
with parasite richness in a given sample as a response variable (Poisson-error distribution,
log-link function).

For building our models, we initially considered the eight most common helminth
genera (Supporting Information 1). Four of those (Hymenolepis sp., Subulura sp.,
Trichuris sp. and Ascaris sp.) accounted for 87% of the total helminth infections and were
found in 3-4 lemur species. These were considered for models examining the effect of
supertypes on one helminth genus. Host species for which infestation by a particular
parasite was present in less than 2 individuals or 2 observations were not considered in
given models, in order to ensure reliable calculation of model estimates. For models on
parasite richness, all helminth genera and all host species were included (2" approach).

For both approaches, MHC supertypes that occurred in one host species only
(Supporting Information 1) were excluded from further analysis, as we aimed at testing

whether the possession of a given supertype may be linked with the presence of a given
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parasite in more than one host species. We accounted for monthly variation in parasite
prevalence and repeated observations of a same individual, by including month of data
collection and host individual identity as random effects. Host species and MHC
supertype were fitted as fixed effects. Given that pairwise correlations among DRB
(labelled ‘SR’) and among DQB (‘SQ’) supertypes showed relatively low level of co-
linearity (DRB r<0.23; DQB r<0.26), all relevant SR and SQ supertypes were considered
in a single model. For multi-host models, only supertypes present in at least two host
species were included in a given model. The significance of fixed effects was evaluated
by comparing a model with and a model without the supertype of interest using a
likelihood ratio test and Bonferroni’s correction for multiple testing. Significant effects
detected across species (‘multi-host models’) were tested in each species separately
(‘single-host models”) to ensure that such effects were not driven by the most abundant
host (M. murinus) only. Statistical significance of variables was tested using the full
model to avoid problems associated with stepwise model selection (Whittingham et al.
2006; Mundry and Nunn 2009). All models were conducted using function ‘glmer’
implemented in the R package ‘Ime4’ (Bates et al. 2015).

The role of common ancestry vs. convergent evolution in maintaining MHC

functional similarity

To investigate whether MHC functional similarity stems largely from the operation of
convergent evolution (CE) or from common ancestry (CA), we investigated the origin of
sequence similarity at sites that are either neutral or under purifying selection (non-PSS)
and at sites that are under positive selection (PSS).

We first tested whether the functional similarity of alleles belonging to the same
supertype is likely to arise from common descent, or independently by convergence. To
do this, we compared nucleotide similarity at non-PSS between alleles belonging to a
same versus different supertypes, by computing average pairwise nucleotide distances of
non-PSS (number of differences) within and between supertypes for each locus separately
in MEGA 6 (Tamura et al. 2013). Under the CA scenario, we expect alleles belonging to
the same supertype to be more similar at both PSS and non-PSS compared to alleles
belonging to different supertypes. Under the CE scenario, we expect alleles belonging to
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the same supertype to be more similar at PSS, but not at non-PSS, compared to alleles
belonging to different supertypes.

Second, we examined whether the phylogeny of MHC alleles based on non-PSS
sequence partitions reflects species phylogenies, in contrast to the phylogeny of PSS
sequence partition. This would be expected if inter-specific overlap at PSS arose
independently from convergence (Yeager and Hughes 1999; Lenz et al. 2013). For the
tree reconstruction we used DRB and DQB sequences available for the four
Cheirogaleidae from Kirindy and DRB sequences described at distant study sites within
Microcebus sp. - M. murinus, M. griseorufus and M. rufus (Sommer et al. 2014; see
Supporting Information 2; in Appendix 2; pp. 146-158). For these additional sequences,
the positioning of PSS was extrapolated. The non-PSS sequence alignment was derived
from the overall sequence alignment (169bp) by randomly selecting equal amount of non-
PSS as of PSS in each locus to obtain sequence alignments of equal length. All trees were
reconstructed in PhyML using the most likely model of sequence evolution estimated by
JModelTest for each tree separately (500 bootstrap replicates; Guindon et al. 2010; Posada
2008).

Third, we examined codon usage patterns at PSS, following a procedure described
by Lenz et al. (2013). First, a Monte Carlo simulation (further referred to as MC
sampling) was performed to generate a distribution of the proportion of identical codons
expected to occur between species if CE is the prevailing mechanism generating allelic
similarity at PSS. To do so, we calculated the number of identical amino acids at PSS in a
pairwise fashion between all pairs of species, and recorded for each pair of identical
amino acid, whether the corresponding codons were identical or not. Then, we created a
drawing pool used for the MC sampling that consists of codon frequencies derived for
each species separately from the actual codon frequencies present across the whole exon
alignment. For MC sampling, the amino acid specific number of potential codons was
randomly drawn 1000 times and cases of identical codons between species were recorded.
As a result, we obtained a simulated probability distribution of the proportion of identical
codons expected under the CE scenario (CEqg).

Next, the observed codon similarity between species was compared with the
codon similarity expected within species, approximating a scenario of recent common

descent. Here, we performed pairwise comparisons of all alleles within each species and
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recorded how often the same amino acid was coded by the same or by a different codon.
This amino acid-specific identity count served as a second drawing pool, from which the
number of identical amino acids observed between species at PSS (the same number as
above) was randomly drawn 1000 times to obtain a probability distribution of the
expected proportion of identical codons within species (CAq). Both procedures were
repeated for each species pair within each locus separately. For inter-specific comparison,
we used the same set of sequences as for the phylogenetic reconstruction (see above). All
above simulations were performed using customized Perl scripts available upon request
from Lenz et al. (2013).

Finally, the proportion of identical codons observed at PSS between species (and
populations) was compared against the simulated distributions (CAq, and CEg). To
compute the relative contribution of CE versus CA in each species, we located each
species on an axis with two ends, where each end corresponds to the value of the median
of the simulated distribution of each evolutionary scenario (CEq, CAq4). This provided a
score indicative of the relative contribution of co-ancestry (further referred to as ‘score
indicative of co-ancestry’) for a species pair as: (humber of identical codons between
species—median CEg)/(median CAg—median CEq).

Next, we tested whether the scores indicative of co-ancestry obtained for all
pairwise comparisons would correlate with phylogenetic distances among the species. We
would expect the relative contribution of co-ancestry to correlate with phylogeny, if co-
ancestry is majorly responsible for allelic similarity at PSS; and this effect to be greater in
more closely related species. Phylogenetic distances among the species were inferred
from a phylogenetic tree based on cytochrome b mitochondrial gene sequences for the
Kirindy community (see above) and for allopatric populations of M. rufus and M.
griseorufus (NCBI Genebank, M. rufus GU327245; M. griseorufus GU327345 in
Weisrock et al. 2010).

Finally, we tested whether the proportion of identical amino acids and the scores
indicative of co-ancestry obtained for all pairwise comparisons would correlate with the
distance in helminth prevalences (obtained in the previous steps of the analysis), as CE
requires shared parasite pressures. We would expect the relative contribution of CE to be
greater in species with more similar helminth prevalences independently of the

phylogenetic signal, if CE is the main contributing factor to the functional overlap among
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alleles. Given that the proportion of shared codons between species is not independent

from phylogenetic distance, we performed a partial Mantel test controlling for it.

Results

Parasite communities screening at species level

The overview of helminth infestations across four Cheirogaleidae are presented in
Supporting Information 1. Four out of eight helminth genera (Ascaris sp., Trichuris sp.,
Hymenolepis sp. and Subulura sp.) were present in all four or at least three different host
species. The proportions of infected individuals ranged from 32 % in C. medius to 82 %
in M. murinus, which also showed the highest parasite richness (Supporting Information
1). Comparison of parasite communities across species revealed that samples collected
from the same host species were more similar (d; , mean+SD 0.68+0.29) than samples
from different species (d; , mean=SD 0.91+0.19) when including samples collected from
a given individual over at least two different months (Mann-Whitney U test, W=3914187,
P<0.001), as well as during the same trapping session (same host species: d; mean+SD
0.82+0.28 vs. different host species: d;, meantSD 0.94+0.19) (Mann-Whitney U test,
W=1582817, P<0.001). The host similarity matrix suggested that M. coquereli and M.
berthae are most similar concerning helminth prevalences (Supporting Information 1). In

addition, seven out of eight genera were shared among C. medius and M. murinus.

MHC variation and patterns of molecular selection across species

The overview of successfully genotyped individuals per each species is presented in
Supporting Information 1. We present a total of 22 DRB and 41 DQB exon MHC class 11
sequences described here for the first time. Details on all sequences detected or newly
described by this study are summarized in Supporting Information 2. In either species, we
did not find any support for loci duplication (see Supporting Information 1) and both loci
were in tight linkage disequilibrium in all three species (C. medius ¥>=900.56, P<0.01, M.
murinus ¥?=2289.84, P<0.001; M. coquereli ¥*=539.01, P<0.001).
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The estimated allelic richness (number of distinct alleles) was highest for M.
murinus in DQB and comparably high for M. murinus and C. medius in DRB when
controlling for sampling effort. M. berthae followed by M. coquereli displayed the lowest
allelic richness in both loci (Fig. 2).

The presence of positively selected sites ‘PSS’ was supported in all species and loci,
except for the DRB locus in M. coquereli (Supporting Information 1). The distribution of
PSS showed different patterns across species (Fig. 3) especially at DQB between M.
berthae (npss=11) and all three other Cheirogaleidae; C. medius (npss=1), M. murinus

(npss=2) and M. coquereli (Npss=2).
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Fig. 2 Allelic richness for a given sampling effort estimated through a resampling procedure,
showing the number of distinct alleles detected at DRB and DQB when randomly drawing an
increasing number of individuals for M. murinus (blue), C. medius (black), M. coquereli (grey)
and M. berthae (red). The dotted lines indicate the standard deviation around the estimated mean
(solid line)
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Characterisation of supertypes

The optimal clustering solutions that displayed lowest BIC suggested 7 clusters in DRB
and 12 in DQB (Supporting Information 1), which was in concordance with the number
of clusters obtained by averaging 500 automated classifications (meancLusterstSD, DRB
7.86+0.57, 95 % CI (7,9); DQB 12.57+1.78, 95 % CI (9,16)). The average normalized
mutual information (MI) across the 500 automatic classifications was 0.84+0.07 in DRB
and 0.79+0.05 in DQB, indicating high certainty and a great overlap in the classification
of alleles into particular supertypes.

Selection of similar supertypes across species: parasite-host-supertype

associations

Supertype-parasite associations at the community level

The community level analysis relating cross-species similarities in helminth prevalence
and in the distribution of MHC supertypes lacked significance in both loci (Partial Mantel
test controlling for phylogeny, DRB r=0.76, P=0.13; DQB, r=0.77, P=0.17; Supporting
Information 1). Controlling for host abundance did not markedly alter the outcome (DRB
r=0.53; P=0.13; DQB, r=0.67, P=0.17).

Supertype-parasite associations at the species level (GLMMs)
First, we investigated whether the possession of a given supertype affects individual
infestation by some common helminth genera that are shared across host species
(Hymenolepis sp., Subulura sp., Trichuris sp. and Ascaris sp.). In DRB, a significant link
between the possession of SR4 and the presence of Hymenolepis sp. was detected in the
multi-host model including the two Microcebus sp. (Table 1, SR4 y*1)=12.46, P>0.001)
and the direction of the effect was consistent in both hosts when tested in single-host
models, with SR4 favoring infestations by Hymenolepis.

In the second step, we investigated, across species, the congruence of supertype
effects on the risk of multiple infestations, i.e. parasite richness. A link between the

possession of SQ4, shared by the two Microcebus sp. and parasite richness was present in
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the multi-host model (SQ4 »?=8.09, P<0.005), and remained significant when tested in
single-host models for both Microcebus sp (Table 1).

Other associations that were detected using multi-host models, but which proved
undetectable when tested in single-host models were not considered further.
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Table 1. Associations between MHC supertypes and (a) prevalence of the shared helminth
Hymenolepis sp. and (b) infection by multiple parasites (‘parasite richness’); all models were
analysed using GLMMs with response variables: (a) ‘helminth prevalence’ in a given sample
(yes/no) and (b)‘parasite richness’ (number of parasite species present in a given sample). For
each approach, we present multi-host models including all relevant species and supertypes that
fullfilled our criteria for testing and single host models testing significant predictor derived from
multi-host models. Host species and the possession of several MHC supertypes (yes/no) were
fitted as fixed effects, and individual identity and month of collection as random effects. Only
models were significant associations were found both in multi- and single-host models are shown.

Cl95%
Model Fixed effect Estimate = SE  zvalue Pr(>z]) 25% 97.5%
(a) Effect of DRB supertypes on infection by Hymenolepis sp.

Multi-host model

mﬁlrl:r?lljzg(r'\e/:‘ fai;tgjfyf‘MMberthae) (Intercept) 338 103  -328 0001 -5401 -1.360
M. murinus 1.13 0.72 1.56 0.119 -0.288 2.540
SR1 0.47 0.44 1.05 0.293 -0.404  1.339
SR4 1.62 0.49 331 0.001 0.662  2.583
SR7 0.22 0.40 0.54 0.591 -0.573  1.007

Single host models

M. berthae (Intercept) -3.53 1.13 -3.13 0.002  -5.747 -1.322
SR4 3.13 1.33 2.35 0.019 0.514 5.744

M. murinus (Intercept) -1.71 0.64 -2.69 0.007  -2.958 -0.465
SR4 1.22 0.44 2.76 0.006 0.354 2.081

(b) Effect of DQB supertypes on parasite richness

Multi-host model

Including all four Cheirogaleidae o o0 122 028 -429  <0.001 -1.777 -0.663

species (ref category: C. medius)
M. berthae -0.74 0.44 -1.66 0.096 -1.612 0.132
M. coquereli 191 0.52 3.65 0.000 0.885 2.943
M. murinus 141 0.28 4.96 0.000 0.855 1971
SQ1 -2.24 0.62 -3.64 0.000 -3.445 -1.035
SQ2 -0.23 0.16 -1.41 0.159 -0.541 0.088
SQ3 -0.39 0.16 -2.47 0.014 -0.702 -0.081
SQ4 0.49 0.17 2.91 0.004 0.161 0.821
SQ5 -0.46 0.26 -1.74 0.082 -0.979 0.059
SQ8 -0.11 0.23 -0.47 0.640 -0.550 0.338
SQ9 -0.36 0.23 -1.61 0.107 -0.808 0.079
SQ10 -0.22 0.19 -1.20 0.230 -0.591 0.142
SQ11 0.24 0.16 1.49 0.137 -0.075 0.546
SQ12 -0.15 0.15 -1.06 0.291 -0.438 0.131

Single host models

M. murinus (Intercept) -0.08 0.00 -33.16 <0.001 0.083 -0.074
SQ4 0.49 0.00 206.04 <0.001 0481 0.490

M. berthae (Intercept) -3.45 1.07 -3.23 0.001 -5.545 -1.360
SQ4 2.21 1.12 1.96 0.0495 0.005 4.409
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The role of a common ancestry vs. convergent evolution in maintaining MHC

functional similarity

The relative contribution of common ancestry (CA) vs. convergent evolution (CE) in
shaping functional similarity of MHC alleles in Cheirogaleidae was evaluated in three
steps.

First, the nucleotide similarity of non-PSS was marginally or significantly higher
among alleles belonging to the same vs. different supertypes in both loci (mean+SD for
same vs. different supertype, Student’s t-test, DRB 2.21+£0.79 vs. 2.87+0.97, P=0.08;
DQB 5.00+1.35 vs. 8.05+1.85, P<0.001), suggesting that at least in DQB, the functional
similarity of alleles belonging to the same supertype is more likely to be explained by co-
ancestry.

Second, 128 DQB and 235 DRB nucleotide sequences were used to reconstruct
phylogenies based on (1) 20 DRB and 12 DQB PSS sequence partitions and (2) a
complementary alignment of equal length (20 DRB and 12 DQB codons), using a subset
of randomly selected non-PSS. There was a lack of species-specific clustering within the
tree based on PSS in both loci that persisted also within the tree based on non-PSS, but
with less supported and less inclusive clusters. Although higher and better supported at
PSS, allelic similarity is not limited to these sites, as expected if allelic similarity at PSS
originated from similarity by descent.

Third, we analyzed codon usage patterns at PSS by calculating the proportion of
shared codons at PSS in a pairwise fashion between all pairs of species and evaluated its
relative distance from the expected codon similarity distribution (obtained by MC
sampling) under the two evolutionary scenarios (CEq, CAq). The proportions of shared
codons at PSS, scores indicative of co-ancestry, phylogenetic distances and median of the
CEq, CAqg obtained for all pair-wise comparisons are summarized in Supporting
Information 1. For all pairwise comparisons in both loci, the proportions of identical
codons was significantly higher than expected under the scenario of CEg4, and notably
closer but still significantly lower than expected codon similarity within species (CAq )
(for all comparisons P<0.001, one-tailed t-test). In DRB, we found a significant
correlation between phylogenetic distances and the scores indicative of co-ancestry (r=-

0.48, P<0.03; Fig. 4). In DQB, the direction of the correlation was the same, but
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weakened probably due to lack of statistical power compared to DRB (6 vs. 21
comparisons) (r=-0.58, P=0.23). This indicates that functional similarity of MHC alleles
in closely related species stems largely from their co-ancestry, rather than convergence.
Finally, if allelic similarity at PSS emerged independently from convergence, we
expected to find greater amino acid similarity at PSS, and lower scores indicative of co-
ancestry, in species with more similar parasites. Here, no relationship could be detected in
either locus (Partial Mantel test, proportion of shared amino acids at PSS vs. parasite
distances, DRB r=-0.49; P=0.79; DQB r=0.26; P=0.38; scores indicative of co-ancestry
vs. parasite distance, DRB r=-0.15, P=0.63; DQB r=-0.63, P=0.92), confirming that co-
ancestry may play a greater role than shared parasite pressures in maintaining functional

similarity among MHC alleles belonging to different species.
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Fig. 4 The relative contribution of convergent evolution and co-ancestry to MHC allelic
functional similarity in six lemur species (Cheirogaleidae) (including one distant population) that
exhibit various levels of phylogenetic relatedness. Scores indicative of co-ancestry were derived
from proportion of identical codons at PSS in relation to the simulated distribution of codon usage
expected under the scenario of convergent evolution and co-ancestry. The proportion of identical
codons at PSS was calculated in a pairwise fashion among sequences of all pairs of species (or
populations).
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Discussion

Our study addressed the relative contribution of convergent evolution and co-ancestry in
shaping functional MHC class 1l variation within a lemur community (Cheirogaleidae).
To examine the potential of parallel parasite-mediated selection across species, expected
under convergent evolution, we integrated MHC data with an assessment of helminth
prevalence to test whether particular MHC supertypes are associated with infection by
particular parasites, or with a risk of multiple infestations in four lemur species. We
further investigated the relative contribution of the two evolutionary mechanisms to MHC
allelic similarity across species by inferring allelic co-ancestry from nucleotide similarity
at sites directly involved in interactions with pathogens versus other sites, using MHC
sequences from several lemur species with variable phylogenetic relatedness. Below, we
first discuss patterns of parasite prevalence and MHC variation in the four lemur species
before evaluating the links between multi-host parasite communities and the distribution
of functionally similar MHC alleles across host species. Finally, we discuss the potential

contribution of co-ancestry versus convergence in shaping MHC allelic similarity.

Parasite community overlap, MHC variation and selection patterns

First, we evaluated the potential of parallel selection pressures across hosts, expected to
be substantial under the convergent evolution hypothesis, by assessing the extent of
overlap in helminth communities. Although the composition of helminth communities
differed across species, four out of eight helminth genera were present in more than two
host species. M. berthae and M. coquereli appeared as the most similar host species based
on helminth prevalence. They share three out of four helminth genera with both direct and
indirect transmission routes, which may reflect the substantial overlap in their diets, i.e.
the amount of fruit/animal matter (Dammhahn and Kappeler 2014). Similarly, overlap in
helminth prevalence and dietary ranges have been described between C. medius and M.
murinus (Schwensow et al. 2010b; Dammhahn and Kappeler 2014). These infection
patterns were confirmed in our dataset, with seven out of eight helminth genera shared

between these two species.
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M. murinus, the most abundant host, displayed the highest allelic richness in both
loci as well as the highest levels of parasitism (proportion of infected individuals and
parasite richness), which may reflect intense pathogen-driven selection on MHC. Several
other selective pressures may contribute to explain higher allelic richness, such as large
population size, that can simultaneously provide larger reservoir for pathogens and
support greater number of susceptible individuals (e.g. Nunn et al. 2003; Hughes and
Page 2007; Morand 2015). Additionally, intensity of selection on MHC has been
previously shown to increase in social vs. solitary species (Hambuch and Lacey 2002; de
Bellocq et al. 2009; Srithayakumar et al. 2012). Thus, spatial proximity and the richer
social life of M. murinus, compared to other cheirogelaids, may contribute to explain
increased parasite exposure (see Pechouskova et al. 2015 for a more detailed discussion).

Divergent patterns of past positive selection were observed across the four
Cheirogaleidae. In C. medius, a striking difference between the two loci, with 19
positively selected sites (PSS) detected in DRB and only one in DQB, was also reflected
by a slightly lower allelic richness in DQB (24) vs. DRB (36). In other sympatric lemurs,
allelic richness was higher in DQB than in DRB, but only in M. berthae it was also
accompanied by a high PSS density. Divergent patterns of past selection at different loci
may indicate a potential differentiation of the functional role of these loci in different
hosts, as was previously suggested in M. murinus, where DRB was under stronger
diversifying selection and more influential on MHC-based mate choice than DQB
(Huchard et al. 2012; 2013). Past and current demographic fluctuations most likely
contribute substantially to the overall variation in MHC polymorphism across species (not
between loci of the same species), and allelic richness was, accordingly, higher in the two

most common species (M. murinus and C. medius).

Convergent evolution or co-ancestry maintains MHC functional similarity?

The operation of convergent evolution implies that shared pathogen-driven pressures may
select for similar MHC alleles or allelic motifs across species (Gustafsson and Andersoon
1994; Christin et al. 2010), but the empirical evidence supporting this hypothesis is rare.
To disentagle between convergence and similarity by descent requires simultaneous
examination of the evolution of coding and non-coding regions as well as identification of
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dominant parallel selective pressures, which remains a challenging task (summarized in
Klein et al 2007; Lenz et al. 2013).

Here, we attempted to integrate both approaches to test the potential of parallel selective
pressures in shaping allelic similarity at coding sites across different species. To do this,
we first evaluated the extent of functional overlap among MHC alleles by classifying
them according to their binding specificity into 7 DRB and 12 DQB supertypes across the
four host species. Except for two DRB and two DQB supertypes, all were shared by two
to four species. We subsequently detected an association between species similarity in the
distribution of MHC supertypes and helminth prevalence (DRB r=0.76, DQB: r=0.77),
which was comparable in strength to the association previously found in a multi-host-
parasite ecological network of 11 rodent species and 26 helminth taxa (DRB r=0.62;
Pilosof et al. 2014), suggesting that MHC-parasite associations may often occur beyond
the host species level. However, with only four lemur species (vs. 11 rodent species for
Pilosof et al. 2014), we lacked statistical power to reach significance.

Next, we examined whether the possession of particular supertypes would influence
particular helminth infestations across individuals from different species. We found that a
possession of a particular supertype (SR4) favors infestation by a common helminth -
Hymenolepis sp. (Cestoda) - in the two Microcebus sp. MHC-parasite associations shared
by two very closely related species, M. murinus and M. berthae, which diverged less than
ca 9 Mya (Thiele et al. 2013), might however reflect the long-term maintenance of
particular allelic motifs with a similar evolutionary origin, rather than convergent
evolution in response to shared parasites. Association of particular allelic motifs with
infestation by particular helminths has already been described in more distantly related M.
murinus and C. medius, where Mimu-DRB*28 was associated with increased risk of
Ascaris sp. infection and showed a functional overlap with a particular Chme-DRB
sequence (Schwensow et al. 2010b), but the underlying mechanism of this functional
convergence was not identified. In our study, this allele was grouped into SR4, which was
associated with increased risk of infestation by Hymenolepis sp. in the two Microcebus
sp. and also with a higher risk of multiple infestations in M. murinus (data not shown).
Moreover, the possession of a particular DQB supertype promoted the risk of multiple
infestations in the two Microcebus sp. indicating that particular alleles or allelic motifs

may be associated with multiple parasites. Disadvantageous character of some MHC
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alleles in connection to parasite prevalence (see e.g. Harf and Sommer 2005; Meyer-
Lucht and Sommer 2005; Froeschke and Sommer 2005, 2012; Bonneaud et al. 2006;
Loiseau et al. 2008) has been interpreted as a support for ‘rare allele advantage
hypothesis’, further enhanced by antagonistic effects of some alleles that can explain their
persistence and frequency shifts in the population (Froeschke and Sommer 2012).

Despite a relatively high amount of protein encoding genes estimated to be possessed by
intestinal helminths (Pearce and Tarloton 2002), immune responses of mammalian hosts
inducing a typical CD4+ T helper cell type 2 (Th2) cytokine response (Finkelman et al.
2004; Perrigoue et al. 2008; Allen and Maizels 2011) seem to vary very little. Host
immune system may have thereby only limited ability to distinguish among different
helminth species (Finkelman et al. 2004). Some alleles (or supertypes) may have a
generalist profile by interacting directly with “ubiquitous” antigenic peptides, which may
be part of molecules underlying the basic architecture or physiology of many parasites
(see also Wegner et al. 2003; Tollenaere et al. 2008; Oliver et al. 2009; Froeschke and
Sommer 2012; Pilosof et al. 2014, Tobler et al. 2014), in a similar way as large-spectrum
antibiotic or anti-parasitic agents may inhibit or kill organisms belonging to broad
taxonomic groups. Such “broad-spectrum” supertypes may then confer protection against
several parasites from any parasite community, and would consequently likely be under
purifying selection. They may rarely undergo the drastic drops in frequency expected
under frequency-dependent selection and may easily be passed-on from one host species
to the next during speciation events.

More generally, envisioning MHC-parasite interactions at the community level may have
profound implications for our conceptual understanding on MHC-parasite dynamics. For
example, the lack of host-specificity of many parasites, together with the sharing of MHC
supertypes among several species, may largely disrupt or inhibit the co-evolutionary
cycles (Pilosof et al. 2014; Tobler et al. 2014) that have long been assumed to occur under
negative frequency-dependent selection (Snell 1968; Bodmer 1972; Spurgin and
Richardson 2010). Indeed, theory proposes that parasites may often evolve resistance
against MHC alleles (or supertypes) that rise in frequency, and these alleles may
subsequently drop in frequency after losing their advantage. As envisaged by Pilosof et al.
(2014), a multi-host perspective may cast doubts on the plausibility of such dynamics,

because both MHC alleles and parasites that are common in one host may be rare in
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others, so changes in MHC-parasite interactions may commonly occur at the community,
rather than at the single population scale. As a result, it may be urgent to move from the
population level framework prevailing in the evolutionary literature on MHC towards
more integrative perspectives envisaging MHC-host-parasite dynamics at the community
level.

Finally, we explored whether the inter-specific functional similarity among MHC alleles
in species with gradient phylogenetic relatedness stems from their long maintenance over
time (similarity by descent), or arose independently as a result of convergence. First,
higher similarity at non-PSS of MHC alleles belonging to the same vs. different supertype
indicated that their similarity arose from co-ancestry. Second, while phylogenetic
reconstructions based on PSS alignment lacked species-specific clustering, as described
previously in other taxa (e.g. Kriener et al. 2000; Lenz et al. 2013; Eimes et al. 2015), the
inter-specific clustering was less supported but still present in the tree based on
neighbouring non-PSS codons, similarly to patterns recently described in crows or in
ardeid birds (Li et al. 2011; Eimes et al. 2015). Inter-specific clustering at non-PSS rather
supports the co-ancestry of similar alleles belonging to different species and the
maintenance of similar allelic motifs at non-PSS sites over long periods of time might be
facilitated by their close proximity to PSS (Klein et al. 1998; O’hUigin et al. 2000). It is
possible that co-ancestry at PSS has been to date largely overlooked to date due to lack of
site-specific analyses (Lenz et al. 2013).

Further support for the co-ancestry of shared alleles across species comes from the codon
usage analysis, which showed that when different species exhibited similar amino acids in
the anticipated antigen-binding groove of their MHC molecules, these amino acids were
often encoded by similar codons (or, strictly speaking, these codons were more similar
than expected by chance). This suggests that sequences of orthologous alleles show signs
of co-ancestry even at PSS, which strongly supports the co-ancestry hypothesis by
indicating that functional similarity is inherited and arises from the long-term retention of
alleles or allelic motifs across multiple speciation events, rather than resulting from
independent evolutionary pathways. This pattern was similar to those previously observed
among two stickleback species (Lenz et al. 2013). Moreover, the scores indicative of co-
ancestry for DRB were significantly correlated with phylogenetic distances among

species, suggesting that functionally similar alleles are progressively lost as species
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diverge. In contrast, the relative contribution of convergence versus co-ancestry to allelic
functional similarity did not increase among species that harbored more similar parasite
communities. This may indicate that convergent evolution contributes very little to trans-
species allelic similarity, even though similar parasite pressures should also favor the
long-term retention of related alleles, so that such relationship may also be expected
under the co-ancestry hypothesis. In addition to our small sample size, it is possible that
our non-invasive gut parasite screening did not accurately capture the similarity of
parasite communities in different host species, which encompasses a variety of other
extracellular parasites and pathogens.

It has been argued that alternative explanations to co-ancestry and convergence may
generate the observed patterns. For example, allelic introgression through hybridization,
or gene conversion and recombination, may produce structurally and functionally similar
alleles across species (Wegner and Eizaguirre 2012). However, allelic introgression is
rather unlikely to affect patterns observed in Cheirogaleidae since there is no recent
hybridization, except for the distant populations of M. murinus and M. griseorufus (Gligor
et al. 2009; Sommer et al. 2014). The operation of convergent evolution has rarely been
shown and may predominantly explain allelic similarity limited to coding regions among
species that split at least 30 Mya (e.g. human and bovine: Andersson et al. 1991; primates
and rodent: Yeager et al. 1997; humans and New world monkeys: Kriener et al. 2001,
skunks and racoons: Srithayakumar et al. 2012). The estimated divergence times are
smaller in our sample of Cheirogaleidae (Microcebus sp. ca. 7-11 Ma, Microcebus sp. vs.
Mirza sp. 12-18 Ma), except perhaps for the divergence time separating Cheirogaleus
medius from other genera (Cheirogaleidae 19-26 Ma; Thiele et al. 2013) which could, in
theory, be long enough to detect potential effect of convergent evolution at the sequence
level. In contrast, well-supported species segregation at non-PBR partition compared to
PBR partitions of similar length as in our DRB (21 codons) that would suggest potential
convergent evolution, was detected between the two species of stickleback that diverged
relatively recently (7 Ma, Bell and Foster 1994). However, this has been attributed to a
possible intra-specific recombination and gene conversion (Lenz et al. 2013).
Additionally, balancing selection could in theory over-ride the power of divergent
parasite-mediated pressures promoting species diversification as it has been noted to

homogenize, rather than diversify, MHC alleles in sympatric species after speciation,
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despite of differences in parasite communities and erosion of background genomic
diversity (e.g. Fraser and Neff 2010; Tobler et al. 2014). Our study adds to an emerging
empirical body by showing that trans-species polymorphism primarily reflects the long-
term maintenance of MHC alleles, even among species that diverged about 30 Mya ago,
suggesting that some polymorphisms may survive for million years and multiple
speciation events.

In conclusion, our results show that parasite communities are partially shared by
sympatric lemurs. Functionally similar MHC alleles (supertypes), or allelic motifs, may
affect susceptibility to similar parasites and some supertypes may encompass higher risk
of multiple infections across several host species in a similar manner. Moreover, we show
that allelic similarity at coding as well as non-coding sites resulted from the long term
maintenance of ancestral sequence motifs or allelic lineages across speciation events,
sometimes for as long as 20-30 million years. These results have at least two important
implications. First, they contribute to a growing body of evidence suggesting that the
evolutionary ecology of MHC should move on from the population level framework
towards a more integrative, multi-host and multi-infection perspective. This may lead us
to revisit some of the fundamental mechanisms envisioned to explain the exceptional
MHC polymorphism. Second, they imply that MHC polymorphism is a cumulative
capital, gathered through the interactions between multiple hosts and diverse parasite
communities over evolutionary times and passed on during speciation events, a richness
which may be slowly recovered when eroded, and should become a focus for

conservation.
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CHAPTER 2

MHC class Il variation in a rare and ecological specialist mouse lemur
reveals lower allelic richness and contrasting selection patterns
compared to a generalist and widespread sympatric congener
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ELECTRONIC SUPPLEMENTARY MATERIAL
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ESM 1 Sample size distribution of newly captured individuals within three study areas (N5,
Savannah and CS7) between the years 2005-2013 (2010 for Savannah). Only individuals included
in the downstream analyses are shown. Trapping sessions for N5 were conducted 6-10 times a
year and less regularly in Savannah and within the area of the known species distribution in CS7
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ESM 2 PCR reaction mix and conditions.

Roche High Fidelity PCR system

2.5ul Buffer; 1.8mM MgCl2; 0.5
PCR reaction mix dNTPs;

0.25 High Fidelity Taq Polymerase;

2ul of genomic DNA template.

Temperature Time

PCR conditions Ix 95°C 2 min
601-622°C 30s
35x
72°C 45 s
1x 72°C 7 min

DRB; 2DQB
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ESM 3 Summary statistics of sequencing outcome for all reads passing the initial quality control
procedure that required: i) a minimum of five reads for each sequence within individual amplicon,
ii) a minimum two different sequences per amplicon, iii) minimum sequence frequency of 5%
among all sequences of an amplicon (Huchard et al. 2012).

DRB DQB
Nr_reads per amplicon
Mean+SD 302.50+£34.64  184.20£16.68
Median 169.5 101.5
Min-max 5-2255 5-832
Nr_sequences per amplicon
Mean +SD 44.51+0.98 2.72+0.18
Median 2 2
Min-max 1-130 1-14
Total amplicons 148 130
Total individuals 96 98
Total reads 44 770 23948
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ESM 4 Distribution of relative per amplicon frequency (RPAF) for DRB (a) and DQB (b) and
mean per-amplicon frequency (MPAF) for DRB (c¢) and DQB (d) of the first to sixth most
common variants across amplicons and TMCA (two most common variants) and RA (remaining
variants)
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ESM 5 Mean per amplicon frequency (MPAF) in relation to allelic frequency (number of
individuals carrying a given allele) for DRB alleles before (a) and after (b) allele sorting and for
DQB alleles before (c) and after (d) allele sorting
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ESM 6 The overview of the allelic frequency distribution within each sub-population N5,
Savannah and CS7 (DQB: a, DRB: b) and across year cohorts 2005-2013 (DQB: ¢, DRB: d)
within the largest sub-population (N5). Sequences Mibe-DQB*U018, *U019, *U020, *U021,
*U022 and Mibe-DRB U017 were found in one individual only.

(@) Allele_DQB N5 Savannah CS7
Mibe-DQB*001 0.14 0.10 0.11
Mibe-DQB*002 0.13 0.20 0.04
Mibe-DQB*003 0.12 - 0.07
Mibe-DQB*004 0.08 0.20 0.18
Mibe-DQB*005 0.09 0.10 0.11
Mibe-DQB*006 0.10 - 0.04
Mibe-DQB*007 0.06 - 0.07
Mibe-DQB*008 0.06 - 0.11
Mibe-DQB*009 0.04 0.10 -
Mibe-DQB*010 0.02 0.10 0.07
Mibe-DQB*011 0.03 - 0.04
Mibe-DQB*012 0.03 - -
Mibe-DQB*013 0.03 - 0.04
Mibe-DQB*014 0.02 0.10 -
Mibe-DQB*015 0.01 - 0.07
Mibe-DQB*016 0.03 - -
Mibe-DQB*017 0.01 0.10 -
Mibe-DQB*U018 - - 0.04
Mibe-DQB*U019 - - 0.04
Mibe-DQB*U020 0.01 - -
Mibe-DQB*U021 0.01 - -
Mibe-DQB*U022 0.01 - -

(b) Allele_DRB N5 Savannah CS7
Mibe-DRB*001 0.19 - 0.19
Mibe-DRB*002 0.16 0.10 0.12
Mibe-DRB*003 0.14 0.10 0.08
Mibe-DRB*004 0.12 0.20 0.04
Mibe-DRB*005 0.07 0.10 0.15
Mibe-DRB*006 0.06 - 0.12
Mibe-DRB*007 0.03 0.10 0.04
Mibe-DRB*008 0.03 0.10 0.08
Mibe-DRB*009 0.03 0.10 0.04
Mibe-DRB*010 0.03 - 0.04
Mibe-DRB*011 0.03 - 0.04
Mibe-DRB*012 0.03 - -
Mibe-DRB*013 0.03 0.10 -
Mibe-DRB*014 0.01 - 0.08
Mibe-DRB*015 0.02 0.10 -
Mibe-DRB*016 0.01 - -

Mibe-DRB*U017 0.01 - -
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() Allele_DQB 2005 2006 2007 2008 2009 2010 2011 2012 2013
Mibe-DQB*001  0.06 013 020 021 007 022 025 - -
Mibe-DQB*002 009 013 010 021 007 011 013 021 -
Mibe-DQB*003  0.13 013 020 004 007 011 013 014 -
Mibe-DQB*004  0.09 0.13 0.0 004 014 - - - 050
Mibe-DQB*005 0.3 - 003 013 021 006 - 014 -
Mibe-DQB*006 009 013 - 013 - 011 013 029 0.50
Mibe-DQB*007  0.09 0.06 003 004 014 006 - - -
Mibe-DQB*008 003 006 007 004 007 006 - 021 -
Mibe-DQB*009  0.06 - - 004 - - 038 - -
Mibe-DQB*010  0.03 006 003 - - - - - -
Mibe-DQB*011 009 - 003 - - 006 - - -
Mibe-DQB*012  0.03 006 003 004 007 - - - -
Mibe-DQB*013 - - 007 - - 017 - - -
Mibe-DQB*014  0.03 - - 004 - 006 - - -
Mibe-DQB*015 - - - - 007 - - - -
Mibe-DQB*016 - 006 007 - 007 - - - -
Mibe-DQB*017  0.03 - - - - - - - -
Mibe-DQB*U018 - - - - - - - - -
Mibe-DQB*U019 - - - - - - - - -
Mibe-DQB*U020 -  0.06 - - - - - - -
Mibe-DQB*U021 - - 003 - - - - - -
Mibe-DQB*U022 - - - 004 - - - - -

(d) Allele_DRB 2005 2006 2007 2008 2009 2010 2011 2012 2013
Mibe-DRB*001  0.22 0.3 003 025 03 017 013 043 025
Mibe-DRB*002 019 013 02 008 01 011 05 014 -
Mibe-DRB*003 006 013 02 021 - 022 025 - 025
Mibe-DRB*004 009 013 01 021 - 011 013 021 -
Mibe-DRB*005 009 013 01 008 01 - - - -
Mibe-DRB*006  0.03 006 007 004 - 006 - 021 -
Mibe-DRB*007  0.09 - - 004 01 - - - -
Mibe-DRB*008  0.03 006 003 - - - - - 025
Mibe-DRB*009 - 006 003 - 01 006 - - -
Mibe-DRB*010  0.09 - 003 - - 006 - - -
Mibe-DRB*011 - - 007 - - 017 - - -
Mibe-DRB*012  0.03 006 003 004 01 - - - -
Mibe-DRB*013  0.03 006 007 - - - - - -
Mibe-DRB*014 - 006 - - 01 - - - -
Mibe-DRB*015  0.03 - - 004 - 006 - - -
Mibe-DRB*016 - - - - 01 - - - 025
Mibe-DRB*U017 - - 003 - - - - - -
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Table 3 A List and accession numbers of Mibe-DRB and -DQB sequences described by this study. The number of individuals (N) from which sequence
was retrieved and length (bp) is given. Sequences retrieved from one individual only were not submitted to a public repository to ensure the storage of
high quality sequences only

Allele name N Length Genbank accession number/nucleotide sequence (5°-3%)
Mibe-DRB*001 33 163 LN610539

Mibe-DRB*002 27 163 LN610540

Mibe-DRB*003 25 163 LN610541

Mibe-DRB*004 21 163 LN610542

Mibe-DRB*005 17 163 LN610543

Mibe-DRB*006 11 163 LN610544

Mibe-DRB*007 7 163 LN610545

Mibe-DRB*008 6 163 LN610546

Mibe-DRB*009 6 163 LN610547

Mibe-DRB*010 6 163 LN610548

Mibe-DRB*011 5 163 LN610549

Mibe-DRB*012 5 163 LN610550

Mibe-DRB*013 5 163 LN610551

Mibe-DRB*014 4 163 LN610552

Mibe-DRB*015 4 163 LN610553

Mibe-DRB*016 2 163 LN610554

Mibe-DRB*U017 1 163 CAGCGGGTGCGGCTCCTGGTGAGAGGCATCTACAACCGCGAGGAGTTCCTGCGCTACGACAGCGACGTGG

GCAAGTACCGGGCGGTGACGGAGCTGGGCCGGCCGGACGCCGAGTCCTTGAACCGCCAGCAGGACCACCT
GGAGCAGAGGCGGGCCGCGGTGG

Mibe-DOB*001 25 163 LN610555

Mibe-DQB*002 20 163 LN610556

Mibe-DQB*003 19 163 LN610557

Mibe-DQB*004 18 163 LN610558

Mibe-DQB*005 17 169 LN610559

Mibe-DQB*006 16 169 LN610560

Mibe-DQB*007 13 163 LN610561

Mibe-DQB*008 11 169 LN610562

Mibe-DQB*009 7 163 LN610563

Mibe-DQB*010 6 163 LN610564

Mibe-DOB*011 6 169 LN610565
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Allele name Length (bp) Genbank accession number/nucleotide sequence (5°-3°)

N

Mibe-DOB*012 5 163 LN610566

Mibe-DQB*013 5 163 LN610567

Mibe-DQB*014 5 163 LN610568

Mibe-DQB*015 3 169 LN610569

Mibe-DQB*016 3 163 LN610570

Mibe-DQB*017 2 163 LN610571

Mibe-DQB*U018 1 169 CAGCGGGTGCGGAGTGTGAACAGATACATCTACAACCAGGAGGAGTTCGTGCGCTTCGACAGCGACATCG
GCTTGGGCGAGTACCTGGCGGTGACGGAGCTGGGCCGGCCGGAGGCCGAGCACTGGAACCGCCAGCAGGA
CCTCCTGGAGCAGAAGCGGGCCGCGGTGG

Mibe-DQB*U019 1 163 CAGCGGGTGCGGTATGTGACCAGATACATCTACAACCGCGAGGAGACCGTGCGCTTCGACAGCGACGTGG
GCGAGTACCTGGCCATGACGCCGCTGGGCCGGCCGGACGCCGAGTACTGGAACCGCCAGCAGGACATCCT
GGAGCAGACGCGGGCCGAGCTGG

Mibe-DQB*U020 1 169 CAGCGGGTGCGGCTTGTGACCAGATACATCTACAACCAGGAGGAGTTCGTGCGCTTCGACAGCGACATCG
GCTTGGGCGAGTACCGGGCCGTGACGGAGCTGGGCCGGCCGGACGCCGAGTCCTGGAACCGCCAGCAGGA
CTTCATGGAGCAGAGGCGGGCCGAGGTGG

Mibe-DQB*U021 1 163 CAGCGGGTGCGGCATGTGGTCAGACACATCTACAACCGGGAGGAGTACGTGCGCTTCGACAGCGACGTGG
ACGAGTACCGGCCGGTGACGGAGCTGGGCCGGCCGGACGCCGAGTACTGGAACCGCCAGCAGGACATCAT
GGAGCGGAAGCGGGCCGAGCTGG

Mibe-DQB*U022 1 163 CAGCGGGTGCGGCTTGTGACCAGATACATCTACAACCGCGAGGAGTACGTGCGCTTCGACAGCGACGTGG
GCGAGTACCGGGCCGTGACGCCGCTGGGCCGGCCGGACGCCGAGTACTGGAACCGCCAGCAGGACTTCCT
GGAGCAGACGCGGGCCGAGCTGG
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Evolutionary origins of shared MHC polymorphism in sympatric
lemurs
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Supplementary methods

1. Study site, DNA collection and MHC genotyping

1.1. Capture and DNA sampling protocol

Regular trapping sessions targeting the four lemur species have been conducted within
12,500-ha Kirindy Forest concession in western Madagascar (44°39° E, 20°03° S,
Kappeler and Fichtel 2012) at four different study sites study areas (locally known as N5,
CS7, Savannah and Kirindy village); 6-10 times a year since 1993 in N5 and CS7 and less
regularly in Savannah (since 2010) and Kirindy village (since 2012) using Sherman and
Tomahawk live traps baited with pieces of banana. Traps were set on trail intersections
every 25 or 50 m within each study site (e.g. Dammbhahn and Kappeler 2008). The centres
of the study areas N5 & CS7 and Savannah & CS7 are situated ca. 2-2.5 km and N5 &
Savannah ca. 4-4.5 km away from each other. The study area Kirindy village is roughly
7-9 km distant from the two closest areas (N5, CS7) and even more distant from
Savannah (ca 11km). All study areas, except for Kirindy village, are inter-connected by
continuous forest growth.

At first capture, each individual was briefly anaesthetized (0.01-0.04 mL Ketanest 100,
s.c.) (Rensing 1999), individually marked by injecting a sub-dermal micro-transponder
(Trovan, Usling, Germany), and a small ear biopsy of 2-3 mm?was taken and preserved

in 70 % ethanol.

1.2. MHC genotyping

Genomic DNA was extracted from small ear biopsies following standard protocol
(Qiagen QIAmp DNA Mini-Kit, Qiagen Germany). PCR amplification targeting the two
highly polymorphic loci of the MHC class Il region, DRB and DQB, was performed
using primers flanking the functionally important exon Il that captured the full allelic
variation in M. murinus and M. berthae for both loci (Schad et al. 2004; Averdam et al.
2011; Huchard et al. 2012; Pechouskova et al. 2015) and for DRB in C. medius
(Schwensow et al. 2007). PCR reaction-mix and amplification conditions for both loci
were identical to those described previously for M. berthae (Pechouskova et al. 2015).

Sequencing primer design and the preparation of locus-specific sequencing libraries were
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conducted following Huchard et al. (2012). MHC genotyping was performed using high
throughput sequencing (454 pyrosequencing, Roche, France) following standard bi-
directional amplicon sequencing guidelines for GS Junior sequencing (Roche, France).
The sequencing data of M. berthae have been described in detail in Pechouskova et al.
(2015).

1.3. Sample size and population genetics

The amount of individuals captured within four study areas (N5, CS7, Savannah and
Kirindy village; in Kirindy forest) during the years 1993 to 2013, which were included in
this study, are presented in Table S1. Their sample size distribution across year cohorts is
displayed in Fig. S1.

In order to test whether individuals from a same species coming from different
areas are part of a same population, we investigated whether sub-populations captured at
different study areas may represent reproductively independent units (Fst, 10,000
permutations, Arlequin 3.5.1.3., Excoffier and Lischer 2010). Due to limited sample size
in M. coquereli, we only conducted this test in C. medius (Cm) and M. murinus (Mm).
Despite spatial distance between sampling areas, we found no indication of population
differentiation in either host species (Cm Fst <0.05, Mm Fst <0.03). Thus, all samples
originating from the four study areas were pooled in species-specific manner for the

downstream analysis.
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Table S1. The total number of individuals per each host species captured across four study areas
during the years 1993-2013. The sample sizes available for M. berthae are shown for comparison
(in Pechouskova et al. 2015).

< — -
CS7 Kirindy village N5 Savannah Subtotal
e 4 NA 2 & NA 2 & NA 2 & NA
M. berthae -1 13 - - - 37 42 1 3 3 - 100
M. murinus 40 23 - 2 10 - 47 41 - 35 22 - 220
C. medius 10 1 - 5 4 - 30 36 2 13 3 - 104
M. coquereli 17 12 2 - - - 24 9 10 12 3 - 89

*Additionally, 13 previously captured and genotyped M. murinus individuals from CS7 study area
presented previously in Huchard et al. (2012), for which parasite data were available, were
included in downstream analyses.
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Figure S1. The number of individuals captured for the first time per each host species during our
sampling period (1993-2013)
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2. Processing 454 sequencing data

Raw sequencing data derived from a total of six independent sequencing runs were
processed and evaluated following previously described protocol of initial post-
sequencing quality control procedure (in Huchard et al. 2012). After the initial quality
control, a large proportion of artefactual alleles might still be present in the dataset.
Therefore, various protocols aimed at discriminating true vs. artefactual alleles have been
proposed (reviewed in Babik 2010; Lighten et al. 2014).

Here we first describe steps implemented in allele sorting procedure for each
species (and locus) separately (A) before quality control steps employed to assess allele
sorting efficiency and reliability of our genotyping (B).

Sequences that were identified as true alleles after our allele sorting procedure, but
were retrieved in one individual only were not submitted to public repositories to ensure
storage of high quality sequences only. However, all sequences were included in
downstream analyses to prevent elimination of rare alleles that could bias further

population genetic analyses by generating null alleles.

2.1. Allele sorting and evaluation of loci duplication
Here we employed a multi-step approach to identify artefactual alleles generated by
random PCR or sequencing errors, but also the non-random occurrence of run-specific
errors (i.e. homopolymer under- or over calls), or cross-amplicon contaminations. Allele
screening steps employed by this study are identical to those previously described for M.
berthae (Pechouskova et al. 2015) and for M. murinus (Huchard et al. 2012).

Briefly, we first established two numeric indices characterising the frequency of
each allele both within and across amplicons (each individual PCR product) based on: (i)
the amount of sequencing reads retrieved for one particular allele averaged across all
amplicons possessing it (mean per amplicon frequency ‘MPAF’) and (i1) the relative
proportion of reads retrieved for one particular allele out of the total amount of reads
returned within one given amplicon (relative per amplicon frequency ‘RPAF’). Three
main types of artefactual alleles occurred within our dataset and were identified: (1)
Artefactual alleles (further referred to as artefacts) originating from PCR or sequencing

errors showing high similarity to parental true alleles within affected amplicons, either by
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single point mutation or reading frame disrupting indels, or by recombination of the two
parental sequences (chimeras); artefacts occur at low frequencies across and within
amplicons (Babik et al. 2009); (2) Primer mismatches originating from occasional
amplification of non-targeted locus (i.e., DRB locus is amplifies by DQB primers or the
reverse), as a consequence of using degenerate primers and of the high sequence
similarity between DQB and DRB (see also Huchard et al. 2012). They never occurred
among the two most common alleles (TMCA), they were identified in the final genotype
of the individual amplicon, and they were not found in replicates. Additionally, these
sequences mostly showed low MPAF and RPAF; (3) Cross-amplicon contaminants of
true alleles that displayed high MPAF and were present in numerous amplicons, but
showed low RPAF within affected amplicons and were absent from replicates.

For M. murinus, a previous study using 454 sequencing with a similar sequencing
design has suggested in DRB and DQB as a reliable cut off value to discard artefactual
alleles (Huchard et al. 2012). Here, we used this treshold for the initial screening steps
and eliminated alleles with MPAF<0.05 in this species. However, we did not use this
treshold to systematically eliminate artefactual alleles in the two other species (C. medius
and M. coquereli) and followed the protocol previously implemented for M. berthae by
Pechouskova et al. (2015).

Briefly, we first visualised the distribution of MPAF and RPAF from the 1% most
common to the 6™ most common allele within each amplicon of each species and locus,
expecting an abrupt drop-off between the two most common alleles (TMCA) and the
remaining alleles (RA) of each amplicon in the absence of loci duplication (see also
Babik et al. 2009; Huchard et al. 2012). This step can provide an initial estimation of
whether loci are duplicated or not, which is necessary to determine the sequencing depth
(the total amount of reads per amplicon) necessary for reliable genotyping.

Subsequently, we re-evaluated the estimated number of loci by manual alignment
of all alleles within each amplicon and identified artefactual alleles. Alleles remaining
after allele sorting steps were retained as true alleles. Amplicons were systematically
replicated when the presence of a given allele remained equivocal, or when the number of
alleles retrieved was higher than expected given the estimated number of loci.

Last, using the acquired information of the number of loci determined in previous

steps we used the program ‘Negative Multinomial’ developed by Galan et al. (2010) to
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compute the amount of reads necessary for reliable genotyping. Throughout the
sequencing process, all amplicons that did not return a sufficient amount of reads based

on this estimate were re-genotyped.

2.2. Evaluation of allele sorting efficiency and genotyping reliability

The efficiency of allele-sorting was evaluated through several steps. First, assuming that
most artefacts would not occur independently in many amplicons, we would expect a
positive correlation between the MPAF of each allele and the number of amplicons
possessing this allele before allele sorting that disappears after allele sorting (Babik et al.
2009; Huchard et al. 2012). Second, given the expected variability of coding loci in MHC
genes, the allelic divergence (i.e. rate of nucleotide substitutions) between true alleles of
the same amplicon should be relatively high (e.g. Kelley et al. 2005; Babik et al. 2009).
Here we calculated the average substitution rate between true alleles within each
amplicon in MEGA 6 (Tamura et al. 2013) and compared it to the average substitution
rate acquired across all true alleles detected for a given locus and species. Last, for each
species and for each locus, a number of independent replicates were included across
different sequencing runs to assess the reliability of retrieved genotypes.

3. Parasite communities screening at species level

3.1. Sampling effort across host species
The overview of coproscopic samples collected per each sampling month (September—
December; 2012) for each host species is presented in Fig. S2.

3.2. Quality control tests

The repeatability of helminth egg detection was evaluated by performing a simple quality
control procedure in several steps. First, we examined how different methods used to
extract egg morphotypes (standard FLOTAC protocol ‘flotation’ and Ritchie’s formol -
ether concentration method ‘sedimentation’) may affect the composition of helminth
communities. To do this, we tested whether two samples from a same individual collected
on the same trapping day (further referred to as ‘sample sets’) are (1) more similar if
analyzed using the same (Nsample sets=55) than different methods (Nsample sets=46). Next, we
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evaluated the repeatability of helminth egg detection within an individual by testing
whether samples from a same individual collected on the same trapping day are (2) more
similar to each other than any random sample within the same species regardless of the
method used (N sample sets per each host species, M. murinus=52, M. berthae=11, C.
medius=26, M. coquereli=12) and also when comparing only samples analyzed by the
same method (N sample sets Per each host species for flotation, M. murinus=20, M.
berthae=11, C. medius=16, M. coquereli=12; and sedimentation, M. murinus=52, M.
berthae=7, C. medius=26, M. coquereli=3). For all tests, we calculated Jaccard
dissimilarity index for each pair of samples, using the function ‘vegdist’ implemented in
the package ‘vegan’ (Oksanen et al. 2015), and averaged across groups (e.g., ‘same’
versus ‘different’). The resulting average was then compared using Mann-Whitney U

tests.

3.3. Sample sizes for inter-specific comparison of helminth communities
Tests of the inter-specific differentiation in helminth communities pooled several
analyzed samples from a same individual that were collected within the same trapping
session (max. 1-3 days apart), or in at least two different months within the sampling
period (September-December 2012).

The amount of individuals included per each host species for each inter-specific

comparisons are summarized in Table S2.
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Figure S2. Overview of sampling effort (the amount of collected samples) per each host species

within sampling month (September—December 2012). A fraction of these counts was collected
from the same individuals (repeated records)

Table S2. The overview of individuals per each host species used for inter-specific comparisons

of helminth communities.

Inter-specific comparison

collected collected
during same  within two
trapping different
session* months**
M. berthae 10 13
C. medius 25 27
M. coquereli 8 8
M. murinus 46 55
Total individuals 89 103

*including 2-4 repeats per individual across all host species
** including 4-11 repeats per individual across all host species
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4. MHC variation and patterns of molecular selection across species

4.1 Test of positive selection

The presence of positive selection operating on nucleotide sequences is indicated by an
increased ratio of non-silent (dn) to silent (ds) substitutions at codon sites. These
positively selected sites (PSS) are characterized by ®w>1 (o=dn/ds). The strength of
positive selection was globally estimated using the likelihood ratio modeling approach
where two models of codon evolution are compared: (i) the null model that assumes o<1
and varies according to the beta distribution (model M7), and (ii) an alternative model
allowing an additional class of sites to account for a possible occurrence of PSS where
®>1 (model M8) (Yang et al. 2000). If model M8 fits the data better than M7, PSS are
identified through Bayes Empirical Bayes (BEB) procedure and retained for the next
steps if statistically significant (CI 99 %) (Yang et al. 2005). The analysis was computed
using the package CodeML implemented in PAML 4.7 (Yang 2007) for each locus and

each species separately.
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Supplementary results

5. Processing 454 data

The summary of sequencing outcome is presented in Table S3. Below we describe details
on allele sorting and loci duplication (A) before we briefly discuss allele sorting
efficiency and reliability of our genotyping (B).

5.1. Allele sorting and evaluation of loci duplication

The distribution of RPAF from the 1 to the 6™ sixth most common allele averaged across
all amplicons revealed a notable drop between the TMCA and RA in all three species,
suggesting no indication of loci duplication (Fig. S3). Below, we describe the allele

sorting procedure in more detail for each locus and species separately.

M. murinus

In DRB, 43 out of 204 Mimu-DRB sequences retrieved from 219 amplicons (including 24
replicates) were retained as true alleles (MPAF 0.09-0.83), including 2 new alleles. In
DQB, 53 out of 156 Mimu-DQB sequences were retrieved out of 225 amplicons and
retained as true alleles (MPAF 0.17-0.74); 13 of them were described for the first time.
The total of 18 DRB and 9 DQB amplicons possessed more than two true alleles. Given
that loci duplication seems unlikely due to RPAF distribution in our dataset and based on
previous findings (Schad et al. 2004, Averdam et al. 2011; Huchard et al. 2012, Sommer
et al. 2014), surplus alleles in 15 DRB and one DQB amplicons were removed given their
low RPAF compared to TMCA and excluded by replication in three DQB amplicons. The
remaining four DRB and five DQB amplicons were removed from further analysis due to
inconclusive genotypes. The minimum amount of sequencing reads neccessary for
reliable genotyping was estimated on 18 reads. Conclusively, 4 DRB (and none for DQB)

amplicons for which <18 reads were retrieved were successfully re-genotyped.

C. medius
A total of 137 sequences were retrieved for DRB locus from 118 amplicons (including 11

replicates). Importantly, we noticed that some of the identified primer-mismatches DQB
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sequences were described as DRB sequences in public repositories by previous studies
using the same DRB primer pair (Chme-DRB*3, *16, *30, *19, *37, *45; Supporting
Information 2), suggesting that the problem of primer-mismatch may occur regularly with
these primers. However, all these sequences and three other sequences not detected within
this study (Chme-DRB*29, *32, *34) clustered with DQB sequences (Fig. S4) and their
closest match using BLAST search were DQB sequences of other species (e.g. M.
murinus); confirming our classification into the DQB locus.

Overall, 36 Chme-DRB sequences (MPAF 0.20-0.82), including 9 newly descibed, were
retained as true alleles.

In DQB, genotyping 112 amplicons (including 10 replicates) yielded 120
sequences; 24 DQB sequences (MPAF 0.27-1.00), were retained as true alleles; 12 of
which were detected for the first time.

After allele sorting, two DRB and one DQB amplicons possessed more than two
true alleles. In both loci, the 34 allele showed low RPAF compared to RPAF of TMCA
and were therefore removed. Additionally, in one DRB amplicon, the existence of the 34
allele (RPAF 0.08) was excluded by replication. These results supported our predictions
of no duplication of either locus. Conclusively, 5 out of 9 DRB amplicons and 3 out of 4
DQB amplicons that returned <18 reads were re-genotyped and replaced in the dataset.

Amplicons that could not be replicated were discarded from furter analysis.

M. coquerelli

In DRB, 128 sequences were retrieved from 142 amplicons (incl. 53 replicates). Here the
majority of artefactual alleles were represented by single point homopolymer indels or
mutations (,HP*) (MPAF>0.26) that were highly run-specific and showed relatively high
frequency of occurence (1-12 amplicons). The unusually high frequency of HP in M.
coquereli was likely due to a high frequency of single-base repeats characterising the
nucleotide sequence of both DRB and DQB exon 2. The artefactual status of each HP was
verified by replication of at least one, but mostly numerous amplicons. In total, 11 newly
desribed Mico-DRB alleles (MPAF 0.15-0.87) were retained as true alleles.

In DQB, we retrieved 76 DQB sequences from 124 amplicons (incl. 36 replicates).
Similarly, as for DRB all artefactual alleles with MPAF>0.10 represented single point
indels (HP) and occurred in one to 35 amplicons. Overall, both RPAF and MPAF of
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particular HP were very heterogeneous across sequencing runs (some runs were
unaffected by some HP). Conclusively, 17 HP-affected amplicons were replicated, or
triplicated and confirmed the artefactual status of single or multiple HP sequences.
Overall, 16 unique Mico-DQB sequences were retained as true alleles (MPAF 0.12-0.75).

After allele sorting, 3 DRB and 1 DQB amplicons possessed more than two
alleles. In DRB, the existence of a 3™ allele was rejected due to their low RPAF (DRB
0.02, 0.04; DQB 0.01) versus RPAF of TMCA (DRB 0.45-0.83, DQB 0.10-0.84), or via
replication of affected amplicons. One amplicon, where the existence of a 34 allele could
not be evaluated through replication was excluded from further analysis. In this species,
examination of the RPAF distribution from 1 to 6" most common allele correctly
predicted no loci duplication in DRB, with a notable drop present between the TMCA and
RA. In DQB, the RPAF distribution of TMCA was distorted by the elevated frequency of
HP. Thus, our allele sorting procedure, identifying two true alleles in all individuals but
one, was the main basis to infer an absence of locus duplication. Consequently, 29 DRB
amplicons and 4 DQB amplicons with <18 reads were successfully re-genotyped and
replaced in the dataset.
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Table S3. Summary of sequencing outcome in DRB and DQB for the three Cheirogaleidae described in this study. Sequencing data for both loci from ca
100 individuals of M. berthae is described in Pechouskova et al. 2015.

Mirza coquereli

Cheirogaleus medius

Microcebus murinus

DRB DQB DRB DQB DRB DQB
Nr. reads / amplicon
Mean+SD 239.61+£25.35 128.82+£10.32 243.58+22.86 204.25+£24.05 236.39+£15.56 144.84+11.46
Median 156 84 175 102 154 101
Min 5 18 5 5 12 15
Max 1557 565 1456 1215 1592 1629
Total 34025 15974 28742 22876 51770 32590
Nr. sequences / amplicon
Mean+SD 3.04+0.18 3.50+0.12 2.87+0.21 2.81+0.22 3.08+0.14 2.52+0.09
Median 2 3 2 2 2 2
Min 1 1 1 1 1 1
Max 14 8 19 13 13 14
Total 142 124 118 112 219 225
Replicates of amplicons with <18 reads 29 4 5 3 4 -
Independent replicates 24 32 6 7 20 19
Total of succesfully genotyped individuals 88 88 100 97 192 201
N. sequences retrieved 128 76 137 118 204 156

11 16 36 24 43 53

N. true sequences retrieved
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DQB

DRB

amplicons of showing all three species: C. medius (gold), M. coquereli (green) and M. murinus (blue) and for the TMCA (two most common alleles) and

Figure S3. The distribution of the relative per amplicon frequency (RPAF) for DRB and DQB from the 1%t to the 6™ most common alleles across
RA (remaining alleles) accordingly
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Figure S4. The phylogenetic reconstruction of DRB and DQB nucleotide sequences of C. medius
described in this study, or deposited in Genbank up to date. For accession numbers see the
overview in Supporting Information 2. The gene tree was constructed using Neighbour-joining
algorithm with Jukes-Cantor correction (1000 bootstrap) in MEGA 6 (Saitou and Nei 1987;
Felsenstein 1985; Jukes and Cantor 1969; Tamura et al. 2013)
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5.2. Evaluation of allele sorting efficiency and genotyping reliability

The overall efficiency of our allele-sorting procedure was evaluated through several steps.
According to our assumption that artefactual alleles should not occur independently in
many amplicons, we found a positive correlation between the MPAF of each allele and
the number of amplicons possessing it. This correlation disappeared after allele sorting in
all cases, except for DRB for C. medius (Fig. S5).

Next, for each species and locus, average pairwise substitution rates between
alleles retrieved within same amplicon were comparable to the average substitution across
the entire allelic pool of a given locus and species, and indicated that true alleles present
in a given amplicon represent a random selection of all true alleles (t-tests, P>0.05 in all
cases).

Last, 100 % (20 DRB, 19 DQB) of replicated amplicons included for M. murinus
within independent sequencing runs demonstrated full repeatability of retrieved
genotypes. Out of 6 DRB and 7 DQB replicates included for C. medius, all DRB and 5
DQB displayed perfect repeatability of acquired genotypes. The remaining 2 DQB
replicates were affected by allelic drop out originating most likely from amplification bias
between the TMCA, resulting in falsely homozygous genotypes. Both 2,4 most common
alleles were retrieved among sequences returning with <5 copies, the treshold used to
filter low-quality sequences during out initial trimming steps (for details see Huchard et
al. 2012). From 24 DRB and 32 DQB replicates included for M. coquereli, all DRB and
22 DQB displayed a perfect repeatability of retrieved genotypes. The remaining 10 DQB
replicates were affected by an extensive inflation of run-specific homopolymers (HP)
with its parental allele (the allele these HP originated from) returning in < 5 copies in
each affected amplicon. Moreover, 6 of these amplicons that originated from one
sequencing run were all characterised by low overall amount of reads (meantSE,
49.714£5.77); none of these amplicons was retrieved with non-matching true alleles.

To investigate the potential of a similar allelic dropout occuring within the rest of
our dataset, we randomly selected 30 homozygotes and manually investigated all
sequences retrieved for these amplicons that returned in < 5 copies. We found no further
inidication of allelic dropout. Conclusively it seems a good precaution to increase the

treshold for genotyping reliability when extensive HP inflation occurs, as well as to
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perform random control of the sequences retrieving in <5 copies, especially in
homozygous individuals, to prevent including false homozygous genotypes.

Eighty-nine percent of 108 replicates were repeatable. For the remaining 11 % we could
identify the cause of non-repeatability, namely dropout of the 2,4 most common allele.
For M. berthae, we reported 100 % repeatability of genotypes for DRB and DQB in 23
and 27 amplicons (Pechouskova et al. 2015).
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Figure S5. Mean per amplicon frequency (MPAF) in relation to allelic frequency (number of individuals carrying a given allele) for DRB and DQB
alleles before and after allele sorting. The table on the left shows the strength of the correlation between MPAF of each allele and the number of
amplicons possessing it before and after allele sorting for DRB and DQB, with n representing number of alleles included in each calculation
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6. Parasite communities screening at species level

6.1. Overview of helminth infestations across hosts
The overview of helminth genera that could be reliably identified by microscopic
evaluation and the amounts of individuals per each host species infected by particular

helminth is presented in Table S4.

6.2. Quality control test

Before characterizing the overlap in helminth communities across host species, we first
performed a set of quality control tests to evaluate the repeatability of helminth egg
detection using two different extraction methods (FLOTAC ‘flottation’; Ritchie’s formol-
ether concentration method ‘sedimentation’). We detected that two samples collected
from the same individual on the same trapping day were more similar when using the
same (Jaccard dissimilarity index (d;), mean+SD 0.56+0.44) versus different methods (dj;
mean = SD, 0.85+0.29) (Mann-Whitney, W=1250, P=0.008). However, samples collected
from the same individual on the same day were more similar to each other regardless of
the method used (dj; mean + SD, 0.694+0.41) than to any random sample from the same
species (dj; mean + SD, 0.88+0.26) (, W=341571, P <0.001). Similar results were
obtained when including only samples analyzed by the same method (meantSD, same
day vs. random sample, flotation 0.21+0.35 vs. 0.96+0.20, W=2402.5, P < 0.001;
sedimentation, 0.67+0.40 vs. 0.86+0.27; Mann-Whitney W= 16640, P<0.001). These
findings show that repeatability of helminth egg detection is higher within than between
the two extraction techniques. Nevertheless, given that samples collected from the same
individual were significantly more similar to each other than to any random sample within
the host species, regardless of the method used samples analyzed by both methods were

integrated and used for further analysis.
6.3. Inter-specific comparison of helminth communities

The dissimilarity matrix indicating the extent of overlap in helminth prevalence for each

pair of host species are presented in Table S5.
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Table S4. The number of individuals infected by a given helminth genus that were included in the analysis testing the correlation between cross-species

similarity in MHC supertype frequencies and in helminth communities

S g 3
8 £ £ T
. £ g 2 g Numberof
Phylum Family Genus Life Infection E 9 g g |n_d|V|duaIs
cycle status =4 @ 2 < \_Nlth_
S & g E infection
‘O o
5§ 5 2 °
- 3% 13 121 7
Nematoda Ascaridida Ascaris sp. Direct + 2 1 7 1 11
- 3% 14 124 8
Oxyuridae Lemuricola sp. Direct + 2 0 4 0 6
- 3% 14 115 8
Oxyuridae sp. Direct + 2 0 13 0 15
- 36 14 113 8
Strongylida Strongylida sp. Direct + 1 0 15 0 16
- 31 14 43 7
Subuluridae Subulura sp. Indirect’ + 6 0 8 1 92
- 3% 11 92 4
Trichuridae Trichuris sp. Direct + 2 3 36 4 45
- 36 11 74 7
Cestoda Hymenolepididae Hymenolepissp.  Indirect! + 1 3 54 1 59
- 37 14 124 8
Trematoda Heterophyidae ~ Metagonimus sp.  Indirect’” + 0O 0 4 0 4

! Arthropod intermediate host, 2 one or more intermediate hosts (e.g. snail and arthropod)
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Table S5. A dissimilarity matrix showing the extent of overlap in helminth prevalence within
each pair of host species. Here an RI value of 1 indicates maximum dissimilarity, with no
pabetweerasites shared between a pair of hosts and RI value of 0 indicates that parasites infect
hosts with a similar prevalence.

C. medius M. berthae M. murinus

M. berthae 0.831
M. murinus 0.763 0.719
M. coquereli 0.752 0.574 0.706

7. MHC variation and patterns of molecular selection

7.1. Test of positive selection
The outcome of the likelihood modelling approach testing the presence of positive
selection operating on nucleotide sequences by comparing two models of codon evolution

IS presented in Table S6.
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Table S6. Evaluation of the goodness of fit for different models of codon evolution and estimated parameter values.

Model LnL Ig;?\%a AIC AAIC Parameters Ve df. P np
Mirza coquereli

DRB

MO0-one ® -474.85 2.32 954.34 39.97 ®=0.66

M7-nearly neutral with -456.32 2.70 918.03 3.66 3.09 > ns. 23
M8-positive selection with f (00<1, ®1>1) -454.77 2.41 914.37 Best p0=0.62, p1=0.38, ©=2.27 25
DQB

MO0-one ® -557.97 2.42 1120.78 85.20 ®=0.62

M7-nearly neutral with 3 -527.18 2.88 1060.12 24.55 9829 9 ek 33
M8-positive selection with § (w0<I, ®1>1) -515.03 2.76 1035.58 Best p0=0.94, p1=0.06, ®=9.07 35
Microcebus berthae

DRB

MO0-one ® -922.27 0.79 1846.12 184.38 ®=0.61

M7-nearly neutral with -839.49 0.86 1680.70 18.96 1860 2  * 35
M8-positive selection with  (00<1, ®1>1) -830.14 0.73 1661.74 Best p0=0.78 , p1=0.22 , ®=3.01 37
DQB

MO0-one ® -881.92 1.33 1766.50 150.52 ®=1.32

M7-nearly neutral with -819.36 1.65 1642.03 26.05 574 3 s 20
M8-positive selection with § (w0<I, ®1>1) -806.49 1.50 1615.98 Best p0=0.65, p1=0.35, ®=4.84 ' 47
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Kappa

Model LnL (ts/tv) AIC AAIC Parameters Ve df. P np
Cheirogaleus medius

DRB

MO0-one ® -1286.02  1.27 2574.58 263.63 ®=5.19

M7-nearly neutral with -1184.93  1.55 2372.95 62.01 6146 2w 73
M8-positive selection with B (00<I, ®1>1) -1154.20 1.27 2310.94 Best p0=0.63, p1=0.37, ®=11.56 ' 75
DQB

MO0-one ® -791.05 1.99 1586.08 171.10 ®=1.04

M7-nearly neutral with -743.27 2.50 1491.54 76.55 7715 9 e 49
M8-positive selection with  (00<1, ®1>1) -704.70 2.80 1414.98 Best p0=0.98, p1=0.02, ®=76.25 ' 51
Microcebus murinus

DRB

MO0-one ® -1359.95 1.05 2722.01 277.69 ®=1.03

M7-nearly neutral with -1239.76  1.30 2482.11 37.79 3742 9 e 87
M8-positive selection with g (00<I, ®1>1) -1221.05 1.11 2444.32 Best p0=0.75, p1=0.25, ®=3.56 ' 89
DQB

MO0-one ® -1728.08 151 3459.18 456.03 ®=0.66

M7-nearly neutral with -155591 1.75 3115.31 112.17 8142 9w 105
M8-positive selection with B (w0<I, ®1>1) -151520 1.64 3033.68 Best p0=0.95, p1 =0.05, ©=6.15 ' 107

®-dN/dS; nearly neutral with beta-for all sites <1 and the beta distribution approximates  variation;

positive selection-a proportion of sites evolves with @>1; pO-proportion of sites with o<1, p1-proportion of positively
selected sites (0>1), m1-estimated value of o for sites under positive selection;
AlC-Akaike information criterion, AAIC-difference between the value of the AIC of a given model and the best model
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8. Characterisation of supertypes

The overview of supertype clustering solutions for DRB and DQB are presented in Figure
S6. An optimal number of clusters is chosen when BIC statistic decreases by a negligible
amount, indicated by a minimum or an elbow in the curve of BIC values as a function of

cluster number.
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Figure S6. Distribution of BIC values for an increasing number of supertype clusters. The
optimal number of supertypes was identified as 7 in DRB (Panel a) and 12 in DQB (Panel c) as
indicated by a minimum in the curve. The distribution of the number of clusters obtained through
500 automated classifications is shown on the right for DRB (Panel b) and for DQB (Panel d)
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9. Selection of similar supertypes across species: parasite-host-supertype associations

The overview of supertype frequencies (the amount of individuals possessing a given supertype) within each species for DRB and DQB are
presented in Table S7. Correlation between dissimilarities in infestation by particular helminths to the dissimilarities in possession of

particular supertypes across the four host species (Partial mantel test controlling for phylogenetic signal) is displayed in Fig. S7.

Table S7. Supertype frequencies for DRB (labelled ,,SR1 - SR7*) and DQB (labelled ,,SQ1 — SQ12%) across four host species.

DRB SR1 SR2 SR3 SR4 SR5 SR6 SR7 Supertype homozygots nNing

M. berthae 12 - - 2 - - 8 6 14

M. murinus 59 - - 77 3 - 51 48 119

C. medius - 8 20 1 12 17 - 12 35

M. coquereli - - 8 3 - - - 5 8

Subtotal 71 8 28 83 15 17 59 71 176

DQB $Q1 SQ2 SQ3 SQ4 SQ5 SQ6 SQ7 SQ8 SQ9 SQI0 SQl1 SQ12 Supertype homozygots Ning
M. berthae - - 2 7 - - - - - 6 10 1 2 14
M. murinus 1 28 30 19 13 28 - 9 13 21 23 42 19 124
C. medius - 6 - - 3 - 12 17 12 1 - 2 15 34
M. coquereli 7 - - - - - - 4 - 2 - - 3 8
Subtotal 8 34 32 26 16 28 12 30 25 30 33 45 39 180
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Figure S7. The relationship between pairwise dissimilarities in helminth prevalence and
supertype frequencies among the four host species for DRB (a) and DQB (b); each data point

represents a value obtained for each pair of species (6 comparisons)
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10. The role of a common ancestry vs. convergent evolution in

maintaining MHC functional similarity

10.1. Phylogenetic reconstruction of PSS and non-PSS sequence alignment
Figure S8. The phylogenetic reconstruction of PSS and non-PSS sequence alignment for 128
DQB (Panel A) and 235 DRB (Panel B) sequences (Supplementary Information 2); full circle
blue=M. murinus; full circle grey=M. berthae; full circle red=M. rufus; full circle orange=M.
griseorufus; green diamond=C. medius; pink diamond=M. coquereli

Panel A. Gene trees based on 12 DQB PSS (a) and a sequence partition of complimentary length
based on 12 randomly selected non-PSS DQB codons (b). The tree configuration was derived by
the ML algorithm implemented in PhyML (a: TIM2+I+G substitution model, p-inv=0.13, y
shape=1.01; b: TPM1uf+G, y shape=0.27); jModelTest) and its reliability tested by 500 bootstrap
replicates. Only bootstrap values exceeding 25 % are shown

(@)

@)
2R
3o, %
ey, ‘%?3‘6 )
Q, 1y, Y o % » O
X ) Z & 1, % <
Y, 20y, Y Py % 2 R 3 o,
O O, 2, RS % > % S RESSEES
W B0, 0gy 0 4, %0, R O 0, K@% 3 Q S S o
005, % v 6,00 B 2,5, 6% %) 5380 S L&
D, % R4 §°°°°v000 A
My, %6 g, % o & Q0 SERELT I S
S S.& ¢ .
“C0s0, ® 25, o0 s L V2B g;gg; SIS & o0
Mg, O o v\ Ee8p 358 £F 2 Lo S
0 S 0<% BN 2 £§§s §¢ & SR &
So, y e ¥ §5F S5 & PP W oS
® ) N ©c °F I S o () O o
Mimy . § AR
289 2 /e o
M/m > E - & o 9 % .w\\io 006
oo, '1' PO A w\°°OQ%°§60&1 EL ) 003
) : s .
/muDng_‘ (] o ..\.]\\C T ggll
"MubQg 005 ° eD®'
MimuDQBeros UO’. ! %l .M\CODQBQOB(?O’(
icoD
MimubQBogg @343 * * M\c;/)\-muDQBOSA
. 303 - 40’. i 9
MimuDQBO27 g o MimuDQBO!
MimuDQB033 @ — % "¢ ChmeDQB015
- 4 ChmeDQBO012
MmuDQBOlBZ0 2 %MimuDQBolg
M'm-UD%QBOl’ 60186 @ MuDOBOS,
Mimu 8015 107 4ChrMeDOB0
(uDQ 9223 sy mepoS
M oD QY & Uimungo023
Q80 & GmeLOe000
M o Min080)
SO 2 4498007
c,‘(\“c\).\a\)0 s, 44/2;7"0 0
o ® 1150850,
W s @ 44'@00 3006{
o " S e Uogy®
W AP % .‘-',"‘ 4,/0) ,1%(3@00 9
¥ » e R (/OOGOQQ
> LRk %,58,
&l - V0, V0,
R o i Hru 4”%59 %
QOQ 9 . 32" @ z@ooo ) > @ s
Ny ® Zz 200 %
& & s e P 23 335%%
A\ LS > %%%%%%o%\
& - o}
S 2 o = BRBYY
° ] EER-AS v
5 3z R5%Y
S 29 %
P BE
¢ F o 9E:%
S 3 ER-=Rel
*1%%e:  o%° B
N o
¢ 3092 39 =
o 33082
O R e = 2
m & O 30
S QO o @
£ ©88%
o
s 2
o
2

146



SUPPORT
ING INFORMATION 1: CHAPT
: ER 3

§ &
89 o
£8E$
< OQ-7 Q);o Vv A
»
S & & & S
$ S 4 K
S o & & L
o RO
& F& &E
SAN
oV .. o
(J Q.0
@ ,}’ ,\?" o
<
@) Q‘(\‘(\Q‘O Q%*\)Q’\'
\NJQO ,‘0\,'5
ot
TR Qg@"
L] \5\000 «00°
l. w\°°0Q%3«005
L e¥Sge
: I e o 3«013
MimuDQB* 8 cne
014 o ef 02t
MimuDQB* [ ] .CN“
i B*020 @ el
imUDOB*021 n o cnme
MimuDQB*027 : m o\ P
MimuDQB"033 & chmeDQB 014
MimubQ 35 ¢
N\\muDQB*OAO o ChmeDQB*013
" B«QA’{ o Chm
\\l\\f‘“’oD 0i® @ :Ch eoQBrot2
N A . chmeDQB*olo
ChmeDQB*009
¢ ShmeDy
QY o * ghmeogg 08
N\\‘ge\) 2 & o ‘Ch e0g 007
<N© W OQQ,Q N DS M.h’"eD B*005
N\‘Oe \Y\\“\ 0Q€Q6¢J ™ o M/;;"UDQQBB*OO4
TP © i 005,053
R e S ® i, 005,20
N RS S ® Yir, 00, %3
S I AL
W @QOQQ* S @ o *0030
™ @\9 [ *@3\ .. 5 2 47(-)8*0 °
& SILS ° 3 30, Ty 020
I DSSe % 3 .Cﬂf/”oo 0%,
i\@\\' §’0§’ *°§ L S RAONS . %s
. n S 2
§§Q°‘{’ g ®e E CCRE 00,
828 3 15 %2 L% B0 S, 3
s &7 o kXS r XA 2 . % 0470@ 7 7
T§ s 2 %;%é%"o@*o\ﬂ
*e . == oo%\p‘aooo@goo
=5 9R > 29 R°% 20
- §8_283 ¢ 025 % %4
55588@2@%% 23ae  °
g 888éé°%¢”w %
S 599" ER) 0,
& Tw @ S @,
IS IS g S S o
E S ® © ke

147



SUPPORTING INFORMATION 1: CHAPTER 3

Panel B. Gene trees based on 20 DRB PSS (c) and 20 randomly selected non-PSS codons (d).
The tree configuration was derived by the ML algorithm implemented in PhyML (c: GTR+G, y
shape=0.61; d: GTR+G, y shape=0.37); jModelTest) and its reliability tested by 500 bootstrap

replicates. Only bootstrap values exceeding 25 % are shown
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10.2. Codon usage analysis

The outcome of codon usage analysis and simulations showing proportions of shared
codons at PSS, scores indicative of co-ancestry, phylogenetic distances and median of the
CEq, CAq obtained for all pair-wise comparisons is summarized in Table S8.

Table S8. The overview of medians of the expected proportions of shared codons expected under
the scenarios of convergent evolution (CEg) and common ancestry (CAqg) obtained from a
simulated distributions, proportions of identical codons at PSS, scores indicative of coancestry
and phylogenetic distance between all pairs of species in DRB and DQB.

Proportion Scores

Species pair _ of_ _ _ indicative _

identical median median of Phylogenetic

codons CE CA coancestry  distance
DRB
M. murinus (distant) M. murinus (Kirindy) 0.964 0.919 0.986 0.683 <0.001
M. rufus M. berthae 0.975 0.929 0.989 0.772 0.043
M. griseorufus M. murinus (Kirindy) 0.969 0.918 0.986 0.754 0.167
M. murinus (distant) M. griseorufus 0.967 0.906  0.991 0.717 0.167
M. griseorufus M. berthae 0.975 0.922 0.994 0.737 0.199
M. rufus M. griseorufus 0.983 0.918 0.992 0.882 0.202
M. murinus (Kirindy) M. berthae 0.966 0.932 0.985 0.633 0.232
M. murinus (distant) M. berthae 0.968 0.928  0.992 0.623 0.232
M. rufus M. murinus (Kirindy) 0.972 0.925 0.984 0.792 0.235
M. murinus (distant) M. rufus 0.97 0.922 0.989 0.721 0.235
M. griseorufus M. coquereli 0.975 0.934 0.998 0.629 0.367
M. murinus (Kirindy) M. coquereli 0.979 0.939  0.987 0.83 0.388
M. murinus (distant) M. coquereli 0.978 0.936  0.993 0.738 0.388
M. griseorufus C. medius 0.954 0.902 0.992 0.578 0.419
M. berthae M. coquereli 0.966 0.936 0.991 0.537 0.432
M. rufus M. coquereli 0.982 0.939 0.992 0.801 0.435
C. medius M. coquereli 0.959 0.904 0.988 0.655 0.436
M. murinus (Kirindy) C. medius 0.96 0.907  0.985 0.671 0.44
M. murinus (distant) C. medius 0.959 0.903  0.99 0.651 0.44
M. berthae C. medius 0.94 0.908 0.989 0.397 0.483
M. rufus C. medius 0.947 0.906  0.989 0.495 0.486
DQB
M. murinus (Kirindy) M. berthae 0.962 0.777 0.98 0.909 0.232
M. murinus (Kirindy) M. coquereli 0.943 0.664  0.972 0.907 0.388
M. murinus (Kirindy) C. medius 0.917 0.762  0.977 0.719 0.44
M. berthae M. coquereli 0.939 0.661 0.978 0.878 0.432
M. berthae C. medius 0.907 0.761 0.982 0.662 0.483
C. medius M. coquereli 0.942 0.681  0.969 0.906 0.436
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The overview of all sequences described or included in this study. The lenght of previously described sequences was optimized to match the fragment
length investigated by the present study (169bp) and resulting nucleotide and /or amino acid identity was noted. Some of the newly described Mimu
sequences submitted by this study were previously detected by Huchard et al. (2012), but not submitted due to their rare occurrence. All sequences that

were newly described by this study translated into unique amino acids and contained no stop codons.

Accesion nr. DRB allele Described by or detected by This study Co-identity Co-identity amino
nucleotides acid
(169 bp) (54 positions)
DRB
M. murinus
AJ431270.1 Mimu-DRB*6 Schad et al. 2004; Sommer et al. 2014
AJ555838.1 Mimu-DRB*9 Schad et al. 2004; Sommer et al. 2014 Mimu-DRB*003 Mimu-DRB*003
Migr-DRB*1 Migr-DRB*1
EU137061 Mimu-DRB*17 Schwensow et al. 2008a
EU137062 Mimu-DRB*18 Schwensow et al. 2008a; Huchard et al. 2012 yes
EU137063 Mimu-DRB*19 Schwensow et al. 2008a; Huchard et al. 2012; Sommer et al. 2014 yes
EU137064 Mimu-DRB*20 Schwensow et al. 2008a; Huchard et al. 2012 yes
EU137065 Mimu-DRB*21 Schwensow et al. 2008a; Huchard et al. 2012 yes
EU137066 Mimu-DRB*22 Schwensow et al. 2008a; Huchard et al. 2012 yes
EU137067 Mimu-DRB*23 Schwensow et al. 2008a; Huchard et al. 2012 yes
EU137068 Mimu-DRB*24 Schwensow et al. 2008a
EU137069 Mimu-DRB*25 Schwensow et al. 2008a; Huchard et al. 2012 yes
EU137070 Mimu-DRB*26 Schwensow et al. 2008a; Huchard et al. 2012 Mimu-DRB*71 Mimu-DRB*71
Mimu-DRB*97 Mimu-DRB*97
Migr-DRB*3 Migr-DRB*3
EU137071 Mimu-DRB*27 Schwensow et al. 2008a; Huchard et al. 2012 yes
EU137072 Mimu-DRB*28 Schwensow et al. 2008a; Huchard et al. 2012 yes
EU137073 Mimu-DRB*29 Schwensow et al. 2008a; Huchard et al. 2012 yes
EU137074 Mimu-DRB*30 Schwensow et al. 2008a; Huchard et al. 2012 yes Mimu-DRB*35 Mimu-DRB*35
EU137075 Mimu-DRB*31 Schwensow et al. 2008a; Huchard et al. 2012 yes
EU137076 Mimu-DRB*32 Schwensow et al. 2008a; Huchard et al. 2012 yes
EU137077 Mimu-DRB*33 Schwensow et al. 2008a; Huchard et al. 2012 yes

152



Accesion nr. DRB allele Described by or detected by This study Co-identity Co-identity amino

nucleotides acid
(169 bp) (54 positions)

EU137078 Mimu-DRB*34 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137079 Mimu-DRB*35 Schwensow et al. 2008a yes Mimu-DRB*30 Mimu-DRB*30

EU137080 Mimu-DRB*36 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137081 Mimu-DRB*37 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137082 Mimu-DRB*38 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137083 Mimu-DRB*39 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137084 Mimu-DRB*40 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137085 Mimu-DRB*41 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137086 Mimu-DRB*42 Schwensow et al. 2008a; Huchard et al. 2012; Sommer et al. 2014 yes

EU137087 Mimu-DRB*43 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137088 Mimu-DRB*44 Schwensow et al. 2008a; Huchard et al. 2012; Sommer et al. 2014 yes

EU137089 Mimu-DRB*45 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137090 Mimu-DRB*46 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137091 Mimu-DRB*47 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137092 Mimu-DRB*48 Schwensow et al. 2008a; Huchard et al. 2012

EU137093 Mimu-DRB*49 Schwensow et al. 2008a; Huchard et al. 2012

EU137094 Mimu-DRB*50 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137095 Mimu-DRB*51 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137096 Mimu-DRB*52 Schwensow et al. 2008a; Huchard et al. 2012

EU137097 Mimu-DRB*53 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137098 Mimu-DRB*54 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137099 Mimu-DRB*55 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137100 Mimu-DRB*56 Schwensow et al. 2008a; Huchard et al. 2012 yes

EU137101 Mimu-DRB*57 Schwensow et al. 2008a

EU137102 Mimu-DRB*58 Schwensow et al. 2008a

EU137103 Mimu-DRB*59 Schwensow et al. 2008a; Huchard et al. 2012 yes Mimu-DRB*U075

HE801954 Mimu-DRB*60 Huchard et al. 2012

HEB801955 Mimu-DRB*61 Huchard et al. 2012 yes

HE801956 Mimu-DRB*62 Huchard et al. 2012; Sommer et al. 2014 yes

HE801957 Mimu-DRB*63 Huchard et al. 2012

HEB01958 Mimu-DRB*64 Huchard et al. 2012 yes
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Accesion nr. DRB allele Described by or detected by This study Co-identity Co-identity amino
nucleotides acid
(169 bp) (54 positions)
HE801959 Mimu-DRB*65 Huchard et al. 2012 yes
HE801960 Mimu-DRB*66 Huchard et al. 2012 yes
HE801961 Mimu-DRB*67 Huchard et al. 2012 yes
HE801962 Mimu-DRB*68 Huchard et al. 2012
HE801963 Mimu-DRB*69 Huchard et al. 2012
HEB801964 Mimu-DRB*70 Huchard et al. 2012 yes
Mimu-DRB*U071 Huchard et al. 2012
Mimu-DRB*U072 Huchard et al. 2012
Mimu-DRB*U073 Huchard et al. 2012
Mimu-DRB*U074 Huchard et al. 2012
Mimu-DRB*U075 Huchard et al. 2012 Mimu-DRB*59
Mimu-DRB*U076 Huchard et al. 2012
Mimu-DRB*UOQ77 Huchard et al. 2012; submitted by this study Mimu-DRB*112 yes
Mimu-DRB*U078 Huchard et al. 2012
Mimu-DRB*U079 Huchard et al. 2012
Mimu-DRB*U082 Huchard et al. 2012 Mimu-DRB*74 Mimu-DRB*74
Mimu-DRB*U083 Pechouskova et al.; submitted by this study as Mimu-DRB*113 yes
M. murinus
KF183544 Mimu-DRB*71 Sommer et al. 2014 Migr-DRB*3 Migr-DRB*3
Mimu-DRB*26 Mimu-DRB*26
Mimu-DRB*97 Mimu-DRB*97
KF183545 Mimu-DRB*72 Sommer et al. 2014 Mimu-DRB*80 Mimu-DRB*80
KF183546 Mimu-DRB*73 Sommer et al. 2014 Mimu-DRB*81 Mimu-DRB*81
Mimu-DRB*2 Mimu-DRB*2
KF183547 Mimu-DRB*74 Sommer et al. 2014 Mimu-DRB*U082
KF183548 Mimu-DRB*75 Sommer et al. 2014
KF183549 Mimu-DRB*76 Sommer et al. 2014 Mimu-DRB*102 Mimu-DRB*102
Miru-DRB*8 Miru-DRB*8
KF183550 Mimu-DRB*77 Sommer et al. 2014 Migr-DRB*7 Migr-DRB*7
KF183551 Mimu-DRB*78 Sommer et al. 2014 Migr-DRB*9 Migr-DRB*9
KF183552 Mimu-DRB*79 Sommer et al. 2014
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Accesion nr. DRB allele Described by or detected by This study Co-identity Co-identity amino
nucleotides acid
(169 bp) (54 positions)

KF183553 Mimu-DRB*80 Sommer et al. 2014 Mimu-DRB*72 Mimu-DRB*72

KF183554 Mimu-DRB*81 Sommer et al. 2014 Mimu-DRB*73 Mimu-DRB*73
Mimu-DRB*2 Mimu-DRB*2

KF183555 Mimu-DRB*82 Sommer et al. 2014

KF183556 Mimu-DRB*83 Sommer et al. 2014 Migr-DRB*14 Migr-DRB*14

KF183557 Mimu-DRB*84 Sommer et al. 2014

KF183558 Mimu-DRB*85 Sommer et al. 2014 Migr-DRB*15 Migr-DRB*15

KF183559 Mimu-DRB*86 Sommer et al. 2014

KF183560 Mimu-DRB*87 Sommer et al. 2014

KF183561 Mimu-DRB*88 Sommer et al. 2014

KF183562 Mimu-DRB*89 Sommer et al. 2014

KF183563 Mimu-DRB*90 Sommer et al. 2014

KF183564 Mimu-DRB*91 Sommer et al. 2014

KF183565 Mimu-DRB*92 Sommer et al. 2014

KF183566 Mimu-DRB*93 Sommer et al. 2014

KF183567 Mimu-DRB*94 Sommer et al. 2014

KF183568 Mimu-DRB*95 Sommer et al. 2014

KF183569 Mimu-DRB*96 Sommer et al. 2014

KF183570 Mimu-DRB*97 Sommer et al. 2014 Migr-DRB*3 Migr-DRB*3
Mimu-DRB*26 Mimu-DRB*26
Mimu-DRB*71 Mimu-DRB*71

KF183571 Mimu-DRB*98 Sommer et al. 2014

KF183572 Mimu-DRB*99 Sommer et al. 2014

KF183573 Mimu-DRB*100  Sommer et al. 2014

KF183574 Mimu-DRB*101  Sommer et al. 2014

KF183575 Mimu-DRB*102  Sommer et al. 2014 Mimu-DRB*76 Mimu-DRB*76
Miru-DRB*8 Miru-DRB*8

KF183576 Mimu-DRB*103  Sommer et al. 2014

KF183577 Mimu-DRB*104  Sommer et al. 2014

KF183578 Mimu-DRB*105  Sommer et al. 2014

KF183579 Mimu-DRB*106  Sommer et al. 2014
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Accesion nr. DRB allele Described by or detected by Co-identity Co-identity amino
nucleotides acid
(169 bp) (54 positions)
KF183580 Mimu-DRB*107  Sommer et al. 2014
KF183581 Mimu-DRB*108  Sommer et al. 2014
KF183582 Mimu-DRB*109  Sommer et al. 2014
KF183583 Mimu-DRB*110  Sommer et al. 2014
KF183584 Mimu-DRB*111  Sommer et al. 2014
M. rufus
KF183585 Miru-DRB*1 Sommer et al. 2014
KF183586 Miru-DRB*2 Sommer et al. 2014
KF183587 Miru-DRB*3 Sommer et al. 2014
KF183588 Miru-DRB*4 Sommer et al. 2014
KF183589 Miru-DRB*5 Sommer et al. 2014
KF183590 Miru-DRB*6 Sommer et al. 2014
KF183591 Miru-DRB*7 Sommer et al. 2014 Miru-DRB*14 Miru-DRB*14
KF183592 Miru-DRB*8 Sommer et al. 2014 Mimu-DRB*76 Mimu-DRB*76
Miru-DRB*102 Miru-DRB*102
KF183593 Miru-DRB*9 Sommer et al. 2014
KF183594 Miru-DRB*10 Sommer et al. 2014
KF183595 Miru-DRB*11 Sommer et al. 2014
KF183596 Miru-DRB*12 Sommer et al. 2014 Mibe-DRB*011 Mibe-DRB*011
KF183597 Miru-DRB*13 Sommer et al. 2014
KF183598 Miru-DRB*14 Sommer et al. 2014 Miru-DRB*7 Miru-DRB*7
KF183599 Miru-DRB*15 Sommer et al. 2014
KF183600 Miru-DRB*16 Sommer et al. 2014
KF183601 Miru-DRB*17 Sommer et al. 2014
KF183602 Miru-DRB*18 Sommer et al. 2014
KF183603 Miru-DRB*19 Sommer et al. 2014
KF183604 Miru-DRB*20 Sommer et al. 2014
KF183605 Miru-DRB*21 Sommer et al. 2014
KF183606 Miru-DRB*22 Sommer et al. 2014
KF183607 Miru-DRB*23 Sommer et al. 2014
KF183608 Miru-DRB*24 Sommer et al. 2014
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Accesion nr. DRB allele Described by or detected by Co-identity Co-identity amino
nucleotides acid
(169 bp) (54 positions)
M. griseorufus
KF183517 Migr-DRB*1 Sommer et al. 2014 Mimu-DRB*9 Mimu-DRB*9
KF183518 Migr-DRB*2 Sommer et al. 2014
KF183519 Migr-DRB*3 Sommer et al. 2014 Mimu-DRB*71 Mimu-DRB*71
Mimu-DRB*97 Mimu-DRB*97
Mimu-DRB*26 Mimu-DRB*26
KF183520 Migr-DRB*4 Sommer et al. 2014 Migr-DRB*5 Migr-DRB*5
KF183521 Migr-DRB*5 Sommer et al. 2014 Migr-DRB*4 Migr-DRB*4
KF183522 Migr-DRB*6 Sommer et al. 2014
KF183523 Migr-DRB*7 Sommer et al. 2014 Mimu-DRB*77 Mimu-DRB*77
KF183524 Migr-DRB*8 Sommer et al. 2014
KF183525 Migr-DRB*9 Sommer et al. 2014 Mimu-DRB*78 Mimu-DRB*78
KF183526 Migr-DRB*10 Sommer et al. 2014
KF183527 Migr-DRB*11 Sommer et al. 2014
KF183528 Migr-DRB*12 Sommer et al. 2014 Migr-DRB*17 Migr-DRB*17
KF183529 Migr-DRB*13 Sommer et al. 2014
KF183530 Migr-DRB*14 Sommer et al. 2014 Mimu-DRB*83 Mimu-DRB*83
KF183531 Migr-DRB*15 Sommer et al. 2014 Mimu-DRB*85 Mimu-DRB*85
KF183532 Migr-DRB*16 Sommer et al. 2014
KF183533 Migr-DRB*17 Sommer et al. 2014 Migr-DRB*12 Migr-DRB*12
KF183534 Migr-DRB*18 Sommer et al. 2014
KF183535 Migr-DRB*19 Sommer et al. 2014
KF183536 Migr-DRB*20 Sommer et al. 2014
KF183537 Migr-DRB*21 Sommer et al. 2014
KF183538 Migr-DRB*22 Sommer et al. 2014
KF183539 Migr-DRB*23 Sommer et al. 2014
KF183540 Migr-DRB*24 Sommer et al. 2014
KF183541 Migr-DRB*25 Sommer et al. 2014
KF183542 Migr-DRB*26 Sommer et al. 2014
KF183543 Migr-DRB*27 Sommer et al. 2014
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Accesion nr.

DRB allele

Described by or detected by

This study

Co-identity
nucleotides
(169 bp)

Co-identity amino

acid
(54 positions)

C. medius
EF194225
EF194226
EF194227
EF194228
EF194229
EF194230
EF194231
EF194232
EF194233
EF194234
EF194235
EF194236
EF194237
EF194238
EF194239
EF194240
EF194241
EF194242
EF194243
EF194244
EF194245
EF194246
EF194247
EF194248
EF194249
EF194250
EF194251
EF194252
EF194253
EF194254
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Chme-DRB*01
Chme-DRB*02
Chme-DRB*03
Chme-DRB*04
Chme-DRB*05
Chme-DRB*06
Chme-DRB*07
Chme-DRB*08
Chme-DRB*10
Chme-DRB*11
Chme-DRB*13
Chme-DRB*14
Chme-DRB*15
Chme-DRB*16
Chme-DRB*17
Chme-DRB*18
Chme-DRB*19
Chme-DRB*20
Chme-DRB*21
Chme-DRB*22
Chme-DRB*23
Chme-DRB*24
Chme-DRB*25
Chme-DRB*26
Chme-DRB*27
Chme-DRB*28
Chme-DRB*29
Chme-DRB*30
Chme-DRB*31
Chme-DRB*32

Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.

2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007

yes
yes

yes
yes
yes
yes

yes
yes

yes
yes

yes

yes

yes

yes

yes

yes

yes

Chme-DQB*010

Chme-DQB*016
Chme-DQB*001

Chme-DQB*017

Mimu-DRB*13

Chme-DQB*009

Chme-DQB*014

Chme-DQB*010

Chme-DQB*016
Chme-DQB*001

Chme-DQB*017

Mimu-DRB*13

Chme-DQB*009

Chme-DQB*014



Accesion nr.

DRB allele

Described by or detected by

This study

Co-identity
nucleotides
(169 bp)

Co-identity amino

acid
(54 positions)

EF194255
EF194256
EF194257
EF194258
EF194259
EF194260
EF194261
EF194262
EF194263
EF194264
EF194265
EF194266
EF194267
EF194268
EF194269
EF194270
EF194271
EF194272
AB078306
AB078304

Chme-DRB*33
Chme-DRB*34
Chme-DRB*35
Chme-DRB*36
Chme-DRB*37
Chme-DRB*38
Chme-DRB*39
Chme-DRB*40
Chme-DRB*41
Chme-DRB*42
Chme-DRB*43
Chme-DRB*44
Chme-DRB*45
Chme-DRB*46
Chme-DRB*47
Chme-DRB*48
Chme-DRB*49
Chme-DRB*50

Chme-DRB*Wa03
Chme-DRB*Wb03

Chme-DRB*51
Chme-DRB*52
Chme-DRB*53
Chme-DRB*54
Chme-DRB*55
Chme-DRB*56
Chme-DRB*57
Chme-DRB*58
Chme-DRB*59

Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Schwensow et al.
Go et al. 2002; Schwensow et al. 2007
Go et al. 2002; Schwensow et al. 2007

this study
this study
this study
this study
this study
this study
this study
this study
this study

2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007

yes

yes

yes

yes
yes

yes

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

Chme-DQB*018
Chme-DQB*003

Chme-DQB*012

Chme-DQB*023
Chme-DQB*004

Chme-DQB*007

Chme-DQB*018
Chme-DQB*003

Chme-DQB*012

Chme-DQB*023
Chme-DQB*004

Chme-DQB*007
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Accesion nr. DRB allele Described by or detected by This study Co-identity Co-identity amino
nucleotides acid
(169 bp) (54 positions)
M. coquereli
Mico-DRB*001 this study yes
Mico-DRB*002 this study yes
Mico-DRB*003 this study yes
Mico-DRB*004 this study yes
Mico-DRB*005 this study yes
Mico-DRB*006 this study yes
Mico-DRB*007 this study yes
Mico-DRB*008 this study yes
Mico-DRB*009 this study yes
Mico-DRB*U010 this study yes
Mico-DRB*U011 this study yes
DQB
M. murinus
HQ222948.1 Mimu-DQB*004  Huchard et al. 2012 yes
HQ222949.1 Mimu-DQB*005 Huchard et al. 2012 yes
HQ222950.1 Mimu-DQB*006  Huchard et al. 2012 yes
HQ222951.1 Mimu-DQB*007  Huchard et al. 2012 yes
HQ222952.1 Mimu-DQB*008  Huchard et al. 2012 yes
HQ222953.1 Mimu-DQB*009  Huchard et al. 2012 yes
HQ222954.1 Mimu-DQB*010  Huchard et al. 2012 -
HEB801914 Mimu-DQB*011  Huchard et al. 2012 yes
HE801915 Mimu-DQB*012  Huchard et al. 2012 yes
HE801916 Mimu-DQB*013  Huchard et al. 2012 yes
HEB801917 Mimu-DQB*014  Huchard et al. 2012 yes
HEB01918 Mimu-DQB*015 Huchard et al. 2012 yes
HE801919 Mimu-DQB*016  Huchard et al. 2012 yes
HE801920 Mimu-DQB*017  Huchard et al. 2012 yes
HE801921 Mimu-DQB*018  Huchard et al. 2012 yes
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Accesion nr. DRB allele Described by or detected by This study Co-identity Co-identity amino

nucleotides acid
(169 bp) (54 positions)

HE801922 Mimu-DQB*019  Huchard et al. 2012 yes

HE801923 Mimu-DQB*020  Huchard et al. 2012 yes

HE801924 Mimu-DQB*021  Huchard et al. 2012 yes

HE801925 Mimu-DQB*022  Huchard et al. 2012 yes

HE801926 Mimu-DQB*023  Huchard et al. 2012 yes

HE801927 Mimu-DQB*024  Huchard et al. 2012 yes

HE801928 Mimu-DQB*025  Huchard et al. 2012 yes

HE801929 Mimu-DQB*026  Huchard et al. 2012 yes

HE801930 Mimu-DQB*027  Huchard et al. 2012 yes

HE801931 Mimu-DQB*028  Huchard et al. 2012 yes Mimu-DQB*037

HE801932 Mimu-DQB*029  Huchard et al. 2012 -

HE801933 Mimu-DQB*030  Huchard et al. 2012 yes

HE801934 Mimu-DQB*031  Huchard et al. 2012 yes

HE801935 Mimu-DQB*032  Huchard et al. 2012 yes

HE801936 Mimu-DQB*033  Huchard et al. 2012 yes

HE801937 Mimu-DQB*034  Huchard et al. 2012 yes

HE801938 Mimu-DQB*035 Huchard et al. 2012 yes

HE801939 Mimu-DQB*036  Huchard et al. 2012 -

HE801940 Mimu-DQB*037  Huchard et al. 2012 yes Mimu-DQB*028

HE801941 Mimu-DQB*038  Huchard et al. 2012 yes

HE801942 Mimu-DQB*039  Huchard et al. 2012 yes

HE801943 Mimu-DQB*040  Huchard et al. 2012 yes

HE801944 Mimu-DQB*041  Huchard et al. 2012 -

HE801945 Mimu-DQB*042  Huchard et al. 2012 yes

HEB801946 Mimu-DQB*043  Huchard et al. 2012 yes

HEB801947 Mimu-DQB*044  Huchard et al. 2012 yes

HEB801948 Mimu-DQB*045 Huchard et al. 2012 yes

HE801949 Mimu-DQB*046  Huchard et al. 2012 yes

HE801950 Mimu-DQB*047  Huchard et al. 2012 -

HE801951 Mimu-DQB*048 Huchard et al. 2012 -

HEB01952 Mimu-DQB*049  Huchard et al. 2012 yes
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Accesion nr.

DRB allele

Described by or detected by

This study

Co-identity
nucleotides
(169 bp)

Co-identity amino

acid
(54 positions)

HE801953

C. medius
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Mimu-DQB*050

Mimu-DQB*U051
Mimu-DQB*U052
Mimu-DQB*U053
Mimu-DQB*U054
Mimu-DQB*U055
Mimu-DQB*UQ056
Mimu-DQB*U057
Mimu-DQB*U058
Mimu-DQB*U059
Mimu-DQB*U061
Mimu-DQB*U063
Mimu-DQB*056

Mimu-DQB*057

Mimu-DQB*U066
Mimu-DQB*U067
Mimu-DQB*U068
Mimu-DQB*U069
Mimu-DQB*U070
Mimu-DQB*U071

Chme-DQB*001
Chme-DQB*002
Chme-DQB*003
Chme-DQB*004
Chme-DQB*005
Chme-DQB*006
Chme-DQB*007
Chme-DQB*008
Chme-DQB*009
Chme-DQB*010

Huchard et al.
Huchard et al.
Huchard et al.
Huchard et al.
Huchard et al.
Huchard et al.
Huchard et al.
Huchard et al.
Huchard et al.
Huchard et al.
Huchard et al.
Huchard et al.

this study
this study
this study
this study
this study
this study
this study
this study

2012
2012; submitted by this study as Mimu-DQB*051
2012
2012; submitted by this study as Mimu-DQB*052
2012; submitted by this study as Mimu-DQB*053
2012
2012; submitted by this study as Mimu-DQB*054
2012
2012
2012
2012; submitted by this study as Mimu-DQB*055
2012

this study; Schwensow et al. 2007

this study

this study; Schwensow et al. 2007
this study; Schwensow et al. 2007

this study
this study

this study; Schwensow et al. 2007

this study

this study; Schwensow et al. 2007
this study; Schwensow et al. 2007

yes

yes
yes

yes

yes

yes
yes
yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

Chme-DRB*16

Chme-DRB*37

Chme-DRB*45

Chme-DRB*47

Chme-DRB*27
Chme-DRB*03

Mimu-DQB*U059
Mimu-DQB*U058

Chme-DRB*16
Chme-DRB*37
Chme-DRB*45
Chme-DRB*47

Chme-DRB*27
Chme-DRB*03



Accesion nr. DRB allele Described by or detected by This study Co-identity Co-identity amino
nucleotides acid
(169 bp) (54 positions)
Chme-DQB*011 this study yes
Chme-DQB*012 this study; Schwensow et al. 2007 yes Chme-DRB*39 Chme-DRB*39
Chme-DQB*013 this study yes
Chme-DQB*014 this study; Schwensow et al. 2007 yes Chme-DRB*30 Chme-DRB*30
Chme-DQB*015 this study yes
Chme-DQB*016 this study; Schwensow et al. 2007 yes Chme-DRB*15 Chme-DRB*15
Chme-DQB*017 this study; Schwensow et al. 2007 yes Chme-DRB*19 Chme-DRB*19
Chme-DQB*018 this study; Schwensow et al. 2007 yes Chme-DRB*35 Chme-DRB*35
Chme-DQB*019 this study yes
Chme-DQB*020 this study yes
Chme-DQB*021 this study yes
Chme-DQB*022 this study yes
Chme-DQB*023 this study; Schwensow et al. 2007 yes Chme-DRB*44 Chme-DRB*44
Chme-DQB*U024 this study yes
M. coquereli
Mico-DQB*001 this study yes
Mico-DQB*002 this study yes
Mico-DQB*003 this study yes
Mico-DQB*004 this study yes
Mico-DQB*005 this study yes
Mico-DQB*006 this study yes
Mico-DQB*007 this study yes
Mico-DQB*008 this study yes
Mico-DQB*009 this study yes
Mico-DQB*010 this study yes
Mico-DQB*011 this study yes
Mico-DQB*012 this study yes
Mico-DQB*013 this study yes
Mico-DQB*U014 this study yes
Mico-DQB*UO015 this study yes
Mico-DQB*U016 this study yes
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In the first chapter of my thesis, | have reviewed technical challenges associated with the
complexity of MHC genotyping that has, for a long time, impaired progress in MHC-
based studies of free-ranging species. | focused on highlighting the potential of employing
Next-Generation sequencing (‘NGS’) to address complex questions in evolutionary

biology at the genomic and at the population scale.

In the two following chapters, | aimed to broaden our understanding of the evolution of
MHC polymorphism at the community level.

First, I examined whether contrasting aspects of demography and ecology would
affect patterns of selection at MHC. To do this, | examined the variation of two MHC
class Il genes (DRB, DQB) in two ecologically differentiated congeneric mouse lemur
species (M. murinus and M. berthae, Cheirogaleidae) that were sampled over comparable
spatial and temporal scales. These species show contrasting aspects of their ecology -
such as dietary flexibility, social cohesion and population size and density - that has been
previously suggested to affect the strength and diversity of selective pressures exerted by
parasites on MHC.

Second, | attempted to elucidate which evolutionary mechanism — common
ancestry or convergent evolution — is most likely to explain the origins of MHC similarity
in a community of several confamiliar lemur species (Cheirogaleidae). First, | compared
patterns of MHC variation across four sympatric mouse and dwarf lemurs (M. berthae, M.
murinus, Mirza coquereli and Cheirogaleus medius) and evaluated the potential of
overlapping selective parasite pressures among them, which would be required in the
presence of convergent evolution, by gut parasite screening. | then investigated the links
between functional proximity of MHC alleles and shared parasite pressures across
different species to determine whether parallel selection from parasites could contribute to
the distribution of functionally similar MHC alleles ‘MHC supertypes’, independently of
host phylogeny.

Last, | integrated my new MHC data with those previously obtained for other

Cheirogaleidae in order to investigate whether inter-specific MHC allelic similarity at
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codon sites that are presumably affected by the operation of positive selection is likely to
arise from the operation of convergent selection as a result of shared selective pressures,

or from co-ancestry across different evolutionary time-scales.

Below, I first briefly summarize practical implications and future perspectives associated
with the introduction of NGS technologies into MHC research before comparing patterns
of MHC variation and molecular selection across four sympatric Cheirogaleidae and
discussing potential effects of contrasting demography and parasite-mediated pressure on
the levels of MHC variation of each host species. Finally, | evaluate whether shared
selective pressures from gut-parasites could have independently affected the distribution
of MHC supertypes across different host species, as assumed under the hypothesis of
convergent evolution, or whether MHC similarity is more likely to arise from the

maintenance of ancestral allelic lineages across species boundaries.

NEXT-GENERATION SEQUENCING:
NEW CHALLENGES AND PERSPECTIVES FOR MHC RESEARCH

Introducing NGS into MHC research presents a major potential to expand the scope of the
longitudinal field-based studies aimed at addressing various evolutionary questions
related to MHC in different systems and offers opportunities to conduct such studies at
the genomic scale and at the population and community level (reviewed e.g. in Koboldt et
al. 2013; Lighten et al. 2014a). Up to date, a large amount of MHC studies relied on
sequencing a single locus. However, the simultaneous sequencing of a higher number of
variable MHC loci of a possibly adaptive value is now increasingly feasible when using
high-throughput sequencing and may increase the resolution of addressing some major
evolutionary questions (e.g. Babik 2010; Siddle et al. 2010; Huchard et al. 2013).

NGS has numerous advantages compared to traditional MHC genotyping
approaches, such as a relatively low cost per sample, low optimization effort and high
throughput of data. However, they also are particularly prone to sequencing errors,
particularly 454 amplicon sequencing used by this study. These sequencing errors may
compromise the clarity of the final dataset and are manifested by relatively high

frequencies of artefactual (vs. true) alleles, or also cross-amplicon contaminations. The
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artefactual alleles may originate during PCR or sequencing procedures and may include
homopolymer over- or under calls (‘homopolymer: sequence region including repeats of
the same base’, Moore et al. 2006; Brockman et al. 2008), increased frequency of single
point indels (insertion/deletion) or single-point mutations (Babik et al. 2009), or frequent
occurrence of sequence chimeras (i.e. recombination of the two parental sequences, Babik
2010). Nonetheless, the consequences of such effects can be diminished by combining
precautionary PCR preparation (reconditioning steps), including independent replicate
reactions (using differently labeled sequencing primers), accurate primer design and
sufficient depth of sequencing coverage (e.g. Lenz and Becker 2008; Babik 2010; Galan
et al. 2010; Llaurens et.al 2012; Burri et. al. 2014). Although | applied multiple quality
control steps that enabled dealing with a high rate of sequencing errors, manual allele
sorting and evaluation of potential loci duplication still represents major time investment
when dealing with species of previously unknown background MHC variability.

In contrast, using large-scale bioinformatic tools (see e.g. Lighten et al. 2014a for
an in depth review) promises a certain level of automatization in that aspect.
Nevertheless, automatization of sequencing data processing may also induce under-
estimation of standing MHC variability, e.g. due to unequal amplification efficiency of
alleles within an individual resulting in allelic dropout (van Oosterhout et al. 2006;
Sommer et al. 2013). Or, alternatively, over-estimation by incorrect identification of
sequencing artefacts that may return with high amount of sequencing reads and / or at
high frequencies (Li and Stoneking 2012; Sommer et al. 2013; Lighten et al. 2014b), such
as in the case of homopolymer errors in M. coquereli reported in this study. In each case,
manual investigation of sequencing outcome, comparing genotypes among parent-
offspring dyads to estimate error rates (e.g. in Huchard et al. 2012), as well as including
independent replicates remain costly, but valuable tools to ensure high quality control and
assessment of genotyping reliability. Moreover, ongoing development of bioinformatics
tools aiming at screening sequencing artefact (e.g. Ferrandiz-Rovira et al. 2015; Fijarczyk
and Babik 2015; Sebastian et al. 2015) and future developments in third-generation single
molecule sequencing that relies on nanopore technology (reviewed e.g. in Lighten et al.
2014a) will hopefully also help to overcome problems associated with de novo multigene
amplicon genotyping when using current second-generation sequencing (or ‘NGS’)

technologies.
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MHC VARIATION IN SYMPATRIC LEMURS
GENE ARCHITECTURE

The MHC configuration is not stable across, or sometimes also within, species on an
evolutionary time scale. Besides being part of a complex multigene family, most MHC
class I and Il genes have undergone multiple independent gene duplication events
(Dawkins et al. 1999; Kulski et al. 2002). Specifically, the number of loci may
substantially vary across species, populations and individuals according to the birth-and-
death scenario of gene duplications and deletions (Nei and Hughes 1992; Nei et al. 1997).
This leads to so called ‘copy number variation’, when different number of alleles are
present due to differential dene duplication (e.g. Eimes et al. 2011; Cheng et al. 2012;
Winternitz et al. 2013; Lighten et al. 2014b). In concordance with some earlier findings, |
did not find any support for a duplication of MHC DRB and DQB locus in
Cheirogaleidae (M. murinus, M. berthae DRB & DQB: Schad et al. 2004; Averdam et al.
2011; Huchard et al. 2012; Sommer et al. 2014), which is in contrast to some earlier
notifications of potential duplication in DRB (Schwensow et al. 2007, 2008a; Go et al.
2002). The lack of loci duplication in Cheirogaleidae is in contrast to MHC configuration
described in some other primates, e.g. New- or Old- World monkeys, and apes (e.g.
Trtkova et al. 1993, 1995; Slierendregt et al. 1994; Doxiadis et al. 2000, 2010; Otting et
al. 2002; Bontrop 2006; Klein et al. 2007; de Groot et al. 2008).

In comparison, one of the most complex MHC constitutions with highly
duplicated MHC class | and Il genes and more than ten functional loci have been
described in passerines. This extreme level of polymorphism has been attributed to arise
by a combined effect of several factors, i.e. inter- or intra-locus recombination leading to
gene conversion, which is frequently observed between and within species of birds or fish
(e.g. Shum et al. 2001; Hess and Edwards 2002; Edwards et al. 1995a; Reusch and
Langefors 2005; Spurgin et al. 2011; Lenz et al. 2013; Promerova et al. 2013; Sutton et al.
2013). Such processes may lead to the rapid formation of novel MHC alleles (Spurgin et
al. 2011; Zhao et al. 2013), and may enhance copy number variation across genomic loci
(Volker et al. 2010; van Oosterhout 2013). Specifically, gene conversion is thought to be
largely responsible for species-specific clustering between non-homologous (paralogous)
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loci observed frequently in birds compared to placental mammals where orthologous
relationships among genes have often been retained (e.g. Edwards et al. 1995b).

Although little is known about the influence of these mechanisms on MHC
variation in Cheirogaleidae, there is no indication of frequent recombination between
non-homologous loci given that for all species there is clear locus-specific clustering
(here DRB and DQB) (see also Trowsdale et al. 1995; Gu and Nei 1999). Both loci are
located in close proximity on the same chromosome in M. murinus (Averdam et al. 2011)
and in all species the two loci are in tight linkage disequilibrium suggesting physical
linkage with no indication of recombination hotspot between them. Overall, a tight
physical association between DRB and DQB is well conserved across mammals including
primates (Bontrop et al. 1999; Kelley et al. 2005) and probably reflects their functional
similarity.

The lack of loci duplication and clear locus separation further envisage a great
potential to study the evolution of MHC or other fundamental MHC-related evolutionary
questions in Cheirogaleidae, given that targeting individual loci, which often requires the
use of degenerate (general) PCR primers for multilocus genotyping (Babik 2010), the
complexity of correct loci assignment and the simultaneous amplification of multiple loci
present major technical difficulties in MHC genotyping. These technical challenges often
impair progress in large-scale studies in non-model organisms. The use of NGS
technologies diminishes the need for many steps aimed at separating multiple co-
amplified alleles from duplicated loci (e.g. Metzker et al. 2010). However, when multiple
alleles per individual are sequenced, it remains necessary to increase sequencing depth
within individual sample that lowers the final amount of individuals that can be
sequenced within one sequencing run, as well as it imposes additional costs and

workload.

MHC CLASS Il VARIATION AS A FUNCTION OF DEMOGRAPHY OR
CONTRASTING SELECTION FROM PARASITES ?

The ability of balancing selection to maintain sufficient levels of MHC polymorphism
may depend on the population size of host species (Hedrick 1972). In small fragmented
populations, the overall loss of genetic diversity can be enhanced by genetic drift and

inbreeding that may counter-act balancing selection and, consequently, compromise the
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capability of such population to keep up with co-evolving parasite communities due to the
progressive disappearance of rare allelic variants (Wright 1969; O’'Brien and Evermann
1988; Hartl and Clark 1997; Hughes and Yeager 1998; Keller and Waller 2002;
Frankham et al. 2002; Ejsmond and Radwan 2011).

To examine the potential effects of contrasting demography on patterns of MHC
variation in Cheirogaleidae, | first compared MHC allelic richness (number of distinct
alleles in a population) in the two highly polymorphic MHC loci in two congeneric
sympatric species with contrasting population size and population densities — M. murinus
and M. berthae (Cheirogaleidae); sampled over comparable spatial and temporal scale.
While controlling for sampling effort (the overall number of sampled individuals), | found
allelic richness to be ca. twofold lower in rare M. berthae than that of the more abundant
and spatially clumped M. murinus. This finding matched our predictions of lower allelic
richness in species that exhibits both lower population size and density. Moreover, the
allelic frequency distribution over a period of nine years furthermore indicated the
progressive disappearance of alleles in M. berthae, suggesting that reported allelic
richness may be in fact over-estimated in this species. Similar patterns were obtained by
including two other species (C. medius and M. coquereli) that complemented the gradient
of contrasting population size and densities, ranging from the least abundant and rather
solitary M. berthae and M. coquereli to relatively abundant, but spatially more dispersed
pair-living C. medius and the most abundant and spatially clumped M. murinus. This
further confirms that the level of allelic richness might be primarily affected by
constraints imposed by demography and this effect appears most prominent in species
facing demographic fluctuations, such as M. coquereli (Markolf et al. 2008) and M.
berthae (see discussion in chapter 2).

Alternatively, small overall population size, lower rate of social cohesion and
reduced spatial proximity, as well as a specialist diet in M. berthae could in theory
promote relaxed parasite-mediated pressure due to exposure to a limited array of parasites
and its transmission among conspecifics (e.g. Nunn et al. 2003; Altizer et al. 2007; Chen
et al. 2008; Morand 2015), when compared to abundant and spatially clumped generalist
M. murinus,. In that case, | expected reduced parasite pressure to be reflected by
diverging patterns of MHC allelic richness, but also of allelic divergence (measured as a

nucleotide or amino acid distances between alleles of the same species). However, | found
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that allelic divergence and the strength of selection detected at the molecular level were
comparable in M. berthae and M. murinus, which did not support the assumption of
relaxed pathogen-mediated pressure as the primary cause of contemporary lower allelic
richness in this species.

In line with assumptions that high population density, spatial cohesion and
generalist diet may increase the encountered spectrum of pathogens as well as their
transmission probability (e.g. Nunn et al. 2003; Vitone et al. 2004; Chen et al. 2008;
Hughes and Page 2007; reviewed in Morand 2015), | found the highest levels of
parasitism in the most abundant and spatially cohesive generalist M. murinus. In contrast,
the proportion of infected individuals and the overall diversity of parasites were lowest in
the two rare lemurs — M. berthae and M. coquereli. However, sample sizes available for
these two species were too low to deduce a potential impact of lower parasitism on
patterns of observed MHC variation. Interestingly, these two species were most similar
concerning the prevalence of shared helminth genera that could be affected by a
considerable overlap in their diets and extensive home ranges (Dammhahn and Kappeler
2014; Schifler 2011). A considerable overlap of shared parasites was also previously
found between C. medius and M. murinus (Schwensow et al. 2010b) and confirmed by
this study. Given that these species also show close proximity in their dietary ranges
according to a recent stable isotope analysis (Dammhahn and Kappeler 2014), it seems
plausible that dietary overlap may influence the array of shared gastrointestinal parasites
in Cheirogaleidae. The possible effect of diet flexibility on the structure and diversity of
parasite communities has been previously suggested, e.g. Vitone et al. 2004; Chen et al.
2008; Watts and Alexander 2012, but remains to be addressed in Cheirogaleidae.

Apart from contrasting patterns of allelic richness, | also observed divergent
patterns of past positive selection at the sequence level across the four Cheirogaleidae.
The density of sites assumed to be under positive selection (here positively selected sites,
‘PSS’), thought to represent one of the indications of selection acting on MHC alleles,
was also contrasted between the two loci within each lemur species. Given the overall
structural conservation of MHC class Il molecules within mammals (Jones et al. 2006),
the functional homology was assumed between empirically determined antigen-binding
sites (‘ABS’) in humans (Human Leukocyte Antigen ‘HLA-ABS’; Brown et al. 1993) and
ABS in the rest of mammalian and other orders. In lemurs, PSS were detected in close

proximity to but not always at identical positions, than empirically determined human
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ABS (Bondinas et al. 2007) by this and previous studies (e.g. Huchard et al. 2012;
Schwensow et al. 2007, 2008a; Sommer et al. 2014). This incomplete overlap might occur
due to the fact that adjacent amino acid residues, not directly involved in antigen-binding
but possibly affecting the 3D-structural conformation of the peptide-binding groove,
might be equally crucial in determining the range of bound peptides (Yang and Swanson
2002; Furlong and Yang 2008; Lenz 2011).

| observed higher density of PSS at DRB, except for M. berthae where DQB
appeared to be under stronger selection compared to the three other species. Allelic
richness was generally higher in DQB, except for C. medius where | observed lower
allelic richness in DQB accompanied by only 1 PSS. In spite of the high level of allelic
similarity and physical linkage between the two investigated MHC loci, suggesting that
selection might not affect each locus entirely independently, these contrasting patterns
could indicate a potential differentiation in the function of these loci, as has already been
suggested for M. murinus. Here DRB was suggested to be under stronger diversifying
selection and of higher importance than DQB in MHC-based mate choice (Huchard et al.
2012; 2013). While differences in allelic richness are most likely affected by
demographic fluctuations, it seems plausible that contrasting patterns of selection at the
two loci might come from functional differences. Nevertheless, the rates of non-
synonymous substitutions primarily reflect past selection, given the long time needed for
these substitutions to accumulate, but also to disappear (Bryja et al. 2007; Garrigan and
Hedrick 2003). This means that rates of non-synonymous mutations may remain elevated
long after selection has ceased. Thus, further studies directly adressing potential
functional differences of different MHC loci by investigating contemporary selective
pressures that may be affecting contrasting PSS distribution would be desirable.

Overall, it is likely that demography and progressive disappearance of rare alleles
over time are largely responsible for divergent patterns of allelic richness in these lemur
species. Although the high allelic divergence might buffer potential detrimental effects of
decreasing allelic richness in M. berthae, it might not provide enough flexibility on longer
time scale to face co-evolving or novel parasites. Sampling ca 60 (out of 100) individuals
of M. berthae allowed capturing the entire allelic pool available across 9 years and four
study areas, whereas it was necessary to sample more than 200 individuals (out of > 600)

to catch the full allelic pool in M. murinus. The progressive disappearance of rare alleles
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over time raises concerns regarding the viability of this small and isolated population of
highly endemic and endangered species which may not be able to face ever-changing
pathogen pressure on a long-term. The increasing risk of inbreeding and susceptibility to
a demographic or genetic bottleneck has been detected in other lemur species, including
M. coquereli, that are facing increasing environmental pressure all over Madagascar
(Louis et al. 2005; Olivieri et al. 2008; Markolf et al. 2008; Radespiel et al. 2008; Craul et
al. 2009; Razakamaharavo et al. 2010; Holmes et al. 2013; Baden et al. 2014).

MHC EVOLUTIONARY PATHWAYS

SHARED SELECTIVE PRESSURE OR CO_ANCESTRY SHAPING MHC
VARIATION ACROSS LEMUR SPECIES ?

In the final steps, | examined patterns of functional and neutral MHC similarity across
sympatric and allopatric lemur species of the family Cheirogaleidae in an attempt to
determine which evolutionary mechanism, common ancestry or convergent evolution,
was most likely to shape MHC variation beyond genus level.

| first evaluated the extent of functional overlap among MHC alleles in different
species and classified them based on their antigen-binding specificities into functionally
similar super-groups, so called ‘supertypes’. I found extensive supertype overlap across
the four sympatric Cheirogaleidae with all but two supertypes in each locus found in at
least two and up to all four species. Using supertype classification enabled me to further
investigate the interactions between parasite infestations and host immune response by
examining (1) the functional similarity of encoded MHC proteins and (2) patterns of
codon usage at the functionally important sites (here PSS) and allelic similarity at sites
that are not predicted to be involved in antigen-binding (here non-PSS).

In the first step, | tested whether shared selective pressures could play a role in
shaping allelic similarity, i.e. functional convergence, at coding sites across different
species. Despite lacking significance with only four species included in the analysis, |
found an indication of a strong association between the frequency distribution of MHC
supertypes and helminth prevalence across species. This means that host species that are
infected by the same parasite species with similar prevalence tend to harbor same MHC

supertypes with similar frequencies. My results were corresponding to those previously
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obtained by another study focusing on a community of 11 rodent species, which reported
that more than half of the variability in MHC diversity present within this community
might be shaped by host—parasite interactions, with reciprocal effects of the changes in
MHC diversity on host—parasite interactions (Pilosof et al. 2014).

Next, |1 examined whether there is a link between the possession of particular
supertypes and particular helminth infestations that would be detectable across
individuals in different species (and not just within one species). Associations between
particular DRB alleles and helminth infestations (Ascaris sp. and Hymenolepis sp.) have
also been previously indicated by other studies in Microcebus sp. and in C. medius (Schad
et al. 2005; Schwensow et al. 2007, 2010a, b; Sommer et al. 2014), as well as in other
bird or mammal species (e.g. Westerdahl et al. 2005, 2013; Bonneaud et al. 2006; Loiseau
et al. 2008; de Belloqg et al. 2008; Froeschke and Sommer 2012; Zhang and He 2013;
Pilosof et al. 2014). | found significant associations between the possession of particular
supertypes and infestation by a common helminth, such as Hymenolepis sp. (Cestoda) and
Subulura sp. (Nematoda), but these were mostly detectable within single species.
However, the association between the possession of one particular DRB supertype
(labelled SR4) and Hymenolepis sp. and another DQB supertype (labelled SQ4) and
overall parasite richness was detected in both species of Microcebus. The functional
overlap of alleles associated with Ascaris sp. infestation, was already reported between
more distantly related M. murinus and C. medius (Schwensow et al. 2010b). However, it
remained unclear whether this functional similarity arose as a result of convergent
evolution due to shared parasite pressure, or from a common descent.

Overall, my results supported some of the previous associations found between the
possession of particular alleles (or supertypes) and particular helminth infestations or
higher parasite burden obtained by a previous study conducted in Kirindy forest
(Schwensow et al. 2010a, b). These findings indicate that these associations do not occur
randomly and that also other associations arising through adaptations to similar selective
pressures in different host species might be present within our dataset, but limited sample
sizes precludes more detailed analyses. Interestingly, Ascaris sp. infestations that are
thought to impose a significant burden on host fitness (Crompton and Nesheim 2002) and
were previously linked to functional overlap in the two more distantly related

Cheirogaleidae, were almost absent at our study site (Hamaélainen et al. 2015). Given that
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the occurrence of this helminth with direct transmission route seems to be related to the
level of precipitation (Sommer et al. 2014), its absence in our dataset could be affected by
timing of our sampling (dry season), since a previous study in Kirindy conducted during
the rainy season indicated Ascaris sp. as the most prevalent helminth in both C. medius
and M. murinus (Schwensow et al. 2010b). However, the seasonal effect on Ascaris sp.
prevalence has not been confirmed recently (Hidmaélainen et al. 2015).

More specifically, associations of particular MHC alleles (or supertypes) with
multiple parasites detected here and also in previous studies (e.g. Wegner et al. 2003;
Tollenaere et al. 2008; Oliver et al. 2009; Froeschke and Sommer 2012; Pilosof et al.
2014; Tobler et al. 2014) may indicate the existence of generalist alleles (or supertypes)
with broad-spectrum antigen recognition. These alleles might be consequently under
purifying selection, and may not be affected by the drastic drops in allelic frequency
anticipated under the scenario of negative-frequency dependent selection, which assumes
that the frequency of alleles dynamically interacts with co-evolving parasite pressure.
This may in turn facilitate the persistence of such alleles in host populations over long
evolutionary time scales. Moreover, rather limited capabilities of antigen recognition
assumed to occur in the mammalian hosts in contrast to the high diversity of protein-
encoding genes assumed to be possessed by intestinal helminths, suggest that mammalian
hosts might dispose of limited capabilities to distinguish between particular helminth
species (e.g. Pearce and Tarloton 2002; Finkelman et al. 2004). The helminth genera
detected in our study species also do not seem to be specialized on certain hosts, but
exhibit low host specificity, as indicated by the fact that the majority of infections
identified across all four species were represented by 3-4 common genera in this and
other studies (M. murinus: Hamaéldinen et al. 2015; Sommer et al. 2014). It has been
pointed out that lack of host specificity, or also mild pathogenicity, and functional overlap
of MHC alleles across different host species may disrupt the parasite-host co-evolutionary
cycles that are assumed to occur under frequency-dependent selection (e.g. Snell 1968;
Spurgin and Richardson 2010). Rare alleles may provide better resistance due to
insufficient time for co-evolving parasites to evolve evasive mechanisms, that would be
required for co-evolution of particular MHC alleles in response to particular pathogens
(Penn 2001; Tobler et al. 2014; Pilosof et al. 2014). Thus, lack of host specificity may in

fact promote selection for more generalistic immune responses (Tobler et al. 2014). This
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mechanism may be more complicated when considering a community of hosts instead of
single host populations.

Moreover, little is known about interactions between multiple helminth species
within a host, about the pathogenicity of given helminths, as well as about potential
antagonistic (opposing) interactions of particular MHC alleles in response to infestations.
These allelic effects can be both in the sense of contrasting susceptibility of individuals
possesing particular allele to the infection of one particular parasite species, and
contrasting susceptibility of individual(s) possessing particular allele to the infection
imposed by different parasites. Such contrasting effects, i.e. susceptibility to one, but
protection against another (perhaps more crucial) parasite species, of particular MHC
allele, may remain often unobserved and may contribute to their maintenance in a
population and explain frequency shifts within the population. For instance, such
antagonistic effects of alleles associated with blood-borne diseases or helminth
infestations were detected in passerines and rodents (Apanius et al. 1997; Loiseau et al.
2008, 2011; Froeschke and Sommer 2012). The maintenance of disadvantageous alleles
associated with increased risk of infection which is commonly observed across taxa and
also in our study (e.g. Hendel et al. 1999; Segal and Hill 2003; Harf and Sommer 2005;
Meyer-Lucht and Sommer 2005; Froeschke and Sommer 2005; Schad et al. 2005;
Bonneaud et al. 2006; Loiseau et al. 2008; Schwensow et al. 2010b; Froeschke and
Sommer 2012; Westerdahl et al. 2013; Kamath et al. 2014) could therefore be explained
by pleiotropic effects of given allele(s) or MHC-affected competition between two
parasites species (or lineages) (see e.g. Zhang et al. 2002; Loiseau et al. 2008).

Finally, I investigated patterns of codon usage at the functionally important sites
thought to be under positive selection (PSS) that are assumed to be involved in antigen
binding; and allelic similarity at the sites that are not (non-PSS). Here | aim to
disentangle, whether allelic similarity at PSS, manifested by the supertype overlap across
species, stems largely from the operation of convergent selection or from the maintenance
of similar alleles or allelic motifs over time (allelic co-ancestry). The overlap of binding
affinities at PBR (here represented by PSS) among species resulting in alleles from
different species belonging to the same supertype, or a similar supertype frequency
distribution across species that are exposed to similar pathogenic pressures, would be

indicated to arise from independent convergence provided that allelic similarity is limited,
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or absent from non-PBR (here non-PSS) regions. Alternatively, if shared polymorphism
at PBR is a consequence of common descent, the composition of codons coding for
identical amino acids at PBR should show high structural identity (Lundberg and
McDevitt 1992; Lenz et al. 2013) and the signal of co-ancestry may be present also at
sites not involved in antigen binding.

I found higher structural (nucleotide) similarity of alleles from different species that
belonged to the same supertype than of alleles that belonged to different supertypes. I also
found, inter-specific clustering at PSS and the lack of species-specific clustering at non-
PSS. All these findings indicate that similarity of alleles at PSS stems largely from their
common descent, rather than convergence. Moreover, the presence of identical indels,
such as 6bp insertion among some DQB sequences of M. murinus and M. berthae, are
highly improbable to occur independently after the speciation event (Klein et al. 2007).
The high structural similarity of these alleles that resulted in the formation of a
monophyletic allelic cluster suggests their similarity by co-ancestry, rather than
independent convergence.

I gained more support for this conclusion by investigating patterns of codon usage
at PSS which showed that the inter-specific sharing of amino acids was accompanied by a
higher proportion of codon identity than expected by chance. In addition, the proportion
of codon identity shared across species was a function of the phylogenetic proximity of
species, suggesting that allelic similarity is progressively lost as species diverge. In
contrast, | detected no relationship between shared parasite pressures and proportion of
shared amino acids at PSS. Additionally, associations detected between the possession of
particular supertypes and helminth infestations between the two most closely related
species, M. murinus and M. berthae, which diverged less than 9 Mya (Thiele et al. 2013),
would rather suggest that this functional overlap arose from the long term maintenance of
allelic motifs over time.

Up to date, only small amount of studies have conducted such site-specific
analyses that might have obscured the fact that similarity at PSS- (or PBR-) encoding
regions across species might arose more often from co-ancestry (Lenz et al. 2013) also in
more distantly related species, than has been acknowledged and supported by quantitative
data in the literature.

In addition, it would be desirable to investigate also non-coding regions of the

MHC loci (e.g. introns), since that would provide a better resolution for phylogenetic
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inference across species, first because these regions are often longer than exons, and
second because they may be under lower selective pressure (Zhang and Kumar 1997,
Kriener et al. 2000; Lenz et al. 2013).

So far, MHC allelic similarity has been majorly attributed to independent
convergence among taxa that split more than 30 Mya (e.g. Andersson et al. 1991; Trtkova
et al. 1995; Yeager et al. 1997; Kriener et al. 2001; Srithayakumar et al. 2012). Even
though the split between Cheirogaleus medius and other Cheirogaleidae species
investigated by this study is larger and close to 30 Mya (19-26 Mya), in contrast to
divergence times estimated within Microcebus sp. (7-11 Mya) and between M. coquereli
and Microcebus sp (12-18 Mya) (Thiele et al. 2013), | did not find support for the fact
that allelic similarity between Cheirogaleus and other sympatric Cheirogaleidae would
stem from functional convergence in response to shared parasite pressures, as previously
suggested.

In addition, a previous study on Malagasy lemurs has reported the sharing of
identical DRB alleles of partial exon 2 among lemur species within genus, as well as
across families that diverged up to 40 Mya (Go et al. 2002) and attributed this finding to
trans-species polymorphism (‘sharing of identical alleles by common descent’). In
contrast, neither | nor other studies focusing on lemur MHC have confirmed the
occurrence of identical alleles at DRB loci among closely related or more distantly related
lemurs, except for instances with ongoing hybridization (Sommer et al. 2014). The
majority of the samples used in the study of Go et al. (2002) originated from a captive zoo
colony where the effect of hybridization between closely related species cannot be fully
excluded. In addition, the potential contribution of other mechanisms, such as allele
introgression or convergence, that could contribute to this allele sharing were not
investigated.

Overall, given the extreme polymorphism of MHC genes within and across
species and given their importance in immune response, most studies have focused on the
occurrence of trans-species polymorphism (often referred to as ‘sharing of identical
alleles or allelic motifs across species boundaries’) of MHC class I and class II genes
(reviewed in Tesicky and Vinkler 2015). However, MHC genes are not the only marker
where shared polymorphism across species has been described (reviewed in Azevedo et

al. 2015). For instance, putative shared polymorphism between great apes and humans
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have been identified also for histo-blood ABO group, two antiviral genes (ZC3HAV1
amd TRIMb), an autoimmunity-related gene (LAD1) and several non-coding genomic
segments with a putative regulatory role. These instances involve genes with key roles in
the immune system and that in a broader sense appear to confer genetic resistance to
pathogens. Although the selective mechanisms are still largely unknown, trans-species
polymorphism appears to be a more often re-curring event than anticipated in the
evolution of the primate immune system. The identification of such polymorphisms and
of their underlying mechanism (‘identity-by descent’ or ‘identity by state’) shall therefore
improve our understanding of the evolution of host-immune response, with implications
for preventive medicine. The identification of functionally important variants present
across species boundaries and presumably maintained by balancing selection in human
and animal genomes may represent a promising new approach in evolutionary medicine
to recognize naturally occurring disease resistance or susceptibility alleles with potential
applications in human medicine, animal breeding or conservation. For instance, trans-
specifically shared alleles may be linked to deleterious (or beneficial) mutations
accumulated in the neighbourhood of the sites maintained by the balancing selection (van
Oosterhout 2009) and its identification may improve personalized approach in future

medicine (reviewed in Azevedo et al. 2015; Tesicky and Vinkler 2015).
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In my thesis, | investigated patterns of MHC class Il variation of two highly polymorphic
loci in four sympatric lemurs (Cheirogaleidae). | found that demographic factors may
exert a stronger influence than pathogen-driven selection at current patterns of MHC
allelic diversity at the population level and this effect is most apparent in species facing
contemporary density fluctuations. | detected considerable structural as well as functional
allelic similarity across the four Cheirogaleidae. | detected partial overlap in helminth
communities across the four species that was more prominent in species with similar
ecological traits, e.g. dietary overlap. This overlapping parasite pressures seem to affect to
a certain extent patterns of susceptibility to helminth infestations in at least two different
host species based on the detected associations between host MHC and helminth
infestation, as well as it seems to affect the frequency distribution of functionally similar
MHC alleles across species. By investigating patterns of allelic similarity at sites thought
to be involved in antigen binding and at sites that are not, | showed that allelic similarity
largely resulted from the long term maintenance of ancestral sequence motifs, or allelic
lineages, across multiple speciation events, sometimes for as long as 20 - 30 million years
ago.

My results contribute to current voices aiming at expanding view on MHC
evolution from the one-to-one host-parasite framework to multiple hosts vs. multiple
parasites complex of community level interactions. Interactions between multiple
infestations as well as between parasites and multiple hosts and their immune response
present a relatively novel and challenging niche for future research that would allow us to
obtain a more comprehensive picture that can lead us closer to understanding proximate
processes underlying the dynamics of disease susceptibility as well as the diversification
of populations in response to changing pathogenic pressures. This new perspective may
also result in the need to revisit some of the fundamental mechanisms that have been
proposed to explain the exceptional levels of MHC polymorphism.

Furthermore, understanding the mechanisms driving adaptations to ever-changing
selective pressures and those maintaining standing genetic variability in critically
important immune genes is crucial for further assessments of conservation impact on

species with increased ecological vulnerability. The loss of genetic variability may show
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no immediate consequences, perhaps because it can be compensated to a certain level by
other mechanisms, such as persistence of highly divergent alleles that may enable
recognition of higher diversity of antigens within an individual host, or specific alleles
that confer resistance against crucial pathogen (e.g. Wakeland 1990; Apanius et al. 1997;
Lenz 2011; Spurgin and Richardson 2010). However, it is likely to have deleterious
consequences on the long term, and may limit population capacity to face moving parasite
pressures. Thus, the monitoring of the MHC diversity of small and fragmented
populations which now becomes more feasible with the introduction of high-throughput
sequencing technologies shall become a standard procedure accompanying conservation
plans. Finally, the long-term maintenance of functionally similar alleles, or allelic motifs,
shows that MHC diversity has accumulated slowly, through interactions between hosts
and parasites over long evolutionary time scales, and stresses the importance of protecting
current genetic variability which might take another million years to recover, if not lost

irreversibly.
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