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Abstract

The threats of human encroachment and climate change are increasing and understanding
the interplay between genetic diversity, fithess, and ecological variation has become critical for
predicting adaptive responses and species extinction risk. Decreasing genetic diversity, owing to
population decline or inbreeding, can be detrimental at the level of the individual, population, or
species. One of the major challenges for evolutionary and conservation biologists is identifying
the specific genetic components that influence inter-individual variation in fitness remains. As a
direct link between genetic-make up and individual fithess, the Major Histocompatibility Complex
(MHC) is critical to the activation of the adaptive immune system. Biologist have suggested that
in addition to influencing an individual’s health, variation at the MHC may be related to an
individual’s survival and reproductive success. Here, | test this hypothesis using two populations
of ring-tailed lemurs (Lemur catta) at long-term study sites to achieve individual and population-
level comparisons of MHC diversity and to integrate new genetic technology with behavioral,
ecological, and environmental data. First, | address the difficulty of genotyping large populations
at hypervariable genes by using next generation sequencing and suggest improvements to
current methods. Second, | describe patterns of variation at the MHC-DRB 2™ exon, including
diversity between alleles, individuals, and populations. Next, | examine the relationship between
MHC-DRB diversity and measures of immunocompetence, parasitism, and survival within a
broader framework of ecological variability across captive and wild conditions. Because the MHC
is also thought to be important in mate choice and reproduction, | use an experimental approach
in captive individuals to investigate possible mechanisms of MHC-based signaling through
olfactory communication. Lastly, | link a female’s MHC genotype to her reproductive success in
the wild and explore if this relationship is altered by environmental stressors. The results of this

dissertation emphasize the increasing feasibility of using genetic approaches to investigate the



fitness correlates of genetic diversity non-model systems. These advances are critical for future
studies and the integration of behavioral, ecological, and genetic perspectives in semi-natural and

wild environments.
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1. INTRODUCTION

1.1 General Overview

Studying the fitness correlates of genetic diversity is crucial for elucidating the evolutionary
pressures influencing current levels of biological variation and for predicting adaptive responses
to future environmental change. Understanding these mechanisms has become a task of
increasing urgency in recent decades, as the loss of genetic diversity from population decline or
inbreeding is one of the major threats to endangered species (Frankham 2005, IUCN 2010).
Decreased genetic diversity can be detrimental at the level of the individual, population, or
species (Crnokrak & Roff 1999, Frankham 2005). The following two major challenges remain: (1)
identifying the specific genetic components that directly influence the fithess variation observed
between individuals and (2) examining if this genotype-phenotype interaction is affected by
variation in the environment. To address these challenges, | used next-generation sequencing
applied to a non-model species, the ring-tailed lemur (Lemur catta). | investigated if variation at
functional genes is associated with variation in individual fithess, measured as health, survival,
sexual ornamentation, discrimination of potential mate MHC, and reproduction. By performing
these analyses in captivity and in the wild, | examined if environmental conditions alter the
interplay between various measures of fithess and genetic diversity, specifically at the genes of
the Major Histocompatibility Complex (MHC). Using an endangered primate as a model, |
attempt to integrate an understanding of proximate mechanisms with evidence of ultimate
associations with fitness.

At the interface of genetic make-up and fitness, the MHC is central to the vertebrate
adaptive immune system. MHC genes encode receptor molecules that recognize and bind ‘non-
self’ peptides (i.e. peptides from foreign pathogens) (Klein 1986, Piertney & Oliver 2006). These

foreign peptides are then presented to immune cells and the adaptive immune response is
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activated. Variation at MHC loci within individuals or populations is critical because variation
increases the number of pathogens that can be identified (Piertney & Oliver 2006). This function
may explain why MHC genes are among the most polymorphic in the vertebrate genome.
Nucleotide diversity in the human MHC is up to two orders of magnitude greater than the genomic
average (Garrigan & Hedrick 2003, Piertney & Oliver 2006). Investigators have found
comparable levels of diversity in the majority of studied taxa (Kelley et al. 2005, Sommer 2005).
This extensive polymorphism is due to positive selection, which is responsible for the generation
for new alleles, and to subsequent balancing selection, which is responsible for the long-term
retention of allelic lineages.

MHC genes can be classified into three distinct classes. Class | genes are expressed on
the surface of every nucleated cell and are responsible for identifying intracellular pathogens,
such as viruses (Piertney & Oliver 2006). Class Il genes are expressed on the surface of
antigen-presenting cells, such as macrophages and lymphocytes, and are responsible for
recognizing extracellular pathogens, such as bacteria and parasites. Class Il genes are mostly
complementary proteins involved in the inflammatory response (Horton et al. 2004). Across
vertebrate studies, an individual’s resistance to infection can be predicted by its overall MHC
diversity and its possession of particular MHC alleles (Bernatchez & Landry 2003, Sommer
2005). In a few taxa, an individual's MHC genotype even has been linked to increased probability
of survival (Brouwer et al. 2010, Madsen & Ujvari 2006, Schaschl et al. 2012, Sepil et al. 2013,
but see Huchard et al. 2010, Radwan et al. 2012, Sauermann et al. 2001).

Owing to its function in immune recognition, biologists have suggested that variation at the
MHC might be an important predictor of individual ‘quality’. The MHC may be associated with
several non-immune functions, including olfactory communication and mate choice, as well as the
production of viable offspring (Huchard & Pechouskova, Piertney & Oliver 2006). To increase

one’s reproductive success, individuals could choose mates that, relative to other potential mates,
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(1) have greater MHC diversity, , (2) possess more or specific disease-resistant alleles, or (3) are
more MHC dissimilar from the chooser (Penn & Potts 1999, Sommer 2005, Ziegler et al. 2005).
Several species of birds and fish prefer greater over less MHC diversity in potential mates
(Ekblom et al. 2004, Evans et al. 2012, Forsberg et al. 2007, Richardson et al. 2005), but various
mammals, birds, fish, and reptiles prefer mates that are more over less MHC-dissimilar with
respect to the chooser's MHC genotype (Aeschlimann et al. 2003, Bonneaud et al. 2006b, Eklund
1997, Eklund 1999, Olsson et al. 2003, Penn & Potts 1998a, Penn & Potts 1998b, Radwan et al.
2008, Roberts & Gosling 2003a, Roberts & Gosling 2003b).

Individuals might signal their MHC genotype to conspecifics through visual or chemical
cues (Ditchkoff et al. 2001, Setchell et al. 2009), that may act as condition-dependent signals of
mate quality (Andersson 1994, Johansson & Jones 2007, Mays & Hill 2004, Zahavi 1975).
Because the peptide products of MHC genes are found in bodily fluids (e.g. serum, saliva, sweat,
urine, and glandular secretions), investigators have focused on chemical signals as the likeliest
means for assessing MHC genotypes (Boehm & Zufall 2006, Blaustein 1981, Mays & Hill 2004,
Penn 2002, Ziegler et al. 2005). In the species of mammals, birds, fish, and reptiles that have
been studied to date, mate choices based on MHC genotype appear to be mediated by olfactory
cues (Aeschliman et al. 2003, Ekblom et al. 2004, Jacob et al. 2002, Mays & Hill 2004, Milinski
2006, Olsson et al. 2004, Penn & Potts 1998a, Penn & Potts 1998b, Reusch et al. 2001,
Wedekind et al. 1995, Wedekind & Furi 1997, Yamazaki et al. 1976).

For decades, biologists have investigated the associations between MHC variability and
measures of fitness such as health, survival, ornamentation, mate preference, and offspring
production. Despite this effort, investigators have not examined if all of these parameters are
linked to MHC variability within a single study species. Huchard & Pechouskova (2013) recently

outlined five characteristics that are useful for identifying the ideal study system for investigating



associations between MHC variability and multiple fithess measures. The authors suggest that
researchers choose species that fulfill these requirements:

(1) Suitable primers with prior information on MHC diversity and copy number must be
available to amplify multiple MHC loci.

(2) Researchers should have access to high-quality DNA from a large number of known
individuals in wild or free-ranging populations.

(3) Long-term behavioral and life-history data should be available for the same individuals
as well as physiological and parasitological data if possible.

(4) Multigenerational data should be available for use in validating MHC genotyping
protocols and for asking questions about the relationship between MHC variability and
mate choice.

(5) Researchers should also have access to a captive population to facilitate exploring the

mechanistic basis of these questions using an experimental approach.

The ring-tailed lemur fulfills all of the characteristics of an ideal study species suggested by
Huchard & Pechouskova. Ring-tailed lemurs have been the subject of long-term study at the
Duke Lemur Center (DLC) in North Carolina, where animals are maintained under semi-natural
conditions, and at the Beza Mahafaly Special Reserve (BMSR) in Madagascar, where wild
animals are protected from hunting and deforestation, but face severe ecological stressors.
Access to these populations allowed me to combine field methodologies with state-of-the-art
laboratory techniques to address a range of genotype-phenotype questions rarely posed in a
single study species. As an endangered primate experiencing significant population decline
(IUCN 2010, Schwitzer et al. 2013), we can use the ring-tailed lemur as a proxy investigating the

links between the loss of genetic diversity, survival, and reproduction.



1.2 Dissertation Overview

In Chapter 1, | describe the use of next generation sequencing (NGS) to genotype > 300
endangered primates at the hypervariable MHC-DRB gene. | compare the performance of two
NGS platforms, the 454 Titanium and the lon Torrent Personal Genome Machine and describe
modifications to a published genotyping protocol (Sommer et al. 2013) to address the hazards of
deep sequencing.

In Chapter 2, | characterize the unpublished MHC-DRB alleles present in captive and wild
ring-tailed lemurs and examine the sequences for evidence of historical positive selection. | test
the prediction that, owing to strong linkage disequilibrium, variation at the MHC-DRB gene is
representative of the variation present at other MHC genes, specifically the MHC-DOA, -DOB, —
DPA, -DQA, and —DRA genes. In addition, because neutral, genome-wide heterozygosity (nHo)
estimated from microsatellites is so often used as a measure of overall genetic diversity, |
evaluate the use of nHo, as a reasonable proxy for genetic diversity at the MHC (DeWoody &
DeWoody 2005, Kohn et al. 2006, Vali et al. 2008). Using nHo and MHC diversity, | evaluate the
effectiveness of captive management by tracking changes in captive genetic diversity over time.
Lastly, | compare the MHC diversity of captive and wild ring-tailed lemurs at the level of the
individual and the level of the population.

In Chapter 3, | test the prediction that individuals with relatively less MHC diversity show
more immunocompromise, increased parasitism, and decreased survivorship. In the captive
population, | measured immunocompromise using previously quantified data on general organ
health and immune system function (Charpentier et al. 2008a). | represented endoparasitism in
both populations as the number of gastrointestinal parasite species and the prevalence of the two
most frequent parasites. The last measure of health | analyzed in captivity was ectoparasitism or

the prevalence and burden of the ectoparasite, Cuterebra larvae. Because overall health and



disease resistance are important determinants of survival, | used long-term survival data from
captive and wild individuals to assess if increased MHC diversity correlates with increased
survivorship. Although fitness correlates of genetic diversity should be apparent in any
population, by studying individuals in captivity and in the wild, | was able to investigate if
ecological variables modify the relationship between the MHC, health, and survival. To look for
further ecological influences, | also assess if the occurrence of a major stressor (such as a
cyclone or severe drought) alters the relationship between MHC variation and survival in the wild.
In addition to health and survival, reproductive success is also a fundamental component of
an individual’s fitness. Because the MHC is critical to disease resistance and heritable,
researchers have suggested that individuals should choose mates based on MHC genes to
increase the health and survival of resulting offspring. In Chapter 4, | begin by testing the
relationship between MHC variability and the advertisement of quality via olfactory signals. Ring-
tailed lemurs possess one of the most complex systems of olfactory communication (Scordato &
Drea 2007). They have four different scent glands and their genital odors alone contain 200-300
chemical compounds (Boulet et al. 2009, Scordato et al. 2007). The diversity and relative
abundance of these semiochemicals signal information about sex, season, individual identity,
and, as measured by microsatellite diversity, genetic diversity and relatedness between
individuals (Boulet et al. 2009, Boulet et al. 2010, Charpentier et al. 2008b, Scordato et al. 2007).
| hypothesize that both sexes could also signal their MHC make-up to potential mates through the
chemical complexity of their genital odors. For odors to function in mate choice, however,
conspecific choosers must be able to assess the chemically encoded information about genetic
makeup. To test the ability of ring-tailed lemurs to discriminate between conspecifics that differ
with respect to their MHC genotype, | used behavioral tests to present ‘recipients’ with odorants
collected from potential mates. | then compared recipient responses to ‘signaler’ odors that

differed by absolute MHC diversity or relative compatibility. This comparison assessed lemur
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ability to discriminate based on the MHC of signalers with the ‘good genes’ or of signalers that
were a ‘good fit,” respectively.

Lastly, if individuals with relatively low MHC diversity experience poor health, short
lifespans, and are not preferred as mates, these disadvantages should be evidenced by the
production of few viable offspring. Using ten years of reproductive data from wild females at
BMSR, | discovered that, during non-drought years, specific MHC alleles are associated with
increased offspring production whereas other MHC alleles correlate with decreased offspring
production. During two severe droughts, however, increased infant mortality overwhelmed the
association between MHC alleles and reproductive success.

Overall, | show that an individual’s MHC diversity or allelic composition is associated with
fitness, as measured by immune function, parasite prevalence or diversity, lifespan, olfactory
signaling, discrimination of potential mate quality, and reproductive success. This dissertation is
the first study to investigate the associations between the MHC, health, survival, and multiple
measures of reproductive success in a single species. Additionally, the comparison between
captive and wild populations of an endangered, non-model primate allowed me to test novel

guestions that have methodological, theoretical, ecological, and applied significance.



2. A COMPARISON OF NEXT-GENERATION
SEQUENCING: ION TORRENT PGM VERSUS 454
TITANIUM FOR SEQUENCING POPULATIONS OF
BARCODED SAMPLES

2.1 Introduction

In this era of DNA sequencing, researchers must balance ease of use, cost, efficiency,
amount of data produced, and sequencing fidelity when choosing between the multiple
sequencing technologies available, especially when using next generation sequencing (NGS)
platforms. Given the rapid proliferation of these technologies, we have only a few evaluative
comparisons of the accuracy and efficiency of NGS platforms for whole genome sequencing or
re-sequencing of large populations (Jinemann et al. 2013, Loman et al. 2012, Liu et al. 2012,
Quail et al. 2012, Robasky et al. 2013). In this study, we compare the results of genotyping 319
ring-tailed lemurs (Lemur catta) at the Major Histocompatibility Complex (MHC) gene DRB, using
two next generation sequencing platforms, Roche's 454 FLX Titanium and Life Technology's lon
Torrent Personal Genome Machine (PGM).

2.1.1 The Major Histocompatibility Complex. MHC genes are among the most variable
in the mammalian genome, presumably because of their role in identifying the myriad pathogens
faced by each species (Piertney & Oliver 2006). MHC protein products activate the adaptive
immune system when they encounter an intracellular or extracellular pathogen. Across primates,
rodents, reptiles, and birds, MHC genes are often duplicated with 1-9 copies and 1-1,400 alleles
per gene (Abbott et al. 2006, Bergstrom & Gyllensten 1995, Doxiadis et al. 2012, Huchard et al.
2008, Huchard et al. 2012, Piertney & Oliver 2006, Robinson et al. 2003, Sommer et al. 2013,
Srithayakumar et al. 2011, Zagalska-Neubauer et al. 2010). For researchers, genotyping

individuals at MHC loci is complicated by these duplications, the incredible allelic variation, and



the presence of pseudogenes (reviewed in Babik 2010). Even between alleles within a species,
12-45% of the nucleotides sites are variable. This diversity and genomic complexity that makes
the MHC well-suited for the measurement of individual and population-level genetic fitness, but
leads to many practical MHC genotyping complications (Huchard & Pechouskova 2013, Sommer
2005a, Wegner 2009). Genotyping large sample sizes (>50 individuals) for population studies
can be cumbersome, time-consuming, and expensive.

2.1.2 MHC genotyping & NGS. The most frequently used PCR-based MHC genotyping
techniques include the following: Restriction Fragment Length Polymorphism (RFLP), Single
Strand Conformation Polymorphism (SSCP), Denaturing Gradient Gel Electrophoresis (DGGE),
Reference Strand-mediated Conformational Analysis (RSCA), and cloning. The latter has been
considered the gold standard of genotyping (Babik 2010, Huchard & Pechouskova 2013, Ujvari &
Belov 2011). NGS technology, however, has become preferred over these older methods,
because NGS platforms are often less labor intensive, more efficient, and more cost effective.

The extreme variation and potential number of alleles of MHC genes can necessitate
higher sequence coverage than can be feasible for cloning or gel-based genotyping systems.
High-throughput parallel sequencing solve this problem by generating immense volumes of data
in short order (Galan et al. 2010, Neiman et al. 2011). In studies comparing the performance of
NGS platforms to cloning or conformation-based methods, NGS detects significantly more MHC
variants (Promerova et al. 2012, Sommer et al. 2013). NGS technology also replicates DNA
molecules in a cell-free system, avoiding the errors of cell-based replication. The difficulty of
genotyping hypervariable loci is compounded for large sample sizes. Using NGS, samples can
been pooled or multiplexed into a single run via parallel tagged sequencing, exponentially
decreasing the cost (Galan et al. 2010, Sutton et al. 2013, Zavodna et al. 2013). Current NGS
systems include GS FLX Titanium/GS FLX Junior from Roche, SOLiD/lon Torrent PGM from Life

Sciences, and Genome Analyzer/HiSeqg/MiSeq from Illumina.
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Each platform differs in the specific interplay of enzymology, chemistry, high-resolution
optics, hardware, and software (for detailed methodology, see Bragg et al. 2013, Droege & Hill
2008, Jinemann et al. 2013, Lind et al. 2010, Liu et al. 2012, Mardis 2007, Mardis 2008,
Margulies et al. 2005, Metzker 2010, Perkins et al. 2013, Quail et al. 2012, Robasky et al. 2013,
Shendure & Ji 2008). The majority of NGS projects consist of genome sequencing accomplished
via the assembly of short reads of 60-150 bp. Ecologists and conservation biologists, however,
have begun to use NGS to obtain population-level estimates of genetic parameters and individual
genotypes for hundreds or thousands of samples (Meyer et al. 2008). Currently, the Roche 454
FLX, the lon Torrent PGM, PacBio RS, and lllumina MiSeq v3 are the only NGS platforms to rival
the gold standard of Sanger sequencing for the production of longer DNA reads (> 500 bp). As
Roche will shut down the 454 FLX manufacturing and servicing by the end of 2016, it is critical to
evaluate the accuracy and efficiency of other NGS platforms for producing long reads.

In the present study, we compare the performance of the lon Torrent 314 v2 chip and 400
bp kit compare to the performance of the 454 FLX Titanium for genotyping the second exon of
MHC-DRB. We use parallel tagged sequencing to pool amplicons from 319 ring-tailed lemurs, a
non-model species. In species for which the MHC is well characterized, identifying alleles and
assigning genotypes is relatively straightforward compared to genotyping non-model species.
For the majority of nonmodel species however, basic information about the MHC is unavailable,
including the number of gene copies per MHC gene and the variability present. In these latter
cases, distinguishing between true alleles and artifacts is the major methodological challenge
(Kloch et al. 2010, Oomen et al. 2013, Sommer et al. 2013, Zagalska-Neubauer et al. 2010). In
cloning, the rule for determining if a sequence is a true allele or an artifact has been that the
sequence must be present in at least three copies in two independent PCRs. This rule was
originally applied to NGS data (Zagalska-Neubauer et al. 2010). In more recent NGS studies,

however, researchers have established a cut-off based on the relative frequency of alleles and
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artifacts within an amplicon (Kloch et al. 2010, Pavey et al. 2013, Roff et al. 2014). Using an
absolute cut-off, researchers may mis-assign alleles as artifacts or vice versa because the
relative frequencies of alleles and artifacts often overlaps near the cut-off (Kloch et al. 2010,
Oomen et al. 2013, Pavey et al. 2013, Scherman et al. 2014, Sommer et al. 2013, Zagalska-
Neubauer et al. 2010).

We also addressed two additional problems that occur in NGS genotyping during deep
sequencing: allelic dropout and mis-assignment of artifacts. In current genotyping methods,
researchers identify sequencing errors or artifacts by certain criteria. By default, researchers then
classify any sequences that does not meet the criteria of an artifact as an allele. Many of these
artifact criteria involve filtering for length, quality, consensus to known sequences, presence in
replicates or in other individuals, and relative frequency within an amplicon. Some of these
criteria must be adjusted, however, depending on the depth of coverage. We present additional
steps to refine the process of assigning correct genotypes for the MHC. Studies like this one
pave the way for using NGS to provide reliable genotyping information on large numbers of non-

model species.

2.2 Methods

2.2.1 Subjects. Our study population consisted of 319 ring-tailed lemurs, including (a) 126
captive ring-tailed lemurs from various facilities, notably the Duke Lemur Center (DLC) in
Durham, NC, the Cincinnati Zoo in Cincinnati, OH, and the Indianapolis Zoo in Indianapolis, IN,
and (b) 193 wild ring-tailed lemurs from the Beza Mahafaly Special Reserve (BMSR) in
Madagascar.

2.2.2 Blood or tissue sampling and DNA extraction. All our sampling methods followed

approved animal handling guidelines and protocols of the Institutional Animal Care and Use
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Committees of Duke University, the University of North Dakota and/or the University of Colorado
(most recent — Duke University, IACUC #A143-12-05, approved 05/25/2012, and the University of
North Dakota, IACUC #0802-2, approved 04/03/08). Sample collection in Madagascar was
approved by Madagascar National Parks, and CITES (05US040035/9). For individuals derived
from the captive population, either staff veterinarians obtained blood samples from the femoral
vessels of gently hand-restrained subjects, or we acquired tissue samples banked from deceased
subjects. These samples were stored at -20°C until processing. We performed DNA extractions
from whole blood, buffy coat, or tissue samples, using either a DNA miniprep kits (Sigma, St.
Louis, MO, USA) or a DNeasy® Blood and Tissue kits (Qiagen, Valencia, CA, USA; Charpentier
et al. 2008a).

Blood samples from BMSR animals were obtained by team veterinarians during annual
captures from 2003-2012 (Gould et al. 2003, Miller et al. 2007, Sauther & Cuozzo 2008, Sussman
1991). Blood samples from 2003-2006 were preserved on Schleicher & Schuell IsoCode® DNA
Isolation Cards (n = 123; Keene, NH, USA), whereas blood samples from 2007-2012 were
preserved on Whatman FTA® Classic cards (n = 70; GE Healthcare Life Sciences,
Buckinghamshire, UK; Miller et al. 2007, Zhou et al. 2006). Due to the age of the cards and
climate conditions experienced in Madagascar, we extracted DNA from IsoCode and FTA cards
and then subjected each sample to whole genome amplification to improve DNA quality and
guantity. We extracted DNA from 3.0-mm hole punches, following manufacturers’ instructions for
IsoCode cards, and for FTA cards following the protocol for Whole Genome Amplification of DNA
from blood spots dried on FTA paper (Qiagen). We performed whole genome amplifications
using Repli-G Single Cell Kits® (Qiagen). We maodified our protocol by incubating each sample
for 16 hours at 30 °C to generate sufficient quantities of gDNA for future work.

We then genotyped all individuals by next generation sequencing (NGS) using the 454 FLX

Titanium® (Roche, Nutley, NJ, USA) and the lon Torrent PGM® (Life Technologies, Grand Island,
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NY, USA) platforms. We submitted replicates from each subject to both platforms to compare
performance across platforms. We also sequenced a subset of individuals in duplicate within
each run or lane to compare performance within a sequencing run.

2.2.3 Primers. For sequencing, we amplified a 171 bp-fragment of the MHC-DRB exon 2
using modified primers JS1 and JS2 (Schad et al. 2004). The 454 forward primer was composed
of the 454 FLX amplicon A 19-bp adaptor sequence, a 4-bp key sequence, a 10-bp multiplex
identifier ‘tag’ (indicated with Ns), and the site-specific forward primer, JS1 (underlined):

5<CGTATCGCCTCCCTCGCGCCATCAGNNNNNNNNNNGAGTGTCATTTCTWCAACGGGACG

>3’. The lon Torrent forward fusion primer was composed of the lon Torrent A adaptor sequence,
and a 4-bp key sequence, a 10-bp multiplex identifier ‘tag’, and the site-specific forward primer,

JS1: 5<CCATCTCATCCCTGCGTGTCTCCGACTCAGNNNNNNNNNNGATGAGTGTCATTT-

CTWCAACGGGACG>3'. The reverse primers also included the platform specific adaptors, 4-bp

key sequence, 10-bp multiplex identifier ‘tag’, and the site-specific reverse primer, JS2. The 454
reverse primer and lon Torrent reverse primer sequences respectively were as follows:

5<CGTATCGCCTCCCTCGCGCCATCANNNNNNNNNNGATCCCGTAGTTGTGTCTGCA>3

and 5’<CCTCTCTATGGGCAGTCGGTGATTCAGNNNNNNNNNNGATGATCCCGTAGTT-

GTGTCTGCA>3'. We used 12 distinct 10-bp tags from the standard MID set developed by the
manufacturer (Roche).

2.2.4 454 Titanium sequencing. We performed 454 PCRs on programmable iCycler
thermocyler (Bio-Rad, Hemel Hempstead, UK) in 25 pL reactions using 2.5 pL of 10X FastStart
High Fidelity Reaction Buffer # 2 with MgCl2 (Roche), 10 uM of each primer, 5 mM of each dNTP,
1.25 U of FastStart High Fidelity Tag Polymerase (Roche), and 20-70 ng of genomic DNA per
individual per reaction. The PCR scheme was as follows: initial denaturation at 94 °C for 3
minutes, 25x cycles of 94 °C for 15 seconds, 55 °C for 45 seconds, 72 °C for 1 minute, followed

by a final extension at 72 °C for 8 minutes. We estimated the concentration of the PCR products
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by agarose gel electrophoresis, and combined approximately equimolar quantities of each PCR
product into five pools. We combined 56-96 unique individuals per pool, plus 19-30 replicates per
lane, for a total of 80-115 pooled PCR reactions (Table 1). In total, we pooled 494 amplicons of
319 individuals, sequencing these samples according to the manufacturer’s instructions on five
1/8™ lanes of a 454 PTP Titanium plate (for detailed platform methods, see Supplemental
Materials). We sequenced these pooled amplicons between September 2011 and October 2013
at the Genome Sequencing & Analysis Core Resource, Duke University, NC, and the Microbiome
Core Facility, University of Chapel Hill, NC.

2.2.5lon Torrent PGM sequencing. We performed each PCR for lon Torrent sequencing
on programmable iCycler thermocyler (Bio-Rad) in 50 pL reactions, with 44 uL Platinum PCR
Supermix High Fidelity (Invitrogen, Life Technologies, Grand Island, NY, USA), 10 uM of each
primer, and 20-70 ng of genomic DNA. We performed each PCR as a touchdown series of
cycles to decrease the production of PCR artifacts (Neiman et al. 2011). Initial denaturation
began at 94 °C for 2 minutes, followed by touchdown PCR for 14 cycles, denaturation at 94 °C for
30 seconds, annealing 62 °C for 30 seconds, extension at 68 °C for 1 minute, and lowering the
annealing temperature by 0.5 °C every cycle, ending at an annealing temperature of 55 °C.
Following the initial 14 cycles, 30 additional cycles were performed as follows: denaturation at 94
°C for 30 seconds, annealing at 55 °C for 30 seconds, extension at 68 °C for 1 minute, followed
by a final extension at 68 °C for 10 minutes. We followed the previously described protocol for
pooling PCR products into pooled amplicons, and submitted these pools to the Genome
Sequencing & Analysis Core Resource at Duke University in September and October of 2013 (for
detailed platform methods, see Supplemental Materials). We pooled 104-108 unique individuals
and 12-16 replicates, for a total of 120-121 amplicons per lon Torrent PGM run (Table 1). In total,
we pooled and sequenced 361 amplicons of 319 individuals on three lon Torrent PGM runs. We

used the lon Torrent PGM Template OT2 400 Kit and an lon Torrent PGM 314R v2 chip for
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sequencing, and lon Torrent Software Suite 3.6 for image analysis, according to the
manufacturers’ instructions.

2.2.6 Data analysis. Following initial quality assessment derived from the 454 and lon
Torrent software, we followed a modified version of a previously published protocol (Figure 1, 2, &
3; see Sommer et al. 2013). We filtered the original FASTQ files using the open-sourced, web-
based platform Galaxy (Blankenberg et al. 2010, Giardine et al. 2005, Goecks et al. 2010) and
sorted reads into specific amplicons according to unique barcode combination using jMHC
(Stuglik et al. 2011). We aligned sequences to published ring-tailed lemur MHC-DRB sequences,
using Galaxy Clustalw (Genbank Accession numbers: AB078199, AB078201, AB078229,
AB078247, AB078248, AB078265, AB078279, AB078287, AB078288, AB078292, AB078301,
AB078303; Go et al. 2002). Because the number of MHC-DRB copies present in the ring-tailed
lemur has not been determined, we initially assumed ring-tailed lemurs had only one MHC-DRB
copy. Owing to this assumption, we discarded amplicons containing fewer than 25 reads as
having too few reads to genotype accurately assuming only one copy of MHC-DRB (Galan et al.
2010, Neiman et al. 2011, Sommer et al. 2013). After discarding singleton sequences, we
compared replicates of the same individual, and discarded any sequence that did not represent
greater than 1% of the total proportion of reads in any replicate amplicons as an artifact (Sutton et
al. 2013).

All subsequent steps of the workflow were performed independently on each amplicon, and
each step (I-1V) was performed on every amplicon before beginning the next step of the workflow.
We analyzed variants independently and did not assume each only had one classification; thus if
a sequence was classified as an allele in one amplicon, it could be classified as an artifact in a
different amplicon. We classified remaining sequencing into the following three categories: ‘1-2
bp differences’, *>2 bp differences’, and ‘chimera’ for subsequent analysis to determine their

status as either an allele or an artifact (Figure 1, 2, & 3: Step Il & Step 3). These classifications
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were based on the assumptions that artifacts generated during PCR or sequencing: (1) occur less
frequently than their parent allele, (2) occur less frequently than any non-parent true allele, and
(3) are less likely than true alleles to appear in replicate PCRs. True MHC alleles should be
amplified in greater frequency than artifacts, although this may not always occur if amplification
efficiency is lower than for some alleles or if the initial PCR material contains errors in the case of
poor quality samples (Sommer et al. 2013). We calculated base pair differences using MEGA 5.2
(Tamura et al. 2011) and identified potential chimeras using the UCHIME de novo command in
UCHIME (Edgar et al. 2011). At the conclusion of the workflow, all sequences were classified as
either a true allele or an artifact.

For individuals with replicate amplicons (n = 255), we examined sequences within each
amplicon separately, comparing sequence classifications for disagreement (Figure 1, 2, & 3: Step
IV). Of those sequences that disagreed in classification between replicates, they fell into the
following two categories: (1) those sequences that were not labeled as an allele in any replicates,
which were then classified as artifacts for all replicates, or (2) sequences which were labelled as
allele in at least one replicate, which became ‘low efficiency alleles’ (Sommer et al. 2013). Some
individuals (n = 47) were represented by only one successfully sequenced amplicon. Because we
were unable to compare replicates for individuals, we modified our protocol to distinguish alleles
from artifacts for those individuals (Workflow Steps lic & Iid).

Lastly, some individuals (n = 34) initially appeared to contain > 16 alleles owing to the high
coverage obtained per individual. For these individuals, none of the variants fulfilled the criteria
for an artifact owing to the depth of coverage we attained. Thus, all variants had initially became
alleles by default. These individuals appeared to have as many as eight MHC-DRB copies,
whereas the maximum number in all other individuals was four copies of MHC-DRB. The
majority of these putative alleles, however, were present only in those individuals that lacked any

artifacts. We therefore classified any sequence only present in individuals with an excess of
16



putative alleles as artifacts, provided they were not present as an allele in any other individual.
After adding these criteria, all individuals possessed only four MHC-DRB copies.

Our data indicated that ring-tailed lemurs have four MHC-DRB copies. Thus, we re-
evaluated the threshold of reads required to reliably genotype an individual, based on the
maximum number of alleles present in any one individual. Because seven alleles were the
maximum found in any individual, we determined a new coverage threshold of 120 reads per
individual. This threshold was based on previously published simulations for reliably genotyping
the complete genotype of an individual with four copies of MHC-DRB (Galan et al. 2010, Sommer
et al. 2013). To confirm that >120 reads was the appropriate threshold, we re-genotyped a
subset of individuals using minimum thresholds of (a) >60 reads per amplicon and (b) >200 reads
per amplicon. We found that genotypes obtained using a minimum threshold of 60 reads differed
from genotypes obtained using a threshold of 120 reads. The genotypes of individuals obtained
using a threshold of 200 reads, however, did not differ from the genotypes obtained using a
threshold of 120 reads. From this comparison, we concluded that a threshold of 120 reads
provided sufficient coverage for accurate genotyping. Finally, we verified that by using a
threshold of >120 reads per amplicon, we had not under-sampled any individuals. We compared
the number of alleles within an individual to the read coverage per individual (Kloch et al. 2010,
Promerova et al. 2012). Based on this newly determined minimum threshold, we then re-
genotyped any individuals for which at least one replicate fell below the threshold of 120 reads

per amplicon, excluding the amplicon with > 120 reads.
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Figure 1. Part one of the workflow for identifying true alleles from artifacts modified from
Sommer et al. 2013. Intra-amplicon classifications are shaded in light gray, while final
cluster identifications are shaded in darker gray.
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Figure 3. Part three of the workflow for identifying true alleles from artifacts modified from
Sommer et al. 2013. Intra-amplicon classifications are shaded in light gray, while final
cluster identifications are shaded in darker gray.

Lastly, we compared genotypes generated by our data to predicted genotypes based on
pedigree data. We used 28 known parent-offspring trios from the historical records from the DLC

to verify that all alleles present in the offspring were also present in at least one parent.

2.3 Results

2.3.1 NGS performance overview. In total, we generated 2,716,290 reads across the two
platforms, of which 1,113,646 reads (41.0 %) remained after length and quality filtering on Galaxy
(Table 1). These reads clustered into 48,920 unique sequences. Platforms differed only in the
amount of data generated, as the 454 Titanium 1/8" lane produced an average coverage of 630

reads per amplicon, whereas the lon Torrent PGM averaged 1,944 reads per amplicon (Figure 4).
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Table 1. Run statistics per 454 Titanium 1/8th lane or lon Torrent PGM run. The initial
number of reads generated per platform is shown in the second column, whereas the
initial number of amplicons pooled per lane or run and the number of duplicate samples in
parentheses are listed in column three. After filtering on Galaxy servers, the numbers of
reads remaining are listed in column four along with the percentage remaining from the
original read number in parentheses. Column five contains the number of amplicons
above the minimum read threshold of 120 after filtering and the replicate numbers are in
parentheses. Lastly, columns six and seven list the final mean and range of read coverage
per amplicon.

Initial # Reads post- Final # Final mean Final range

Initial #reads ~ amplicons filtering amplicons amplicon amplicon
Run identity generated (duplicates) (% initial reads) (duplicates) coverage coverage
454 Titanium
Lane 1 138,185 80 (24) 104,937 (75.9%) 52 (16) 1,448.5 120-23,492
454 Titanium
Lane 2 98,474 102 (21) 78,642 (79.9%) 30 (0) 1,841.9 120-11,048
454 Titanium
Lane 3 90,355 102 (30) 38,903 (43.1%) 101 (29) 299.8 165-471
454 Titanium
Lane 4 103,559 115 (19) 29,769 (28.8%) 82 (13) 210.7 120-638
454 Titanium
Lane 5 108,867 95 (19) 43,921 (40.3%) 79 (12) 393.8 120-1,313
lon Torrent
Run 1 607,318 120 (12) 277,195 (45.6%) 101 (5) 1,885.6 120-7,190
lon Torrent
Run 2 573,126 120 (16) 198,604 (34.6%) 99 (8) 1,415.2 120-5,727
lon Torrent
Run 3 693,065 121 (14) 341,675 (49.3%) 101 (5) 2,534.6 120-15,851
All Runs 2,176,290 855 (155) 930,067 (42.7%) 645 (88) 1087.8 120-23,492
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Figure 4. Frequency distribution of final read coverage per amplicon across NGS
platforms, with 454 Titanium in light blue and lon Torrent PGM in dark blue. Because few
amplicons had > 10,000 reads (n = 7), this figure shows only the distribution of amplicons
with < 10,000 reads.

After removing sequences compromising < 1% of the relative frequency of at least one
amplicon, the remaining 740,881 reads clustered into 1,079 sequences. Of these sequences, we
edited 44 sequences (composed of 41,752 reads) to correct insertion or deletion (indel) errors at
homopolymer sites. We then combined the corrected sequences with their respective identical
sequences already in the data set. This correction was conservative, because we attributed
indels to platform error, rather than considering them to be true insertions or deletions in a ring-
tailed lemur MHC-DRB alleles.

2.3.2 Genotyping results. Using our workflow, we successfully genotyped 302 individuals
from 645 amplicons. We were unable to genotype seventeen individuals, due to insufficient read
coverage. Within successful individuals, the number of alleles assigned to an individual was
unrelated to the read depth per amplicon (Slope = 0.00002, R? = 0.001, p = 0.00; Figure 5). We
thus generated sufficient reads per amplicon to avoid under-sampling and potentially missing
alleles in individuals with low coverage (Lighten et al. 2014, Sepil et al. 2012). By the end of our

workflow, we classified 52 sequences as alleles, 36 sequences as low-efficiency alleles, 188
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sequences as unclassified variants, and 1,008 sequences as artifacts. The maximum relative
frequency of all final ‘error’ classifications, artifacts, and unclassified variants, overlapped the
range of the relative frequency of true alleles; however, the average frequency of an allele was
35.1%, in contrast to the average frequency of an artifact, 2.1%, or an unclassified variant, 1.94%
(Figure 6). Of 1,079 sequences spread among 645 amplicons, the classifications of only 156
sequences disagreed. The majority (n = 109) of the disagreeing sequences resulted in the
classification combination of “artifact/unclassified variant’; the remaining 47 sequences were
classified in various combinations of alleles, low efficiencies, artifacts, and unclassified variants.
Once the categories of ‘allele’ and ‘low efficiency alleles’ were collapsed into ‘true alleles’, and
unclassified variants collapsed into artifacts, we were left with 55 allele sequences (see Chapter 2

for sequence data), and 1,069 artifacts.
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Figure 5. Variation in the number of alleles per individual as the average read coverage per
individual increases (Slope = 0.000, R? = 0.001, p = 0.000).
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Figure 6. Frequency distribution for final variant classifications within each amplicon after
variant assignment workflow. Variants were classified as either alleles, artifacts, low
efficiency alleles, or unclassified variants. The X-axis represents the percent relative
frequency of each variant within each amplicon, while the Y-axis is scaled as a square root
and represents the total number of variants with that relative frequency across all
amplicons.

Using historical records at the DLC, we examined the agreement between genotypes of 29
known parent-offspring trios. Of these trios, we found agreement between 16 parent-offspring
genotypes, whereas 13 offspring possessed at least one allele that was not present in either
parent. Because these 13 offspring possessed either a unique genotype or possessed a
‘common’ genotype found in many other individuals in this study, sample contamination or mis-

labeling of samples was unlikely.
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2.4 Discussion

Using 454 Titanium 1/8" lanes and lon Torrent PGM 314R v2 chips, we genotyped 302
ring-tailed lemurs at the 2" exon of the MHC-DRB gene. From our results, we conclude that ring-
tailed lemurs have at least four copies of the MHC-DRB gene, consistent with the number of
copies found in other primates (Go et al. 2002, Horton et al. 2004). We have expanded a
previously published method for determining true alleles from artifacts when genotyping, including
several steps for minimizing the number of sequences that must be evaluated. This change in
the protocol should decrease the time required to genotype large populations (>50). We have
also identified a new potential pitfall of deep sequencing and suggest methods for dealing with
this error. Finally, we have shown evidence of allelic dropout, a sequencing error to which all
PCR-based techniques are subject (Sommer et al. 2013).

In recent years, next-generation sequencing has become preferable to cloning or other
conformation-based methods (e.g. SSCP or DGGE) for genotyping multilocus genes such as
MHC-DRB, especially for studies involving large populations (Galan et al. 2010, Huchard et al.
2012, Lighten et al. 2014, Oomen et al. 2013, Pavey et al. 2013, Promerova et al. 2012, Sommer
et al. 2013, Sutton et al. 2013, Winternitz & Ware 2013, Zagalska-Neubauer et al. 2010). We
were able to genotype 94.6% of our individuals with less expense and effort and greater depth of
sequencing than had we used previous ‘gold standard’ methods. Because of the number of
replicates we used, we attained greater genotyping success than many previous studies, even
though we used a more stringent criteria for genotyping. We failed to genotype individuals owing
only to lack of coverage, rather than disagreeing replicates (Huchard et al. 2012).

A minimum coverage of 120 reads per amplicon is required to genotype ring-tailed lemurs
because of the number MHC-DRB loci in this species (n = 4; See Chapter 2). In using this
threshold, we assumed an average amplicon efficiency of 0.70 and attempted to obtain at least
three reads per allele (Sommer et al. 2013). For both platforms, we discarded ~60% of the initial
sequencing data because it did not pass our length and quality filter, similar to the percentage of

reads retained in similar studies (Galan et al. 2010, Huchard et al. 2012, Lighten et al. 2014,
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Oomen et al. 2013, Pavey et al. 2013, Promerova et al. 2012, Sommer et al. 2013, Sutton et al.
2013, Winternitz & Ware 2013, Zagalska-Neubauer et al. 2010). Given the minimum coverage
threshold and the quantity of NGS data that routinely fails to pass quality filters, researchers will
lack sufficient coverage depending on the number of MHC-DRB copies to genotype all samples if
they pool more than a few hundred amplicons on one 1/8t lane the 454 Titanium platform. To
pool more amplicons in future, researchers might use 1/4 or 1/2™ lanes instead of 1/8" lanes.
An lon Torrent PGM 314v2 chip, however, is less expensive and produces approximately six
times the amount of sequencing data generated by a 1/8" lane on a 454 Titanium. This increase
in data produced results in significantly more reads remaining post-filtering. lon Torrent PGM,
with the production of ~1,000 reads per amplicon in the present study, can be used to pool more
amplicons into a single run with the use of additional barcode combinations. For example,
researchers could pool ~400-500 individuals with four MHC-DRB copies, or more individuals in
species with fewer copies. Because as of 2014, Roche has announced its decision to shutter
support and production of 454 machines in 2016, researchers will need to switch from 454 to
platforms like lllumina MiSeq or lon Torrent PGM.

If researchers transition to platforms like MiSeq and lon Torrent, they can increase the
number of replicates in their sample to include most or all of their sample population. As
sequencing costs decrease, it is critical that we following the spirit of the cloning standard of
‘three copies in two PCR products’ by attempting to sequence at least two replicates per
individual rather than relying on depth of sequencing coverage to act as a replicate. Sequencing
via cloning requires both replication and depth of coverage, a standard we should implement for
NGS. An ideal NGS study would also include sequencing replicates on at least two separate
sequencing runs to avoid run-specific errors. Although the average amplicon coverage of our
study is well above our minimum threshold of >120 reads per amplicon (Table 1), we found that
aiming for only the minimum coverage threshold resulted in the loss of many individuals due to

insufficient coverage. To ensure >90% genotyping success, we recommend researchers
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calculate how many amplicons to pool per lane or run using double the minimum genotyping
coverage threshold and taking into account the high loss of sequence data due to low quality.

In contrast to the well-developed methods for cloning or conformation based genotyping,
we are still in an era of refining and correcting the protocol for genotyping large populations via
NGS. In this relatively young field, methodologies are constantly being modified and improved as
we discover new pitfalls. Because of the quantity of sequence data produced by NGS, we need
new methods for designing studies and identifying true alleles. Researchers have attempted to
distinguish true alleles from artifacts using the relative frequencies of sequences within an
amplicon to establish a cut-off (Galan et al. 2010, Pavey et al. 2013, Zalagska-Neubauer et al.
2010). Using this cut-off, however, researchers may mis-assign variants as alleles if alleles do
not amplify at the same efficiency (Sommer et al. 2013). As in more recent work, we identified a
‘gray area’ between 0.1 and 10% in which the relative frequency of true alleles overlapped with
the relative frequency of artifacts (Kuduk et al. 2012, Lighten et al. 2014, Promerova et al. 2012,
Sommer et al. 2013).

Sommer and colleagues (2013) addressed the issue of overlapping relative frequencies of
artifacts and alleles by replicating every sample. They then determined genotypes based on
presence or absence in the replicate sample and included steps to account for differing
amplification efficiencies between alleles (Sommer et al. 2013). We modified and extended this
pipeline to account for issues that might arise with larger sample populations. First, to decrease
processing time, we removed sequences with low alignment scores to the sequence of interest,
indicating frameshifts or non-specific amplifications. We also removed all singletons and all
variants of less than 1% relative frequency in all replicates of an individual. As many of these
workflows are developed using pools of 10-50 individuals sequenced on one or two 1/8" lanes of
a 454 Titanium, the processing time increases with the number of amplicons and the number of
variant sequences generated. We reduced the number of variants that had to be evaluated by
building on the assumption that singletons and any sequence with a relative frequency lower than

1% in all replicates was likely an artifact. We also manually corrected insertion/deletion errors at
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invariant homopolymer sites, prevented the loss of platform generated errors by assuming these
errors occurred as a result of platform error. We also addressed an issue that arises in ‘deep-
sequencing’ (Lighten et al. 2014), in which even artifacts occur at high enough frequency to
overcome the current criteria for assigning artifacts, and, therefore, all variants become alleles by
default. In future, researchers should begin with a general idea of the number of MHC-DRB
copies present in the study species, and verify all genotypes using replication. Previous research
has focused on issues of low coverage impeding successful genotyping; however, as the quantity
of data generated increases, we will likely discover new issues with high coverage of individuals.

In the present study, we also highlight the need for increased sample replication within and
between platforms, because of the increased probability of 100% genotype repeatability as the
number of replicates decreases. Lichten and colleagues assigned genotypes with 100%
repeatability within a run (n = 7 replicates); however when 49 samples were re-sequenced on a
different platform, the genotype repeatability decreased to 83.7% (Lichten et al. 2014). The
majority of researchers replicate less than 10% of their sample populations using NGS, and often
do so within the same run (Galan et al. 2010, Neiman et al. 2011, Oomen et al. 2013, Strandh et
al. 2010, Sutton et al. 2013, Zalagska-Neubauer et al. 2010). Genotyping repeatability is often
near 100% in studies with <10% replicates, but typically decreases as the amount of replication
increases (Promerova et al. 2012). As sequencing costs decrease, replication of every sample
should become standard.

We also used known offspring-parent trios to identify incidents of allelic dropout in three
individuals. These ‘missing’ alleles were absent in all parent amplicons, but were present in the
offspring. We suggest that this mismatch between parent and offspring genotype resulted from
allelic dropout, or instances when alleles are not detected in individuals that biologically possess
them because of differences in allele amplification efficiency (Sommer et al. 2013). These 13
offspring were sired by seven different mothers, but by only three different fathers. The mothers
were included in other parent-offspring trios in which offspring genotype could be matched to

parent genotypes; however, the three fathers were only sires in parent-offspring trios in which the
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offspring genotype did not match the parents’ putative genotypes. In each case, we therefore
identified the father as the parent with an incorrect putative genotype due to allelic dropout.
Furthermore, siblings and half-siblings sired by these three fathers all possess the alleles that
were absent from the father’s putative genotype. These same alleles did not amplify well in other
individuals, thus allelic dropout is likely due to inefficient amplification and low quality genomic
DNA.

Alternative explanations include sample mislabeling at some point between collection and
final genotype assignment, misidentification of parents, issues in the genotyping workflow, or
mutation of alleles between the parent and offspring generations. Because blood samples were
collected and extracted at many time points, sample mislabeling was unlikely. Additionally, all
samples were checked at multiple steps for correct identification. Replicates also failed to amplify
the ‘missing’ alleles, reducing the possibility of amplicon mis-labeling or incorrect barcode
assignment. Although possible, it is also unlikely that the parents were misidentified, because in
each case, the putative parents were the only sexually mature male and female ring-tailed lemurs
present in the group at the time of conception. Lastly, because the rate of evolution and mutation
in MHC alleles between generations is relatively low (Borghans et al. 2004, Hughes & Yeager
1998, Satta et al. 1993), this explanation is unlikely to explain the ‘missing’ alleles in all three
fathers. Previous researchers have reported inefficient amplification of MHC alleles (Sommer et
al. 2013), which seems to best explain the failure to generate offspring genotypes from those of
their parents. In the future, researchers should verify genotypes using parent-offspring trios to
guantify this type of error.

As highlighted here for non-model taxa, NGS has the potential to alleviate many of the
logistical and financial constraints of genotyping large populations at hypervariable loci like the
MHC. It is likely that we will continue to discover new pitfalls to be avoided, especially when
tackling the primary problem of distinguishing artifacts from true alleles. We suggest abandoning
the use of absolute thresholds of sequence frequencies for distinguishing between alleles and

artifacts. We also advice each sample be replicated in a second run, preferably on a second
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platform to account for any run-specific or platform-specific errors. Historically, genotyping
problems have resulted from the lack of sufficient coverage. As the capacity for data generation
increases from tens of reads per sample to thousands of reads per sample, ‘ultra-deep’
sequencing will give rise to new problems and will require additional steps of error detection.
Given the rapid expansion of these technologies and their increasing usage, studies such as the
one presented here are critical to the transition from 454 sequencing to newer technologies, such

as lon Torrent PGM, lllumina MiSeq, and PacBio SMRT.

2.5 Supplemental Information
2.5.1 Roche 454 FLX Titanium

The Roche 454 platform was the first commercially successful NGS platform, and as of
2014, was capable of producing the longest DNA sequences via pyrosequencing technology
(Margulies et al. 2005; Mardis 2008; Liu et al. 2012). In the Roche 454 method, the adaptor-
linked library fragments are first mixed with ~30 um agarose beads, the surface of which carries
oligonucleotide sequences that are complementary to the adaptor sequences. The beads are
mixed in a 1:1 ratio such that each agarose bead binds only a single library fragment. Each
fragment:bead complex is isolated into an individual oil:water micelle that contains PCR reagents.
These micelles then undergo emulsion-PCR (em-PCR), in which thermal cycling of the micelles
produces approximately one million copies of each DNA fragment linked to its associated
agarose bead. Following em-PCR, the oil:water emulsion is broken and the beads are subjected
to a hybridization-based enrichment, selecting for those beads that underwent a productive em-
PCR and removing the ‘empty’ beads. Amplicon bearing-beads are then arranged on a picotiter
plate (PTP) composed of several hundred thousand wells (diameter ~44 um). As each well holds
a single fragment:bead complex, it provides a fixed location from which to monitor each individual
fragment sequencing reaction. Each well is filled with smaller beads bearing the enzymes ATP

sulfurylase and luciferase, which catalyze the downstream seguencing reactions.
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Once the PTP is placed on the 454 instrument, the immobilized DNA is denatured and the
sequencing primers are added. Then pure dNTP solution is streamed across the wells in a
sequential predetermined fashion, and DNA polymerase incorporates each dNTP. Each
incorporation results in the release of a pyrophosphate molecule, which, through a series of
reactions, ultimately produces light via the enzyme luciferase. After each dNTP solution is
introduced, the charge-coupled device (CCD) camera opposite the PTP records the amount of
light emitted by each bead, as the amount of light released is proportional to the number of
dNTPs incorporated. For a given cycle, the observed light signal represents the consensus of the
dNTPs added to the identical templates on each bead, and the order and intensity of the light
peaks are recorded as flowgrams. These dNTP washing cycles are repeated hundreds of times
to produce the entire sequence (Margulies et al. 2005; Droege & Hill 2008; Mardis 2008;
Shendure & Ji 2008; Metzker 2010; Lind et al. 2010). The first four dNTPs of the adaptor
sequence prior to the sequencing primer are used to calibrate the amount of light emitted by the
incorporation of a single dNTP (Mardis 2008).

Raw reads are then processed by the 454-analysis software and screened for poor quality
sequences or those lacking the initiating adaptor sequence (Mardis 2008). Although initially 454
platforms had a production capacity of ~100-150 bp (Liu et al. 2012), the release of the 454 FLX
Titanium with a titanium-coated PTP increased read length up to 1000 bp, with an average over
700 bp, and approximately 1,000,000 reads produced from a full plate (Roche). The PTP can
also be physically divided by gaskets into 2, 4, 6, 8, or 16 regions. Dividing the PTP plate
decreases the number of reads produced per region, but increases the number of individual
samples that can be sequenced in parallel.

The most common error associated with the 454 platform is properly interpreting the
amount of light emitted by a homopolymer, because there is no way to terminate the addition of
multiple consecutive incorporations of a given dNTP (Shedure & Ji 2008). These areas are prone
to insertion and deletion errors if the light response exceeds the detector sensitivity (Mardis 2007;

Mardis 2008; Robasky et al. 2013). Even in non-homopolymer sequences, incorrect base calling
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can be caused by inefficient ANTP additions, leading to either insertions or deletions and
subsequent dephasing, when dNTPs are added to the template out of synchrony with other
templates on the bead (Metzker 2010).

Until 2013, only the 454 FLX system was capable of producing reads longer than 200 bp.
Thus, in the majority of publications, researchers have compared the performance of SOLiD/lon
Torrent PGM (from Life Sciences) and Genome Analyzer/HiSeg/MiSeq (from lllumina) for
genome sequencing via the assembly of short reads (i.e., between 60-150 bp). With the 2013
release of the lon Torrent PGM sequencing 400 bp kit, we can how compare the performance of

lon Torrent PGM to that of the 454 FLX Titanium for the sequencing of longer reads (>200 bp).

2.5.2 lon Torrent Personal Genome Machine (PGM)

Released at the end of 2010, the lon Torrent PGM is based on semi-conductor technology
and involves a protocol similar to that of 454 (Liu et al. 2012); however, rather than a release of
light to signal the addition of a dNTP, the PGM is based on a change in pH (Bragg et al. 2013; Liu
et al. 2012). After the platform-specific adaptor has been added to the target library, a single
DNA template is affixed to an agarose bead and clonally amplified via em-PCR. Each bead is
then loaded into a well on the lon Torrent chip, which are fabricated on a silicon wafer and
capable of sensing a change in pH. In a predetermined order, dNTPs are washed over the
surface of the chip. If a dNTP is incorporated, a proton is released, which results in a decrease in
the pH proportional to the number of incorporated dNTPs (Quail et al. 2012; Bragg et al. 2013).
Like the wells on the 454 PTP, the wells on the lon Torrent chip define a physical location for
each sequence, and the pH change represents the consensus of the dNTPs added to the
identical templates on each bead, recorded as a flowgram. The PGM base-caller software is then
used to normalize any dephasing or signal noise between template sequences on each bead,
and filter polyclonal and low quality reads according to lon Torrent's quality filters (Bragg et al.
2013). As of summer 2014, the lon Torrent PGM had three types of chips available (i.e., the 314,

316, and 318), each capable of producing 200 bp or 400 bp reads in quantities of 400,000-
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550,000 reads, 2-3 milllion reads, or 4-5.5 million reads respectively (Life Technologies).
Because of the similarity in methodology to 454 sequencing, lon Torrent sequencing is also prone
to under-calling long homopolymers or over-calling short homopolymers, with few substitution
errors relative to the amount of sequence data produced (Bragg et al. 2013; Jinemann et al.

2013, Liu et al. 2012; Perkins et al. 2013; Quail et al. 2012, Robasky et al. 2013).

2.5.3 Supplemental methods

Following initial quality assessment derived from the 454 and lon Torrent software, we
filtered the original FASTQ files using the open-sourced, web-based platform Galaxy
(Blankenberg et al. 2010, Giardine et al. 2005, Goecks et al. 2010) under the following conditions
(Figure 1, 2, & 3): We removed any sequences substantially shorter (>150 bp) or longer (>400
bp) than the expected length of 171 bp, plus primers and barcodes. We also removed any
sequences in which fewer than 95% of the base pairs had a Phred quality score of below 20.
Using the program jMHC, we assigned all reads to individual amplicons based on the unique
forward and reverse barcode combination (Stuglik et al. 2011). To be retained by jMHC, reads
must contain a perfect match to the primers and tags, without N calls (Babik et al. 2009, Kloch et
al. 2010, Stuglik et al. 2011). We also used jMHC to remove barcode and primer sequences,
leaving only the exon sequence. We aligned that sequence, without gaps, to published ring-tailed
lemur MHC-DRB sequences, using Galaxy Clustalw (Genbank Accession humbers: AB078199,
AB078201, AB078229, AB078247, AB078248, AB078265, AB078279, AB078287, AB078288,
AB078292, AB078301, AB078303; Go et al. 2002). We discarded all sequences with an
alignment score of less than 80 as artifacts.

Because insertion or deletion errors (indels) in homopolymer areas are the most common
type of error in 454 or lon Torrent sequencing (Bragg et al. 2013, Liu et al. 2012, Mardis 2007,
Mardis 2008, Perkins et al. 2013, Qualil et al. 2012, Shedure & Ji 2008), we corrected indels
manually to reflect the most common consensus sequence at that location (Lighten et al. 2014).

Once potential indel errors were corrected, we discarded any sequences that did not match the
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correct reading frame of 171 bp + 3 bp. We did not retain shifts in reading frames because MHC-
DRB is a coding region.

We then modified a workflow developed by Sommer and colleagues (2013) for assigning
reads as either sequencing artifacts or true alleles (Figure 1, 2, & 3). Within each amplicon, we
used jJMHC to condense identical reads into a single sequence, with accompanying information
about the total number of reads per amplicon represented by that sequence (Figure 1, 2, & 3).
Because the number of MHC-DRB copies present in ring-tailed lemurs has not been determined,
we initially assumed this species had the minimum number of copies (i.e., one). We therefore
discarded only amplicons containing fewer than the 25 reads as having too few reads to genotype
accurately (Galan et al. 2010, Neiman et al. 2011, Sommer et al. 2013). Within each amplicon,
we discarded all singletons as artifacts due to probable PCR or sequencing error. We then
compared replicates of the same individual, and discarded any sequence that did not represent
greater than 1% of the total proportion of reads in any replicate amplicons as an artifact (Sutton et
al. 2013). We performed all subsequent steps independently on each amplicon. In addition, we
performed each step on all amplicons before moving onto the next step of the workflow. We
analyzed variants independently and did not assume each only had one classification; thus if a
sequence was classified as an allele in one amplicon, it need not be an allele in all other
amplicons. We sorted sequences according to within amplicon frequency and the most frequent
sequence was identified as a ‘putative allele,’ if it was also present in any replicates of that
individual.

We classified all remaining sequencing into the following three categories: “1-2 bp
differences’, ‘>2 bp differences’, and ‘chimera’ for subsequent analysis to determine their status
as either an allele or an artifact. These classifications were based on the assumptions that
artifacts generated during PCR or sequencing: (1) occur less frequently than their parent allele,
(2) occur less frequently than any non-parent true allele, and (3) are less likely than true alleles to
appear in replicate PCRs. True MHC alleles should be amplified in greater frequency than

artifacts, although this may not always occur if amplification efficiency for some alleles is lower
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than that of artifacts or if the initial PCR material contains errors in the case of poor quality
samples (Sommer et al. 2013). At the conclusion of the workflow, we had classified all
sequences as either a true allele or an artifact. We calculated base pair differences for each
sequence in comparison to any more frequent sequences within that amplicon, allowing for
pairwise deletions using MEGA 5.2 (Tamura et al. 2011). To identify potential chimeras, we
analyzed all remaining sequences together using the UCHIME de novo command with the default
parameters in the sequence analysis tool UCHIME (Edgar et al. 2011). If a sequence was
labeled as a potential chimera, then all amplicons containing that sequences were analyzed
independently in UCHIME. To be defined as a chimera in an individual, a sequence must be
identified as a chimera in all amplicons. If a sequence was present in any replicates, and
classified as a chimera in one or more amplicons but as an allele in others, it was labeled an
unclassified variant.

For individuals with replicate amplicons (n = 255), we examined sequences within each
amplicon separately, and then compared the resulting sequence classifications for disagreement.
We labelled sequences in the “1-2 bp differences’ category as artifacts if they were not present in
all replicates from the same individual. If sequences classified as ‘1-2 bp differences’ were
present in all replicates, we classified them as (a) an allele, if their frequency was greater than the
most frequent artifact, or (b) as an unclassified variant, if their frequency was lower than or equal
to that of any artifact. We checked sequences in the >2 bp differences’ category for their
presence in any replicates. If these sequences were present in the replicate, we then identified
sequences of greater frequency than any artifacts within that amplicon as alleles, whereas those
of lower than or equal frequency to the most frequent artifact became unclassified variants. If a
sequence in the >2 bp differences’ category was not present in any replicates, but was present
as an allele or an unclassified variant in another individual, we classified that sequences as an
unclassified variant; however if it was an artifact in another individual or not present in any other
individuals, we classified it as an artifact. We repeated these steps until all sequences within

each amplicon were classified as an allele, an artifact, or an unclassified variant.
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Some individuals (n = 47) were represented by only one successfully sequenced amplicon.
Because we were unable to compare replicates for those singleton individuals, we modified our
protocol to distinguish alleles from artifacts for those individuals. The most frequent sequence
within each amplicon was designated as a true allele, whereas any sequence found only in that
amplicon or classified as an artifact in all other amplicons was categorized as an artifact. As in
the procedure for amplicons with replicates, if a sequence (a) differed from the most frequent
sequence in the amplicon by 1-2 bp, (b) was present in other individuals as an allele, and (c) had
a greater relative frequency than any artifact, it was classified as an allele. If its frequency was
lower than or equal to any artifact within that amplicon, it was labelled as an unclassified variant.
If a sequence had more than 2 bp differences, was classified as either an unclassified variant or
an artifact in any other amplicon, and was more frequent than any artifacts within that amplicon, it
was labeled an allele. If the sequence was less frequent or had equal frequency to the most
frequent artifact, it was labelled an unclassified variant.

This workflow allowed sequences to be differentially classified as alleles, unclassified
variants, or artifacts in different amplicons. Within an individual, we checked the classification of
each sequence across replicate amplicons for agreement. Of those sequences that disagreed in
classification between replicates, they fell into the following two categories: (1) those sequences
that were not labeled as an allele in any replicates, which were then classified as artifacts for all
replicates, or (2) sequences which were labelled as allele in at least one replicate, which became

‘low efficiency alleles’ (Sommer et al. 2013).
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3. GENETIC WEALTH, POPULATION HEALTH: MAJOR
HISTOCOMPATIBILITY COMPLEX VARIATION IN
CAPTIVE AND WILD RING-TAILED LEMUR

3.1 Introduction

In many taxa, the amount of genetic diversity at the Major Histocompatibility Complex
(MHC) has become an important health measure for conservation biologists, because diversity at
these genes is linked to measures of fitness in individuals, populations, and species (Bernatchez
& Landry 2003, Sommer 2005a). Although primatologists have focused increasing attention on
the MHC as a mediator between genetic make-up and fithess (Bernatchez & Landry 2003,
Sommer 2005a, Schwensow et al. 2007b, Setchell et al. 2010, Huchard et al. 2012, Sommer et
al. 2013), strepsirrhine primates have received relatively little attention. Apart from a preliminary
sampling of 66 individuals, representing 21 of ~100 strepsirrhine species (Go et al. 2002),
extensive study exists for only two species: the gray mouse lemur, Microcebus murinus, and the
fat-tailed dwarf lemur, Cheirogaleus medius, which are both IUCN species of ‘Least Concern’
(IUCN 2014, Schwensow et al. 2007a, Schwensow et al. 2007b, Schwensow et al. 2008,
Schwensow et al. 2010a, Schwensow et al. 2010b, Huchard et al. 2012, Schwitzer et al. 2013,
Sommer et al. 2013). As an ‘Endangered’ primate (IUCN 2014, Schwitzer et al. 2013), the ring-
tailed lemur (Lemur catta) may be considered representative of vulnerable species worldwide.
The extensive, long-term study of large populations, both in captivity and in the wild, make the
ring-tailed lemur a suitable model for understanding how functional genetic diversity at the MHC
influences survival and adaptation under the risk of extinction.

3.1.1 The MHC. The MHC is an extremely polymorphic gene family critical to the activation
of the adaptive immune system: MHC genes encode proteins that distinguish between ‘self’ and
‘non-self’ peptides (Piertney & Oliver 2006). MHC products bind and present ‘non-self peptides to
immune system cells, initiating the body’s immune response. Because each MHC molecule

recognizes a particular subset of pathogens, both overall MHC diversity and specific MHC alleles
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have been linked to resistance or susceptibility to pathogens (Bernatchez & Landry 2003,
Sommer 2005a). The MHC, therefore, provides a direct link between genetic diversity and health,
and an indirect link to survival and reproduction (Knapp et al. 1996, Ober 1999, Sauermann et al.
2001, Setchell et al. 2010).

Using next-generation sequencing (NGS), we genotyped captive and wild ring-tailed lemurs
at the second exon of MHC-DRB. This region contains the functionally important antigen-binding
site (ABS) responsible for peptide recognition (Piertney & Oliver 2006, Sommer 2005a). To verify
that the MHC-DRB gene is more variable than other MHC genes, and, therefore, more
appropriate for investigating mechanisms of selection, we also evaluated allelic diversity at five
additional MHC genes. We used previously published microsatellite data to assess the
relationship between ‘neutral’ genetic diversity (or microsatellite heterozygosity) and ‘functional’
genetic diversity (or MHC-DRB diversity) (Charpentier et al. 2008a). Lastly, we evaluated the
effect of breeding management on the smaller, more ‘closed,’” captive population by assessing if
its diversity (1) has changed across decades and (2) differs from that of the larger, more ‘open,’

wild population.

3.2 Methods

3.2.1 Subjects and DNA samples. Our subjects were 319 ring-tailed lemurs, including 193
wild animals from Beza Mahafaly Special Reserve (BMSR), Madagascar, and 126 captive
animals from the current and historic colony at the Duke Lemur Center (DLC), NC, as well as
animals living at both the Indianapolis Zoo, IN, and the Cincinnati Zoo, OH. We extracted DNA
from whole blood or tissue collected from captive and wild lemurs by veterinarians following
established protocols (See Chapter 2; Charpentier et al. 2008a, Sauther & Cuozzo 2008). All our
sampling methods followed approved animal handling guidelines and protocols of the Institutional
Animal Care and Use Committees of Duke University, the University of North Dakota and/or the

University of Colorado (most recent — Duke University, IACUC #A143-12-05, approved
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05/25/2012, and the University of North Dakota, IACUC #0802-2, approved 04/03/08). Sample
collection in Madagascar was approved by Madagascar National Parks, and CITES
(05US040035/9).

3.2.2 MHC genotyping. We extracted DNA and sequenced the MHC-DRB 2" exon for alll
individuals following the previously described methods (See Chapter 2). In addition to MHC-
DRB, we also genotyped 5-10 individuals at five additional MHC loci via cloning: MHC-DOA,
MHC-DOB, MHC-DPA, MHC-DQA, and MHC-DRA (Bontrop et al. 1999, Robinson et al. 2003).
We designed primers from mouse lemur (Microcebus murinus), bushbaby (Otolemur garnetti),
and tarsier (Tarsius syrichta) Genbank sequences (Supplemental Material: Table 4). Our PCR
had an initial denaturation of 45 seconds at 94 °C, followed by 30 cycles of 30 seconds at 94 °C,
30 seconds at 54 °C, and 1 minute at 68 °C, and a final extension of 7 minutes at 68 °C. Using
pGEM-T® Easy Vector (Promega, Madison, WI) and Library Efficiency® DH5a Competent Cells
(Invitrogen, Life Technologies, Grand Island, NY), we cloned the PCR products following
manufacturers’ instructions. In other primate species, these genes have much reduced diversity
compared to MHC-DRB (Bontrop et al. 1999, Robinson et al. 2003). We therefore sequenced
only 10-30 positive clones per gene, per individual, on ABI 3730xL Analyzer using Big Dye
chemistry (Applied Biosystems®, Life Technologies, Grand Island, NY). Only sequences found in
at least three clones per PCR were considered true alleles. Finally, we aligned and analyzed
sequences from all six genes in MEGAS (Tamura et al. 2011), and used CODEML to assess
positive selection in MHC-DRB (Yang 2007). Using MEGAS5, we constructed a phylogenetic tree
of our sequences with all published lemur MHC-DRB sequences (Winternitz et al. 2013).

3.2.3 Data analysis. Using microsatellite data from previously published work on the
captive population, we used a linear regression to assess the relationship between microsatellite
heterozygosity and MHC-DRB diversity (for a detailed description of methods for microsatellite
genotyping, see Charpentier et al. 2008a). To track how MHC-DRB diversity may have changed
during ~50 years in captivity, we divided our study period into decades and compared the

average MHC-DRB diversity of the infants born in each decade from 1980-2013. Lastly, we used
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an ANOVA to compare the MHC-DRB diversity of individuals from the smaller, more ‘closed,’

captive population to individuals of the larger, more ‘open,’ wild population.

3.3 Results

3.3.1 MHC alleles. In this study, we used NGS platforms lon Torrent PGM and 454
Titanium to successfully genotyped 302 individuals, or 94.6% of our original samples. We failed
to genotype only 17 individuals owing to low coverage. We found 55 unique putative MHC-DRB
alleles (Supplemental Material: Table 6), and produced this species’ first sequences for MHC-
DOA, MHC-DOB, MHC-DPA, MHC-DQA, and MHC-DRA (Supplemental Material: Table 5).
Because we found only one allele each for MHC-DOB, MHC-DPA, MHC-DQA, and MHC-DRA,
and two alleles for MHC-DOA, the diversity at these MHC genes appears to be less than that of
the MHC-DRB. Individual lemurs possessed between 1-7 MHC-DRB alleles. Because a single
MHC-DRB copy can have only 2 alleles, 7 alleles within one individual indicates that this species
possesses minimally four copies of MHC-DRB, similar to the number of copies found in other
strepsirrhine species (Go et al. 2002).

3.3.2 MHC allelic variation. Within the 55 MHC-DRB alleles, we found variation at 17.5%
of 171 nucleotide sites and at 36.8% of 57 amino acid (AA) sites (Table 2, Supplemental
Materials Tables 5 & 6). Between alleles, there is an average of 11.46 + 3.07 nucleotide
differences (range = 1-24) and 8.86 + 2.64 AA differences (range = 1-17). Differences in AA
sequence are concentrated at the ABS and at positively selected sites (PSS) (Figure 7). These
changes frequently alter the binding properties of the sequence, which implies recognition of a
different subset of pathogens by the MHC molecule. The high dN/dS ratio along the entire
sequence, the ABS sites, and the non-ABS sites, as well as the better fit of positive selection
models M2a and M8 relative to models of neutral selection (Tables 2 & 3), provide clear evidence

of positive selection acting upon this gene. Additionally, the phylogeny of all strepsirrhine MHC-
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DRB sequences (Winternitz et al. 2013) shows evidence of trans-species polymorphism, a

phenomenon in which identical alleles are present in multiple distantly related species (Figure 8).

Table 2. The number (N) and percentage of variable codons, the average (+ S.E.) pairwise
AA differences between alleles, the average (+ S.E.) rates of nonsynonymous (dN) and
synonymous (dS) substitutions per site, and the one-tailed test of positive selection (2)
with p-values (p). All values are given across all MHC-DRB sites, across non-ABS sites
only, and across ABS sites only, in which N is the number of codons. All standard errors
were obtained from 1000 bootstrap replicates (Tamura et al. 2011).

Region N N Variable (%) AA difs +S.E. dN +S.E. dS+S.E. Z(p)
All sites 57 21 (36.8%) 8.857+2.65 0.090+0.03 0.018+0.02 3.985 (0.000%)
non-ABS 42 10 (23.8%) 4.142+1.88 0.051+0.02 0.001+0.00 2.745 (0.003*)
ABS 15 11 (73.3%) 4.715+1.66 0.217+0.10 0.068+0.07 2.767 (0.003*)
* % % * * % k% *

Proportion

LR AR AT B NS0

Amino Acid Sl?e Wisblogo 53
Logo

Figure 7. Sequence logo (Crooks et al. 2004) showing amino acid (AA) variation along the
second exon of the ring-tailed lemur MHC-DRB gene. Letters represent AA abbreviations,
letter height indicates the relative frequency of each AA, and letter color indicates the
relative frequency of each AA, and letter color indicates the chemical properties of the AA:
polar in green, neutral in purple, basic in blue, acidic in red, and hydrophobic in black.
ABS sites are identified by (*) assuming consensus with human DRB (Brown et al. 1993),
whereas gray boxes indicate PSS calculated by models M2a & M8 in PAML (Yang 2007).
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Table 3. Evaluation of codon-based models of evolution comparing models of strict
neutral evolution (MO, M1, & M7) to models including positive selection (M2a & M8) by log
likelihood score (LnL), and AIC values. A model with the lowest AIC value, or a AAIC of
zero indicates the model that best fits the data. Estimated proportions of sites (px)
evolving at corresponding estimated rates (wx = dN/dS) are given in the parameters
column, as well as positively selected sites (PSS), or AA sites under positive selection in

each model.
Leca-DRB LnL AlIC AAIC Parameters PSS
MO - one ratio (w) -1464.19 3184.38 378.64 w=0.60 Not applicable
M1la - neutral -1302.65 2863.3 57.56 p0=0.65, w0=0.0 Not applicable
M2a - selection -1271.87 2805.74 0 p0=0.64, w0=0.01, 5, 16, 36, 56, 57
p1=0.25, w1=1.0,
p2=0.11, w2=3.94
M7 - nearly neutral with ~ -1298.41 2854.82 49.08 p=0.05, q=0.15 Not applicable
B
M8 - positive selection -1273.31 2808.62 2.88 p0=0.87, p1=0.13, 5, 16, 36, 56, 57

with B

p=0.02, q=0.05, w=3.84
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Figure 8. Phylogenetic tree of lemur MHC-DRB sequences created via neighbor-joining
with Kimura 2-Parameter method (Rambaut 2009, Tamura et al. 2011). Species are
designated by the first two letters of the genus and species, e.g. ring-tailed lemur
sequences are indicated by 'Leca’ (Winternitz et al. 2013). Triangles indicate collapsed
nodes that did not contain ring-tailed lemur sequences. Bootstrap values greater than 50

are shown from 1000 replicates.
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3.3.3 Genetic diversity in captivity. In captivity, microsatellite diversity is significantly and
positively correlated with the number of MHC-DRB alleles (F = 7.825, p = 0.007**); however,
variation in microsatellite diversity explains little of the variation in the number of MHC-DRB
alleles (adjusted R2 = 0.087, slope = 0.073). Consequently, although heterozygosity decreased
significantly from 1980-2010 (Charpentier et al. 2008a), MHC-DRB diversity in captive animals
remained constant (Spearman correlation, n =72, r = -0.11, p = 0.28). Following the arrival of
new individuals at the DLC and the subsequent formation of new breeding pairs, MHC-DRB
diversity in infants increased significantly after 2010 (Spearman correlation, n =98, r =0.35, p =

0.000**; Figure 9).
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Figure 9. Mean number and standard deviation of the MHC alleles of ring-tailed lemurs
born at the DLC, separated by decade of birth from 1980 through the birth season of 2013.
The number of infants born per decade is shown above each decade.

3.3.4 Captive diversity versus wild diversity. Lastly, we tested for differences in MHC-
DRB diversity between our captive and wild populations. Individuals in the wild population were

significantly more diverse than in the captive population (n = 302, F = 23.97, p<0.000***; Figure
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10). Wild individuals averaged 2.78 alleles, whereas captive individuals averaged 2.1 alleles. The
wild population also had more overall diversity, with 53 unigue MHC-DRB alleles, compared to 20
alleles in the captive population. The two populations shared 18 alleles, but the captive population
had two alleles and the wild population had 35 alleles that were not shared by the other
population. Neither sex nor age had any effect on the distribution of MHC-DRB diversity between

populations or individuals.
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Figure 10. The number of MHC alleles per individual in two populations of ring-tailed
lemurs. The captive population (n =121) is shown in black, and the wild population (n =
181) is shown in green.

3.4 Discussion

Despite their endangered status and declining population (IUCN 2014, Schwitzer et al.
2013), ring-tailed lemurs retain comparable diversity at their MHC genes to that found in other
primate species, both threatened (Go et al. 2002, Setchell et al. 2010, Winternitz et al. 2013) and
non-threatened (Sauermann et al. 2001, Schwensow et al. 2007a, Schwensow et al. 2007b,

Schwensow et al. 2010a, Schwensow et al. 2010b, Huchard et al. 2012, Sommer et al. 2013,
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Winternitz et al. 2013). Minimal diversity at the MHC-DOA, MHC-DOB, MHC-DPA, MHC-DQA,
and MHC-DRA combined with greater diversity at the MHC-DRB make the MHC-DRB gene a
more appropriate candidate for investigating the fitness consequences of genetic variation.
Because we used DNA rather than RNA, we could not assess if all of the MHC alleles uncovered
are expressed; however, as no alleles possess stop codons, we can presume functionality. Also,
our primers amplified only 171 bp, possibly excluding some variation in the flanking regions of the
exon despite including the most variable regions. This exclusion may also affect the phylogenetic
relationships between sequences. Nevertheless, the nucleotide and AA diversity found in MHC-
DRB, coupled with the high copy nhumber and increased rate of nonsynonymous-to-synonymous
substitutions is evidence of historical positive selection on ring-tailed lemurs. Pathogens likely
drive this selection, although sexual selection also may be important (Bernatchez & Landry 2003,
Sommer 2005a, Winternitz et al. 2013). Notably, the greatest between-sequence differences
were found at the ABS, often resulting in a change in the ABS binding properties. As the binding
properties change, the subset of pathogens bound by an MHC-DRB allele may also change. The
incredible diversity, both between alleles and within an individual, is indicative of the strength of
selective pressure, likely exerted by pathogens.

Supporting the importance of disease resistance, ring-tailed lemur MHC-DRB sequences
show trans-species polymorphism. They cluster with alleles from closely related genera, such as
Eulemur and Hapalemur, but also with alleles from more distantly related taxa, such as
Daubentoniidae and Indriidae, which diverged from Lemuridae ~60 MYA and 24-40 MYA,
respectively (Horvath et al. 2008). These phylogenetic relationships provide evidence that
balancing selection likely maintained these alleles throughout the strepsirrhine radiation. All lemur
MHC-DRB alleles, however, form a monophyletic group within the overall strepsirrhine tree, just
as all strepsirrhine alleles form a monophyletic group within the primate MHC-DRB tree. This
pattern suggests that all lemur MHC-DRB alleles evolved after the lemurid ancestor arrived on

Madagascar (Go et al. 2002, Horvath et al. 2008).
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MHC-DRB diversity in captive animals was significantly less than that in wild animals, likely
because population bottlenecks invariably lead to decreased diversity. Wild lemurs averaged one
allele more than did lemurs in captivity, and the number of unique MHC-DRB alleles present in
the BMSR population was more than twice the number in the captive population. Despite the
relatively weak correlation between microsatellite and MHC-DRB diversity, our MHC results
corroborate the lower microsatellite diversity found in a subset of our captive population (n =73,
mean Ho = 0.56, range = 0.01-0.87 per locus) (Charpentier et al. 2008a), relative to that found in
a subset of our wild population (n = 20, mean Ho = 0.71, range = 0.7-0.9 per locus) (Parga et al.
2011). Efforts to mitigate the loss of genetic diversity in captivity have been successful in recent
years, however, as the MHC-DRB diversity of infants born after 2010 (mean = 2.8) is comparable
to diversity in the wild.

As an endangered strepsirrhine endemic to Madagascar, the ring-tailed lemur is both a
flagship conservation species for one of the world’s top biodiversity hotspots and a prime
example of a species in peril. Like all primates, ring-tailed lemurs face significant human-induced
threats (IUCN 2014, Schwitzer et al. 2013), and are increasingly susceptible to environmental
change through loss of genetic diversity (Frankham 2005, Charpentier et al. 2008a). In future
research, we plan to evaluate the effect of MHC-DRB diversity on fitness under both captive and
wild conditions. Such efforts will help illuminate the impact of population diversity on population

health and on a population’s long-term viability.
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3.5 Supplemental Information

Table 4. Forward and reverse primers for MHC-DOA, MHC-DOB, MHC-DPA, MHC-DQA,
MHC-DRA, and MHC-DRB.

Gene Forward Primer Reverse Primer

MHC-DOA exon 1 5-GGACCAGCCTTCTACCAGTC-3’ 5-GTTGGAGCGTTCCACCAG-3'
MHC-DOB exon 2 5-CAGAGGTGACAGTGTACCCAGA-3 5-AGGCTGGGATGATCAACAA-3’
MHC-DPA exon 2 5-GAGGTGACTGTGTTTCCCAAG-3’ 5-AGGGCACGAAGGTCAGGTAG-3’
MHC-DQA exon 2 5-CCCAACACCCTCATCTGTCT-3 5-CAGTGCTCCACCTTGCAGT-3
MHC-DRA exon 1 5-GATCATCCAGGCCGAGTTC-3 5-ATGATGTCCAGGTTGGCTTT-3'

MHC-DRB exon 2

5-GAGTGTCATTTCTWCAACGGGACG-3’ 5-GATCCCGTAGTTGTGTCTGCA-3’

Table 5. Amino acid (AA) variation of MHC-DOA, MHC-DOB, MHC-DPA, MHC-DQA, and
MHC-DRA genes in ring-tailed lemurs compared to sequences from the mouse lemur
(Mmur), the bushbaby (Ogar), and Tarsier (Tsyr) downloaded from Ensembl Genome
Browser (http://www.ensembl.org) & IGMT/HLA databases (Robinson et al. 2003). Dots
indicate identity with the top sequence, letters indicate site variation, dashes (-) indicate
sequence gaps, and (*) indicates a stop codon. Genbank accession numbers for all
sequences are provided.

Allele Accession AA Sequence

Number
Leca-DOA*01 KJ1786286 YEFDGEQLFSVDLKKSEAVWRL -AFGDFAHFDPQ- - LASTAMIRAHLDVLVERSN
Leca-DOA*02 KJ786288 @ .........c.iciniiiinnnn Povevivnnn, [
Mmur-DOA [ ERQ..... PE..... Y .GG.N...... [0 I
0gar-DOA e, PE..N....... GGP..L.evvviiinnennnn.
Leca-DOB*01 KJ1817265 QQHNLLLCSVTGFYPGDIKIRWFWNGQEERAGVVSTGLVRNGDWTFQTTVMLEMTPELGDVYTCLVDHPSL
Tsyr-DOB i Rovevnn T.IM..D.I......... M..... Tttt iiiiiienens
0gar-DOB i N...LR...oetn L..D.I......... Vet ittt
Leca-DPA*@1 LK391421 ELGQPNTLICHIDKFFPPVLNATWL -NGQPVTEGVAESLFLPRTDYNFHKFHYLTFVP
Mmur-DPA i i RN Covvvnnnnn
Ogar-DP i Nevovnnnn Vioee-eonoen [
Leca-DQA*@1 KJ817264 FPPVINISWLSNGHSVTEGVSETSFLSKSDHSFLKISYLTFLPSADEIYDCKVEH*
Mmur-DQA L., G.o.Pevviine PN Divevnnnn WGLDEPLLKHW
08ar-DQA i i ittt e e e DW.tiiiiiiiiiiiennn
Leca-DRA*01 LK391420 EFMFDFDGDEIFHVDLDKKETVWRLEEFGRFASFEAQGALANIAVDKANLDIMIKRS

Mmur-DRA
Ogar-DRA
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Table 6. Ring-tailed lemur MHC-DRB exon 2 amino acid (AA) variation. Dots indicate
identity with the top sequence while letters show variation. Variable positions are
indicated by gray shading, and (*) identify ABS positions assuming consensus with
humans (Brown et al. 1993). The first 13 sequences are reproduced from Go et al. 2002.

Allele Accession Number ...... ROk K LR Lo, oo, ROk R LR R R R X
Leca-DRB*Wa0@1 ABO78265 ERVRFLDRYIYNREEYVRFDSDVGEYRAVTELGRPIAESWNSQKDFLEQKRAEVDTV
Leca-DRB*Wa02 ABO78287 L.E.FE..5..08........B.8......FO00. . .00. . I...R..A...Y
Leca-DRB*Wa@3 ABO78288 L.E.FE..5..08........B.8......F00. . .00. . I..HR..A...Y
Leca-DRB*Wa0@5 AB0O78292 .0.E.FH..0.. BY........H.H...... RS..Y...R..I...R...... F
Leca-DRB*WboO1 ABO78199 L. E..H. .8 A........A0.....0 D..Y...R..I.DDA..A...F
Leca-DRB*Wb02 ABO78229 0.8.85. .0. .8 Acovnnn. F.Poooo... D..Y...... I.DYL..A...

Leca-DRB*Wb03 ABO78247 il E..H. .8 A........A0.....0 D..Y...R..I.DDA...... F
Leca-DRB*Wbo4 ABO78248 L. E..H. .8 RN N NN N..Y...R..I.DHT...... F
Leca-DRB*Wb05 ABO78301 .0.8.BE. .8. . EM........H0.H......B8 TKeooonnn .. . A...F
Leca-DRB*Wc02 ABO78201 = Ll E..H.. BY........H.H...... RS..Y...... I.DDA..A...F
Leca-DRB*Wc@3 ABO78279 il E..H.. BM........H.H......0999. .. R..B.BER. .H... F
Leca-DRB*Wc0O6 ABO78303 L.l E..H.. B........B.H......IE K. . . 1. . . . . A...Y
Leca-DRB*Wde3 ABO78302 = ... E.BE. .H.. ES........H0.H......08 K. . . 1. . I...R..A...Y
Leca-DRB*014 KJ817213 ..A.E.BN..H.. Lo P N Y . Y...R..L...R...... F
Leca-DRB*Q15 KJ817214 ..M.E.Bp4..8H..58........0.8......8 D..Y...R..I.DDA..A...F
Leca-DRB*016 KJ817215 ..M.E.BH. .H.. 5 RN N RN . . o SN I...R..A...Y
Leca-DRB*017 KJ1817216 ..M.E.BH. .H.. 5 RN N RN . . o SN I.DDA..A...F
Leca-DRB*018 KJ817217 i LE.B. .H. . BES........0.H......B D..Y...R..I.DDA. .A...F
Leca-DRB*019 KJ817218 i LE.B. .H. . ES........0.H...... RS..Y...R..V.DDA..A...Y
Leca-DRB*020 KJ817219 WLVUHF. .Q. . lA e, Y...R..L...R...... Y
Leca-DRB*021 KJ817220 LEMUEE..O..BE........B.0..... .00, . ... i, . . A...F
Leca-DRB*022 KJ817221 CoLVUHF . LQe ctA e i I...R..A...Y
Leca-DRB*023 K1817222 B OV | o PP PP I.DDA..A...F
Leca-DRB*024 KJ817223 CLWWLUHF. .Qu lAL e D..Y...... H.MER. .H. .. Y
Leca-DRB*025 KJ817224 WL.WHF..Q...A. e D..Y R..I.DDA. .A...F
Leca-DRB*026 KJ817225 WL.WHF..Q...A. . e D..Y R..V.DDA. .A...F
Leca-DRB*027 KJ817226 L. V.HF..Q...A. . i RS..Y...... .. .A. .. F
Leca-DRB*028 K1817227 CLWWUHF..Q. lA e RS..Y...R..V.DDA. .A...Y
Leca-DRB*029 KJ1817228 LWWHFL Qe u A RS..Y...R..V.DDA. .A...F
Leca-DRB*030 KJ817229 L. F..Q..LA. ..o ifeofeeennn s D..Y...... H.MER. .H. .. Y
Leca-DRB*031 KJ81723¢e @ ... E..0..58........0.8......8 D..Y R..I.DDA. .A...F
Leca-DRB*032 KJ817231 L.l E..H.. s........85.8......8 [DERNY. . . 4. . 5.5 ... .B
Leca-DRB*033 KJ817232 L. 5. .H.. s........0.H......F D..Y...R..I.DDA..A...F
Leca-DRB*034 KJ817233 L. 5. .H.. s........0.H......F D..Y...R..L...R...... F
Leca-DRB*@35 KJ817234 L. E..H.. . ....... F.Poooo.. DAY .. ... 5. 598, 4. . .8
Leca-DRB*036 KJ817235 L. E..H.. . ....... F.Poooo.. D..Y...R..I.DDA..A...F
Leca-DRB*@37 KJ817236 il E..H. .8 A........H0.H...... 500, . .4.. I...R..A...Y
Leca-DRB*038 KJ817237 L. 5. .0 .8 A........H.H......00eE. . .0.. I.DDA..A...F
Leca-DRB*039 KJ817238 L.l 5. .0 .8 A ... B R R..L...R...... F
Leca-DRB*040 KJ817239 L.l 5. .0 .8 - D..Y...... H.BEE. 8. .. |
Leca-DRB*041 KJ817240 L. E..H. .8 /- PRI N RS..Y...R..V.DDA. .A...Y
Leca-DRB*042 KJ817241 L. E..H.. EN........0.H....... . .5.. . . . A...F
Leca-DRB*043 KJ817242 L. E..H.. EN........0.H....... . .5.. I...R..A...Y
Leca-DRB*044 KJ817243 L. E..H.. EN........0.H....... . .5.. I.DDA..A...Y
Leca-DRB*045 KJ817244  LL..i.... 5. .H.. ES........0.H0.......0008-. . . 8. . I.DDA..A...F
Leca-DRB*046 KJ817245 L.l 5. .H.. Be........0.0......F D..Y...R..I.DDA..A...F
Leca-DRB*047 KJ817246 ...l 5. .H.. Be........0.0......F D..Y...R..V.DDA. .A...F
Leca-DRB*048 K3817247 L. E..H.. BY........A.H...... RS..Y...R..V.DDA. .A...Y
Leca-DRB*049 KJ817248 L. E..H.. BY........A.H...... RS..Y...R..V.DDA. .A...F
Leca-DRB*050 KJ817249 ... M.HE..0..B8........H.H...... 0. .. R..0.BER. .H... F
Leca-DRB*051 KJg8172s¢ ... V.HF..Q...A. . ittt D..Y...R..I.DDA..A...F
Leca-DRB*052 Kig17251 ... V.HF..Q...A. ottt D..Y...R..L...R...... F
Leca-DRB*@53 Ki817252 ... V.HF..Q...A. ottt D..Y...R..V.DDA. .A...F
Leca-DRB*054 KJ817253 ... V.HF..Q...A. . it RS..Y...... m.EER. N .. F
Leca-DRB*@55 Ki817254 ... V.HF..Q.. LA ot RS..Y...R..V.DDA..A...Y
Leca-DRB*056 Ki817255 L. V.HF..Q.. LA i RS..Y...R..V.DDA. .A...F
Leca-DRB*@57 KJ817256 ..., M.BE..O..FA........H.H......00m. . .0H.. I.DDA..A...F
Leca-DRB*058 Ki817257 ... VooF QoA D..Y...R..I.DDA..A...F
Leca-DRB*059 KJg817258 ... VooF QoA ii i D..Y...R..L...R...... F
Leca-DRB*060 KJg817259 ... VooF QoA ii i D..Y...R..V.DDA..A...Y
Leca-DRB*061 KJg817266 = ...... M.BE..O..PR........H.H......8B D..Y...R..V.DDA. .A...F
Leca-DRB*062 KJ817261 @ L..... M.BE..Q..FA........H.H...... RS..Y...... m.AeR. .. .. F
Leca-DRB*063 KJ817262 ..., M.BE..Q..FA........H.H...... RS..Y...R..V.DDA. .A...Y
Leca-DRB*064 KJ817263 ... VooF Qo lAn i RS..Y...R..V.DDA. .A...F




4. GENETIC WEALTH, INDIVIDUAL HEALTH: MHC-DRB
DIVERSITY HELPS LEMURS LIVE LONGER

4.1 Introduction

In the face of human impacts like climate change, habitat alteration, and the introduction of
novel pathogens and invasive species, animals must either adapt or risk extinction. The ability to
adapt to these conditions and avoid extinction is born of the available genetic variation present in
the population, particularly at functional or regulatory regions (Harrisson et al. 2014). Over the
decades, researchers have shown that increasing genetic variation or genome-wide
heterozygosity, historically measured via microsatellites, is associated with increased fithess at
the individual and population levels. A major goal of evolutionary and conservation biologists is to
determine the specific genetic components that contribute to this increased survival or
reproduction (Ouborg et al. 2010). Genes of the Major Histocompatibility Complex (MHC) offer a
potential explanation for inter-individual differences in fitness via their role in activating the
immune system during infection (Piertney & Oliver 2006, Sommer 2005, Ujvari & Belov 2011).
Investigators have studied the function of the MHC in resistance or susceptibility to specific
pathogens or overall parasitism, but few have examined if MHC variability might affect lifetime
survival (Sepil et al. 2013). These studies are especially rare in wild populations because data on
individual survival are often scarce (Brouwer et al. 2010, Huchard et al. 2010, Schaschl et al.
2012, Sepil et al. 2013). Additionally, how loss of genetic diversity interacts with changing
environmental conditions is largely unknown (Ouborg et al. 2010, Radwan et al. 2010). In this
study, we use the endangered ring-tailed lemur (Lemur catta) to examine the relationship
between MHC diversity, health, and lifespan in different environmental conditions and across
several environmental stressors.

4.1.1 The MHC. The MHC is partially responsible for the identification of invading bacteria,
viruses, and parasites (Klein 1986, Knapp 2005, Piertney & Oliver 2006, Sommer 2005). MHC

genes code for the proteins that differentiate between ‘self’ peptides (i.e., those proteins made by
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the body) and ‘non-self’ peptides (i.e., those proteins made by invading pathogens). The protein
products of MHC genes bind the ‘non-self’ proteins and present them to immune system cells to
initiate the immune response (Horton et al. 2004, Piertney & Oliver 2006). MHC class | genes
encode proteins that recognize intercellular foreign proteins (e.g. from viruses) and MHC class Il
genes recognize extracellular antigens (e.g. from bacteria or parasites). Each MHC molecule
recognizes a particular subset of pathogens (Piertney & Oliver 2006). Therefore, an individual
that is genetically diverse at its MHC genes is capable of mounting an immune defense against a
greater variety of infections than is an individual that has little MHC genetic diversity (Arkush et al.
2002, Carrington & Bontrop 2002, Eizaguirre et al. 2009, Penn et al. 2002). Because the MHC
plays a direct role in individual health and is heritable, it could play an indirect, but essential role
in the survival of that individual's offspring.

4.1.2 The MHC & health. Across vertebrate studies, both an individual’s overall MHC
diversity and its possession of particular MHC alleles can be used to predict resistance to initial
infection and survival post infection (Bernatchez & Landry 2003, Sommer 2005). For example,
increased resistance to particular pathogens has been linked to intermediate MHC diversity in
some species (Kloch et al. 2010, Kurtz et al. 2003, Kurtz et al. 2004) and to greater MHC diversity
in other species (Arkush et al. 2002, Evans & Neff 2009, Kekalainen et al. 2009, Niskanen et al.
2013, Oliver et al. 2009, Penn et al. 2002, Savage & Zamudio 2011, Tollenaere et al. 2008,
Wegner et al. 2003, Westerdahl et al. 2005). In species in which overall MHC diversity does not
increase disease resistance, the probability of infection does appear to be influenced by particular
MHC alleles, which can increase susceptibility or resistance depending on the allele. Specific
class | alleles have been linked to the incidence of HIV or SIV, respectively (humans: Apps et al.
2010, Carrington & Bontrop 2002, Thomas et al. 2009), and to either susceptibility or resistance
to malaria (humans: Hill et al. 1991; songbirds: Bonneaud et al. 2006a, Loiseau et al. 2008, Sepil
et al. 2013, Westerdahl et al. 2005). Likewise, specific class Il alleles have been linked the
prevalence of extracellular parasites (Axtner & Sommer 2012, Biedrzycka et al. 2011, Cutrera et

al. 2014, Froeschke & Sommer 2005, Froeschke & Sommer 2012, Grimholt et al. 2003, Harf &
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Sommer 2005, limonen et al. 2007, Kamath et al. 2014, Kloch et al. 2010, Lamaze et al. 2014,
Meyer-Lucht & Sommer 2005, Niskanen et al. 2013, Oppelt et al. 2010, Schad et al. 2005,
Schwensow et al. 2010a, Tollenaere et al. 2008, Winternitz et al. 2014, Zhang & He 2013),
viruses (Deter et al. 2008, Srithayakumar et al. 2011, Thursz et al. 1995), and even fungal
pathogens (Savage & Zamudio 2011). Resistance to simultaneous co-infections can be
conveyed by heterozygote advantage (Evans & Neff 2009, McClelland et al. 2003, Wegner et al.
2004) or particular MHC alleles (Oliver et al. 2009). In studies of great reed warblers
(Acrocephalus arundinaceus), junglefowl (Gallus gallus), and mouse lemurs (Microcebus
murinus), the links between the MHC and disease resistance are independent of the impact of
overall genetic diversity measured by microsatellites. Parasite resistance is specifically MHC-
mediated, rather than because of overall genome-wide heterozygosity (Schwensow et al. 2007b,
Westerdahl et al. 2005, Worley et al. 2010).

4.1.3 The MHC & survival. In the majority of studies, biologists have measured indices
of health, like susceptibility to initial infection, parasite load, other performance measures, or
survival during infection rather than overall survival. MHC diversity is associated with increased
survival during disease outbreaks in species of fish, frogs, snakes, mice, and birds (Hedrick et al.
2001, Madsen & Ujvari 2006, Penn et al. 2002, Savage & Zamudio 2011, Worley et al. 2010),
although not in other taxa (Lohm et al. 2002). In other taxa, particular alleles decrease the
probability of death due to parasitism mediated by environmental conditions (Kloch et al. 2012,
Paterson et al. 1998).

Despite evidence that one’s MHC genotype partially determines an individual’s health in
wild populations, most researcher have examined MHC-survival correlations under constant,
captive or semi-natural conditions (e.g. Sauermann et al. 2001, Eizaguirre et al. 2009, Kalbe et al.
2009, Worley et al. 2010, Thof3 et al. 2011). Conditions in these environments are often markedly
different from those in the wild, as few selective pressures from parasitism, predation, or food
scarcity are present (Sepil et al. 2013). This lack of selective pressure may lessen selective

purging, increasing the number of ‘low diversity’ individuals and subsequent inbreeding
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depression (Westemeier et al. 1998, Keller & Waller 2002, Schad et al. 2004, O’Grady et al.
2006, Eimes et al. 2011). Thus, the negative consequences of decreased genetic diversity may
manifest more strongly in captive or semi-natural populations. Conversely, the negative
consequences of inbreeding could be more apparent in variable environments, such as those
experienced by wild animals, because the increased stress of the natural environment heightens
the ‘penalties’ of loss of genetic diversity (Crnokrak & Roff 1999).

Because of the difficulty of collecting long-term survival data on known wild individuals, the
influence of MHC variation on survival in the wild has been examined in only a few studies. Of
those studies, most researcher have only been able to analyze survival across one year or how
MHC-DRB diversity changes across age classes of a population (Huchard et al. 2010, Schaschl
et al. 2012, Sepil et al. 2013). In wild baboons (Papio ursinus) and male Alpine chamois
(Rupicapra rupicapra), researchers found a positive association between the number of MHC
alleles an individual possesses and increasing cohort age. This association suggests that MHC
heterozygotes may have better longevity (Huchard et al. 2010, Schaschl et al. 2012). These
studies measured genetic diversity across age classes rather than analyzing the influence of the
MHC on an individual’s lifespan (Huchard et al. 2010). In other taxa like Seychelles warblers
(Acrocephalus sechellensis) and great tits (Parus major), researchers found that lifetime and
juvenile survival respectively are increased by the presence or absence of a specific MHC allele
rather than overall MHC diversity (Brouwer et al. 2010, Paterson et al. 1998, Sepil et al. 2013).
Lifespan is not influenced by the MHC in other taxa, e.g. collared flycatchers (Ficedula albicollis:
Radwan et al. 2012), male rhesus macaques (Macaca mulatta: Sauermann et al. 2001), or wild
house mice (Mus musculus: llmonen et al. 2007, ThoR3 et al. 2011). Results investigating MHC
variation and lifetime survival are, therefore, mixed.

4.1.4 The MHC & ecological variation. Although a few studies have been able to examine
how the MHC influences survival during ‘normal’ environmental conditions, very few researchers
have been able to examine how the interplay between genetic diversity and survival is affected by

‘natural stressors’ such as severe storms, exceptionally harsh winters, droughts, or famines.
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Inbred song sparrows, Melospiza melodia, experienced significantly greater mortality during a
severe winter storm (Keller et al. 1994). Stressful years also affect inbred song sparrows in other,
less fatal ways, increasing the negative relationship between inbreeding, hatching success, and
fledgling survival, but decreasing the association between inbreeding and laying date (Marr et al.
2006). Researchers in these studies, however, examined overall genetic diversity using
microsatellite genotyping or inbreeding coefficient estimates from pedigree data. In only two
studies have scientists analyzed how stressful environmental conditions mediate the relationship
between survival and MHC: In Soay sheep, a natural environmental stressor (e.g. harsh winters)
altered associations between health, survival, and the MHC (Coltman et al. 1999, Hayward et al.
2011) whereas the survival advantage conferred by MHC diversity in juvenile Seychelles warblers
was unchanged by differing environmental conditions (Brouwer et al. 2010). The role of diversity
at the MHC in mediating the likelihood of survival of the individual, the extinction of the
population, and the interplay between genetic health and environmental stressors, remains
unclear (Babik 2010, Froeschke & Sommer 2014, Nunn & Altizer 2006, Radwan et al. 2010).
4.1.5 Ring-tailed lemurs as a model. In this study, we are uniquely positioned to examine
if MHC variation influences survival in an endangered, non-model primate in the ‘constant’
environmental conditions of captivity, as well as in the wild, during ‘good’ and ‘bad’ years of
resource availability. The ring-tailed lemur, Lemur catta, a strepsirrhine primate found only in
Madagascar, lives in multi-male, multi-female social groups of 5-20 individuals, and is
characterized by a promiscuous mating system and female dominance over males (Jolly 1966).
They are seasonal breeders (Evans & Goy 1968, Van Horn & Resko 1977), living to 18-20 years
in the wild (Gould et al. 2003) and up to 33 years of age in captivity (Zehr et al. 2014). In the wild,
ring-tailed lemurs experience severe seasonal fluctuation (Gould et al. 1999, Gould et al. 2003,
Sauther et al. 1999) and major environmental perturbations happen several times a decade.
Three have happened during the past ten years: a cyclone-induced famine in 2005, a drought in
2006, and second drought in 2010 (Parga et al. 2011, M.L. Sauther & F. P. Cuozzo, unpublished

data). These stressors have had drastic impacts on the population in the past, and may offer
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clues as to the adaptability of the population to future catastrophes and climate change. For
example, a two year drought in 1991-1992 caused infant and female mortality to soar to 80% and
50% respectively (Gould et al. 1999, Gould et al. 2003). Despite the return to normal rainfall in
1993, the population continued to decline though 1994 (Gould et al. 2003, Sussman et al. 2012).
In January 2005, Cyclone Ernest caused severe flooding and wind damage, and resulted in a
nearly complete failure of Tamarindus indica fruit, a critical fallback resource for ring-tailed lemurs
at the BMSR (Sauther & Cuozzo 2009, Parga et al. 2011). The damage resulting from the
cyclone significantly reduced groundcover growth and food availability for the ring-tailed lemurs
well into late 2006, compounded by drought conditions from March to November of 2006
(personal communication Sauther & Cuozzo, Parga et al. 2011). Rainfall returned to ‘normal’
from 2007 to 2009, but from January to November of 2010, severely reduced rainfall caused
another drought.

The ecology and behavior of this species has been studied for decades, in captivity and in
the wild, offering the opportunity to analyze long-term health and lifespan data on known
individuals (Sauther et al. 1999, Sussman & Ratsirarson 2006, Sussman et al. 2012, Zehr et al.
2014). In prior research on captive animals, we showed that decreased microsatellite diversity
negatively impacted several measures of health, like parasite burden and organ function;
however, decreased microsatellite diversity did not influence survival probability (Figure 11;
Charpentier et al. 2008a). Currently listed as ‘endangered’ on the IUCN Red List, ring-tailed
lemurs have experienced a reduction in population size of 20-25% over the last 24 years (IUCN
2014, Schwitzer et al. 2013), due to significant threats from habitat loss, population
fragmentation, and hunting (Green & Sussman 1990, Lehman 2006, Sussman et al. 2006).
Because of this population decline, this species is increasingly vulnerable to the loss of genetic
diversity and the associated inbreeding depression. In addition to these threats, current evidence
suggests that climate change is beginning to alter the temperature and rainfall patterns in
Madagascar (Barrett et al. 2013). Current projections estimate that the dry southern region

where ring-tailed lemurs are found is likely to become more arid, increasing the probability of
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events like droughts and impeding recovery from such events (Barrett et al. 2013, Hannah et al.
2008).

By investigating genetic diversity at the region partially responsible for an individual’s health
and survival, we can examine a proximate mechanism by which the MHC-DRB gene influences
inter-individual variation in health and survival, under multiple environmental conditions. We
predict that less diverse individuals will be more heavily parasitized, exhibit decreased health, and
die at an earlier age. Because of the increased selective pressure in the wild, we expect the
association between decreased genetic diversity, worsened health, and shorter lifespan to be
more evident in wild populations and during major environmental disruptions e.g. during a drought

or famine.
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Figure 11. Kaplan-Meier survival curve analyzing the influence of microsatellite diversity
on the probability of survival in the captive population of the DLC (n = 71). Individuals of
‘low’ heterozygosity (i.e. nH, less than the mean nH, of the population, n = 40) shown with
a solid line, experience no difference in survival probability from individuals of ‘high’
heterozygosity (i.e. nH, greater than the mean nH, of the population, n = 31), shown using
a dotted line. Vertical dashes represent censored individuals (n = 56). Analysis revealed
no difference in the survival probabilities of males versus females (x> = 0.0, p value =
0.904), nor more heterozygous individuals (n = 40, nH, 2 mean nH,) versus less
heterozygous individuals (n = 31, nH, 2 mean nHo; X*> = 0.1, p value = 0.721). Edited from
Charpentier et al. 2008a.
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4.2 Methods

4.2.1 Captive subjects. We genotyped 302 ring-tailed lemurs at the second exon of the
MHC-DRB gene from a captive population (n = 101) and a wild population (n = 181) using lon
Torrent PGM and 454 Titanium next generation sequencing. The captive population consisted of
all individuals born at or transferred to the Duke Lemur Center (DLC), Durham, NC between 1971
and 2013. Husbandry and housing information are provided elsewhere (Charpentier et al.
2008a). Briefly, animals were housed in pairs or in multi-male/multi-female social groups, in
semi-free-ranging conditions. Most groups had access to forested enclosures (size = 1.5t0 10.9
ha), with access to indoor, heated rooms. Throughout the study, all individuals were given
routine veterinary care. Captive conditions having remained relatively constant through the
decades. All subjects were maintained according to U.S. Department of Agriculture regulations
and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

4.2.2 Wild subjects. Our wild population consisted of individuals that have been part of a
long-term ecological study in Parcel 1 of the Beza Mahafaly Special Reserve (BMSR),
Madagascar (23°30’S, 44°40’E) since 1987 (Sauther et al. 1999, Sauther & Cuozzo 2008,
Sussman & Ratsirarson 2006, Sussman et al. 2012). Parcel 1 is approximately 80 ha square,
bounded on the eastern edge by the Sakamena River, and surrounded by barbed wire fencing to
prevent intrusion from livestock (Loudon et al. 2006). Along the river, the forest is riparian with a
rich understory of terrestrial herbs and saplings. Further from the river, the habitat transitions to
the more traditional spiny forest habitat, consisting of much drier conditions and xerophytic
vegetation (Gould et al. 2003, Sussman et al. 2012). South of the reserve are small buildings and
a well, through which several social groups range daily. The area experiences a dry season from
June-September, and a wet season from October-May, although droughts or severe storms can
disrupt the season pattern of the region a few times every decade (Gould et al. 1999). The
population of ring-tailed lemurs in and around the reserve has fluctuated annually around 100
individual of all ages for the past decade. During annual censuses, initiated in 2003, a research

team captured all individuals two years of age or older, sampled for blood, and collared each
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individual with a unique ID tags (Gould et al. 2003, Miller et al. 2007, Sauther & Cuozzo 2008,
Sussman 1991).

All research protocols described below concerning data collection from captive and wild
lemurs followed approved standard animal handling guidelines and protocols of the Institutional
Animal Care and Use Committees of Duke University, the University of North Dakota and/or the
University of Colorado (most recent — Duke University, IACUC #A143-12-05, approved
05/25/2012, and the University of North Dakota, IACUC #0802-2, approved 04/03/08). Data
collection in Madagascar was approved by Madagascar National Parks, and CITES
(05US040035/9).

4.2.3 Genotyping. We genotyped subjects from DNA obtained from whole blood or blood
cards as previously described in Chapters 1 and 2. Briefly, we sequenced a 171 bp fragment of
the MHC-DRB second exon by parallel tagged sequencing of pooled amplicons of 50-125
individuals on both (a) three 314v2 chips on the lon Torrent PGM® (Life Technologies, Grand
Island, NY), and (b) five 1/8th lanes of the 454 Titanium® (Roche, Nutley, NJ). Once animals
were genotyped, we determined MHC supertype by evaluating which nucleotide sites were under
positive selection or positively selected sites (PSS) via the CODEML analysis in PAML Version
4.7 (Yang 2007). We used the physiochemical properties of PSS amino acids to determine
‘families’ of alleles or supertypes with similar binding properties at the antigen binding groove
(ABS). Supertypes are nucleotide sequences that, despite differences in nucleotide or amino
acid sequence, will bind similar peptides. We used heat mapping to determine supertypes in
Genesis Version 1.7.6 (See Appendix 1: Table 19 for details regarding MHC supertypes and
corresponding MHC alleles; Doytchinova & Flower 2005, Huchard et al. 2008, Lund et al. 2004,
Schwensow et al. 2007a, Schwensow et al. 2007b, Sepil et al. 2013). The captive individuals
included in this analysis (n = 34 females, 28 males) had between one and four MHC alleles, and
six different supertypes.

4.2.4 Measures of health. Our first analyses compared MHC-DRB diversity to various

measures of health and disease resistance. In the captive population, we quantified organ
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function by examining 18 blood parameters, chosen a priori from a list of 60 possible blood
parameters: alanine aminotransferase, albumin, alkaline phosphatase, aspartate
aminotransferase, bilirubine, blood urea nitrogen (BUN), creatinine, eosinophils, gamma
glutamytransferase, globulin, hematocrit, lypmphocytes, monocytes, platelet count, ratio of
segmented neutrophils to lypmphocytes, segmented neutrophils, total protein, and white blood
cell count (Charpentier et al. 2008a). We selected these 18 measures as a general indication of
major organ and immune system function. We also evaluated the following measures of
parasitism: gastrointestinal parasite species richness (PSR), the prevalence of the
gastrointestinal parasites strongyles and strongyloides, and the prevalence and burden of the
ectoparasite, Cuterebra. Cuterebra are a large parasitic fly larvae that live in the skin of the host
until they pupate. We obtained measures of health from 62 individuals closely monitored via the
MedARKS Medical Record Keeping System, implemented on 1 January 1994 through 30
November 2006. Veterinary staff collected these measures during routine physical exams
conducted between 1980 and 2006, as part of comprehensive complete blood counts and serum
chemistry panels. We have reproduced these data with permission from previous work (see
Charpentier et al. 2008a).

For our analyses of health in wild individuals, we evaluated only gastrointestinal PSR and
the prevalence of the two most common parasites during June 2012 using 2-3 fecal samples per
individual (n = 41). We collected the majority of fecal samples during lemur behavioral follows (n
= 115), although the team veterinarian collected a subset from the rectum of lemurs under
anesthesia, or from the cage after the lemur recovered from anesthesia (n = 35). To avoid issues
of parasite diurnal cycle (Gillespie 2006), we collected two of the samples on the same day for
each individual, one sample in the morning (before noon), and one sample in the afternoon (after
noon). We collected a third sample within a week of the first two to allow for daily differences in
parasite shedding. We preserved samples in jars of 10% formalin (VWR), and Dr. Charles
Faulkner analyzed each sample at Lincoln Memorial University by sucrose floatation. Sucrose

floatation separates helminthes eggs and protozoan cysts from fecal matter, allowing for the
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identification of buoyant endoparasites and eggs (Gillespie 2006). We analyzed only
gastrointestinal PSR and the prevalence of the two most common parasites, pinworms and
protozoans. We did not analyze the prevalence of other endoparasites, as no other parasite was
present in more than 5% of individuals. We did not analyze parasite burden via fecal egg count
because fecal egg count is not a reliable measure of parasitism (Gillespie 2006). We then
collapsed the results from each fecal floatation into a single measure of prevalence or PSR for
each individual.

4.2.5 Lifespan. We obtained data on captive lifespan via long-term life history records kept
by the DLC (Zehr et al. 2014). Life history and health records have been kept for the DLC
animals since the establishment of the colony, although DNA samples were only available for
individuals after 1971. For the survival analyses, we obtained dates of birth and death dates for
all 101 DLC individuals, with animals ranging from 0.01 to 30.84 calculated as age of death or as
censored age at the end of the study in March 2014. For individuals that had been transferred to
other facilities, the studbook leader provided current status and age from the records kept by the
Prosimian TAG as part of the American Association of Zoos and Aquariums. We extracted data
on lifespan from the BMSR individuals from monthly censuses conducted by the BMSR
ecological monitoring team. During the census, the team records all known, collared individuals,
as well as the presence of any infants and uncollared individuals. We considered an individual to
be deceased if they had not been seen during any census for two consecutive years.

4.2.6 Statistical analyses: health. We performed all analyses in RStudio (Version 3.0.2).
We used a series of generalized linear mixed models (GLMMs) and general linear models
(GLMs) to examine the relationship between MHC-DRB and various measures of health in the
captive and wild populations of ring-tailed lemurs. For our explanatory variables, we used five
estimates of an individual’s genetic diversity (Table 7): ‘overall’ heterozygosity measured by
microsatellites (nHo; Charpentier et al. 2008a), the number of MHC-DRB alleles (MHCaiele), the
number of MHC supertypes (MHCsupertype), the mean number of pairwise nucleotide differences

between an individual’s alleles (MHCseqmean), and the mean number of pairwise amino acid
60



differences between alleles (MHCaamean). We included microsatellite diversity as an explanatory
variable to control for the possibility that overall genetic diversity rather than MHC diversity may
be driving any patterns. Because all measures of genetic diversity within an individual are
expected to be correlated, we first confirmed these relationships by regressing all genetic
parameters in a pairwise fashion. We also included all measures into the initial model and
examined the variance inflation factors (VIF). All VIFs were above 2, and regressions indicated a
positive linear relationship between all five measures. We therefore evaluated each genetic
explanatory measure in separate models to assess which best described any patterns. For each
GLMM or GLM, we began with a full model including all potential explanatory variables and
interactions. We then compared models with the different measures of genetic diversity using
Akaike information criteria (AIC) values as a measure of the goodness of fit of the model to the
data, with lower values being preferable (Zuur et al. 2009). Using the model with the lowest AIC
value, we was then further explored by dropping each interaction and single term independently.
We used the lowest AIC values to choose the set of co-variables and interactions which best fit
the data. We did not investigate the relationship between measures of health and presence or
absence of specific MHC-DRB supertypes because the captive population had only 5 supertypes,
one of which was found in >90% of individuals, whereas the other four supertypes were found in
<20%. The wild population, however, had 23 unique supertypes present in varying proportions,
from 2.5% to 45.0% of the population. Thus, we were able to examine the relationship between

various measures of health in wild individuals and the presence or absence of each supertype.

Table 7. Summary of Explanatory and Response Variables.

Variable Definition

nH The number of heterozygous microsatellite loci out of the total microsatellite loci
© genotyped

MHCaiele The absolute number of MHC-DRB sequences present in an individual

MHCsupertype The number of MHC-DRB supertypes present in an individual
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The mean number of nucleotide differences between all MHC-DRB alleles in an
MHCsegmean individual, or the total number of differences between all allelic dyads divided by number
of alleles

The mean number of amino acid (AA) differences between all MHC-DRB alleles in an
MHC aamean individual, or the total number of differences between all allelic dyads divided by number
of alleles

In contrast to the blood parameter data, in which we had multiple measures per individuals,
we collapsed data on captive PSR, prevalence, and burden from multiple exams into a single
measure per individual. We then used GLMs in the Stats package (Version 3.0.2) to compare our
five measures of genetic diversity (Table 7) to PSR, the prevalence of strongyles and
strongyloides, and lastly to Cuterebra prevalence and burden. We evaluated adults and juveniles
separately, and included sex and the interaction between sex and genetic diversity as potential
co-variables. In our analyses of PSR and the prevalence of strongyles and strongyloides, we
used the number of floatations conducted for each individual as an additional co-variable. In the
GLMs investigating Cuterebra prevalence and burden, we included the total duration of
observation time per individual as an offset because animals were not observed for the same
amount of time. We used either a poisson or negative binomial distribution for these count data
depending on the presence of overdispersion (see Appendix 2: Table 20 for details), and applied
a zero-inflation correction factor when appropriate.

Following the same procedure described for the captive parasite analyses, we used GLMs
to compare the health of the wild population, measured as PSR and the prevalence of pinworms
and protozoa, against our measures of genetic diversity (Table 7), excluding nHo. We used a
poisson distribution for the GLMM for PSR, and binomial distributions for the prevalence of
pinworms and protozoa. Our initial models also included sex, the number of fecal samples tested
per individual, and the interaction between sex and genetic diversity or supertype as co-variables.
We then used the lowest AIC value to determine the measure of genetic diversity that best
explained the distribution of parasite data. We checked for the best set of explanatory variables

by dropping single and interaction terms, retaining the model with the lowest AIC value. In testing
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for associations with MHC-DRB supertypes, we used the same parasite data for each supertype
GLM and, therefore, applied a sequential Bonferroni correction (Rice 1989) to correct for multiple
testing.

4.2.7 Statistical analyses: survival. We analyzed the survival of the captive and wild
populations independently. For the captive population, we used the packages ‘survival’ (Version
2.37-7) and ‘KMsurv’ (Version 0.1-5) to perform Kaplan-Meier survival curves. We included all
deaths in our analysis regardless of cause, e.qg. iliness, wounds, falls, etc. To compare survival
curves, we used a Log-Rank test, which tests whether differences between groups exist over the
long term (Aalen et al. 2008, Kleinbaum & Klein 2012, Rich et al. 2010). We assumed that living
conditions have been constant over time for the captive population housed at the DLC over the
course of the study. Therefore, the proportional risk of death was constant regardless of birth
year and across lifespan, fulfilling the assumptions of the Kaplan-Meier survival analysis (Aalen et
al. 2008). Ages ranged from < 1 month to 30.85 years of age, and 56 individuals were still alive,
or censored, at the end of the study period. We also examined if sex influenced survival
probability, and were able to compare our analyses to previously published analyses of overall
heterozygosity on survival probability (Figure 11; Charpentier et al. 2008a).

In contrast to the captive population, the wild population has experienced extremely
variable environmental conditions over the decade of study, and therefore the assumption of
constant proportional risks is violated. Due to these varying environmental conditions, we
analyzed the link between MHC diversity and survival in the wild population using a Cox
proportional hazards model, which is a much more robust analysis and makes no assumptions of
proportional risk (Aalen et al. 2008, Kelly & Lim 2000). We conducted our analyses in RStudio
using the ‘rms’ (Version 4.1-3) and ‘survival’ (Version 2.37-7) packages. We evaluated the
influence of the previously described measures of MHC diversity (Table 7) as well as the
presence or absence of each supertype in the population. Because each year involved different
environmental hazards, we used year as a time-dependent covariate and stratifying the

population by age class to account for the increased risk of death with increased age. Individuals
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ranged in age from 2 to 12 years old, and we defined age classes by major life stages, such as
weaning, sexual maturity, and ‘old’ age (Table 8; Gould et al. 2003). Because we stratified our
analysis by age class, only individuals of known age classes were included (n = 75) out of the
total collared population (n = 181). We applied a sequential Bonferroni correction (Godfrey 1986,
Rice 1989) to correct for multiple testing in the analyses of supertypes and survival. Lastly, we
assessed the average MHC diversity of all surviving ring-tailed lemurs in given year and
compared this average with the average MHC diversity of ring-tailed lemurs that did not survive
that same year. In this analysis, we included only years in which a majority of the adult lemur
population was collared, from 2005-2011. We excluded data from 2004 and 2012 to eliminate
any potential bias based on collaring protocol, because a large proportion of the population was

un-collared in 2004, and in 2012, the team did not collar the new adult cohort.

Table 8. Age classes of wild subjects.

Variable Definition
Infant 0-4 months of age, prior to weaning
Juvenile 4-18 months of age, post weaning
Sub-adult 1.5-2.5 years of age
Young Adult 2.5-3.5 years of age
Adult 3.5-10 years of age,
Old Adult > 10 years of age

4.3 Results

4.3.1 DLC blood parameters. Of the 18 blood parameters used to measure organ and
immune function, six were significantly associated with either sex, nHo, or MHC diversity, and two

more indicated potential trends (Table 9). Although not significant, aspartate aminotransferase
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showed a trend of increasing levels with increasing MHC diversity (z value = 1.63, p = 0.1),
whereas the ratio of segmented neutrophils to lymphocytes decreases with increasing MHC
diversity (z value = -1.72, p = 0.08). Regardless of sex, decreasing microsatellite diversity was
associated with increasing albumin levels (z value = -2.03, p = 0.04*), although there was no
relationship with any measure of MHC-DRB diversity. Males had greater levels of hematocrit
than did females (z value = 2.42, p = 0.016*) and the more heterozygous individuals tended to
have decreased hematocrit levels, although this finding was not statistically reliable (z value -
1.92, p =0.055). Though females displayed no relationship between blood urea nitrogen and any
measure of genetic diversity, the more heterozygous males had decreased blood urea nitrogen (z
value = -3.38, p = 0.0001**). In contrast, males exhibited no association between the level of
globulin and any measure of genetic diversity, whereas females with greater MHC amino acid
diversity had reduced levels of globulin (z value = -2.52, p = 0.012*).

In addition to the various measures of genetic diversity, two blood parameters were
influenced only by the sex of an individual. Males had increased red blood cell counts (z value =
2.82, p = 0.0048**) as well as increased levels of bilirubin (z value = 1.99, p = 0.046*) than did
females, although there was no relationship to measures of genetic diversity. We found no
relationship with sex, microsatellite diversity, or any measure of MHC-DRB diversity to the
remaining blood parameters: alanine aminotransferase, alkaline phosphatase, creatinine,
eosinophils, gamma glutamyltransferase, lymphocytes, monocytes, platelet count, segmented

neutrophils, total protein, and white blood cell count.
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Table 9. Relationships between blood parameters and measures of genetic diversity in
ring-tailed lemurs at the DLC.

Blood Parameter N Best Fit z p value Effect
Explanatory value
Variable

Male Globulin 22 MHCaamean 153 0.13 No effect

Female Globulin 26  MHCaamean -2.52 0.01* More MHC-diverse have lower
globulin

Albumin 48 NHo -2.03 0.04* More heterozygous have lower
albumin

Male Blood Urea 22 nHo -3.38 0.0007***  More heterozygous have lower

Nitrogen BUN

Female Blood Urea 26 NHo -0.24 0.81 No effect

Nitrogen

Hematocrit 49 nHo -1.92 0.055 More heterozygous have less
hematocrit

Ratio of Seg. 48 MHCaliele -1.72 0.08 More MHC-diverse have lower

Neutro/Lympho ratio

Aspartate 47 MHCallele 1.88 0.06 More MHC-diverse have more

Aminotransferase aspartate aminotransferase

Lymphocytes 49 MHCallele 1.61 0.11 No effect

White Blood Cell 48 MH Csupertype -1.59 0.11 No effect

count

Total protein 49 nHo -1.53 0.13 No effect

Segmented 49 MHCaliele -1.49 0.14 No effect

Neutrophils

Gamma 46 MHCsupertype 1.36 0.17 No effect

glutamyltransferase

Red Blood Cell 49 MHCsupertype 1.23 0.22 No effect

count

Bilirubin 48 MHCallele 1.09 0.27 No effect

Monocytes 48 nHo -1.18 0.24 No effect

Platelet Count 43 NHo -0.98 0.33 No effect

Alanine 48 MHCseqmean 0.86 0.39 No effect

Aminotransferase

Alkaline 48 MHCsegmean 0.68 0.50 No effect

phosphatase

Creatinine 48 nHo 0.47 0.64 No effect

Eosinophils 44 MHCailele 0.05 0.96 No effect
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4.3.2 DLC parasites. Gastrointestinal PSR was uncorrelated with any measure of genetic
diversity in either adults or juveniles, although increased PSR was positively influenced by the
number of fecal samples examined via floatation (Table 10; Adults: z value = 2.870, p = 0.0041**;
Juveniles: z value = 3.069, p = 0.0022**). The number of fecal floats conducted per individual
was also positively correlated with the prevalence of strongyles in adults (z value = 4.262, p =
0.000***) and juveniles (z value 4.066, p = 0.000***), and the prevalence of strongyloides in
adults (z value = 7.650, p = 0.000***) and juveniles (z value = 5.629, p = 0.000***).

In adult females, we found no relationship between the prevalence of strongyles and
individual’'s number of MHC alleles; however, more MHC-diverse males trended towards
increasing strongyle prevalence (z value = 1.886, p = 0.059). In contrast, the prevalence of
strongyloides in adults was strongly influenced by sex, with lower prevalence in males (z value = -
3.493, p = 0.000***), and by an individual’s number of MHC-DRB alleles, with more MHC-diverse
individuals having lower prevalence (z value = -2.850, p = 0.004*). In juvenile ring-tailed lemurs,
neither the prevalence of strongyles nor strongyloides was influenced by any measure of genetic
diversity.

Increased heterozygosity was associated with decreased adult Cuterebra prevalence (z
value = -3.766, p = 0.000***), and males had greater prevalence than females (z value = 6.954, p
= 0.000***), Sex and heterozygosity showed a significant interaction in adult Cuterebra
prevalence (z value = -6.900, p = 0.000***). Like prevalence, Cuterebra burden was greater in
males than in females (z value = 6.590, p = 0.000***), and greater in more homozygous
individuals (z value = -5.74, p = 0.000***). The sex of an individual also interacted significantly
with level of microsatellite diversity in influencing Cuterebra burden (z value = -6.837, p =
0.000***). There was no influence of sex on Cuterebra prevalence in juveniles, but more
heterozygous juveniles had greater Cuterebra prevalence (z value = 2.474, p = 0.013*), and

greater Cuterebra burden (z value = 2.946, p = 0.003**).

67



Table 10. Relationships between parasite prevalence and burden and measures of genetic
diversity in ring-tailed lemurs at the DLC.

Measure of N Best Fit z p Effect
Parasitism Explanatory value value
Variable
Adult 40  MHCaiele -0.054 0.96 No effect
Gastrointestinal
PSR
Juvenile 28 Ho -0.725 0.47 No effect
Gastrointestinal
PSR
Adult Male 21 MHCaiele 1.886 0.059 More MHC-diverse have potentially
Strongyle increased strongyle prevalence
Prevalence
Adult Female 17  MHCaiele -0.83 041 No effect
Strongyle
Prevalence
Juvenile Strongyle 27  MHCsupertype -0.001 0.99 No effect
Prevalence
Adult Strongyloide 40  MHCaiele -2.850 0.004* More MHC-diverse have reduced
Prevalence strongyloide prevalence
Juvenile 27  MHCsupertype -1.293 0.196 No effect
Strongyloide
Prevalence
Adult Cuterebra 45 Ho -3.766 0.000***  More heterozygous have reduced
Prevalence prevalence
Juvenile Cuterebra 41  Ho 2.474 0.013* More heterozygous have reduced
Prevalence prevalence
Adult Cuterebra 30 Ho -5.574 0.000***  More heterozygous have reduced
Burden burden
Juvenile Cuterebra 28 Ho 2.946 0.003**  More heterozygous have greater
Burden burden

4.3.3 BMSR parasites. Among the 150 fecal samples examined, we found five types of
parasites, including nematode larvae, pinworm eggs and larvae, protozoa, louse eggs and adults,
and several types of mites. We did not consider any mites or louse adults and/or eggs as part of
the endoparasite richness count, though they do represent potential external parasites removed

via grooming. Mites and/or louse eggs were found in the fecal samples of 12 individuals, but
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were not analyzed for correlations with genetic diversity. Gastrointestinal PSR values included
nematodes, pinworms, and protozoa. We were unable to classify our nematodes or protozoa
down to the level of genera. PSR values ranged from no endoparasites to up to two types, with a
mean of 0.95 species per individual. Eight individuals, or 20% of the sampled population, had no
evidence of parasitism of any kind, whereas 26, or 65%, were parasitized by one type. Six
individuals, or 15%, had two types in their fecal samples. We also analyzed the prevalence of the
two most prevalent endoparasites were pinworms and protozoa, which were present in 75% (n =
30) and 15% (n = 6) of the population respectively. Nematodes were not found in high enough
prevalence to be analyzed. MHC diversity ranged from 1-6 alleles per individuals, with 23
supertypes present in this subset of the population.

We found no effect of any measure of MHC diversity, sex, or the number of fecal samples
examined on either the gastrointestinal PSR, pinworm prevalence, or prevalence of protozoa in
wild ring-tailed lemurs at the BMSR (Table 11). Neither PSR nor the prevalence of pinworms or

protozoa were correlated with the presence or absence of any particular MHC-DRB supertypes.

Table 11. Relationship between MHC-DRB diversity and parasitism in ring-tailed lemurs at
the BMSR.

Measure of N Best Fit zvalue pvalue Effect
Parasitism Explanatory

Variable
Gastrointestinal 40 MHCaiiele 0.253 0.80 No effect
PSR
Pinworm Prevalence 40 MHCaitele 0.244 0.81 No effect
Protozoa 40 MHCaamean 1.436 0.15 No effect
Prevalence

4.3.4 Survival at the DLC. Because the living conditions and ‘hazards’ have been
relatively stable over the decades of captivity at the DLC, we were able to examine the correlation

between MHC-DRB diversity and longevity of 101 individuals over three and a half decades. We
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found no difference in the survival probabilities of captive ring-tailed lemurs with ‘low MHC-DRB
diversity’ either one or two MHC-DRB alleles (x? = 0.0, p value = 0.996), and no difference
between those with ‘high MHC-DRB diversity’, or three or four alleles (x? = 1.0, p value = 0.329).
Individuals with greater MHC-DRB diversity, however, were potentially more likely to live longer

than individuals with less MHC-DRB diversity (x2 = 5.0, p value = 0.0257*; Figure 12).
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Figure 12. Kaplan-Meier survival curve analyzing the association between the number of
MHC-DRB alleles and the probability of survival in the captive population of the DLC (n =
101). Individuals with three or four MHC-DRB alleles (n = 16), shown in blue, have a
significantly increased probability of survival than individuals with one MHC-DRB allele (n
= 23), shown in black, or individuals with two MHC-DRB alleles (n = 62), shown in red.
Vertical dashes represent censored individuals (n = 56).

4.3.5 Survival at the BMSR. Adult annual survival rates at the BMSR varied from 72.0-
91.9% (Figure 13). Using a Cox proportional hazard model, we explored the influence of MHC
diversity and supertype possession on the probability of an individual’s survival at the BMSR.
MHC diversity among these individuals ranged from one allele to six alleles and 24 supertypes
were present in this population subset. We found no correlation between the survival probability
and either MHC diversity or the possession of a particular supertype. Despite the lack of
association between MHC diversity and an individual’s lifespan, we found that the average MHC

diversity of surviving individuals per year was greater than the average MHC diversity of
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individuals that died (Figure 14). This difference was only present during normal years, and

disappeared during two of the three stressor years.

100 1

~
om
1

N
(8]
1

Percentage of Surviving Adults
2

2003-2004 2004-2005 2005-2006 2006:2007 2007-'2008 2008:2009 2009-2010 2010-2011
Year

Figure 13. Percentage of surviving adult ring-tailed lemur population across years at the
Beza Mahafaly Special Reserve, Madagascar. Red boxes indicate times of environmental
stressors.
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Figure 14. The MHC diversity of adult ring-tailed lemurs that survive per year, shown as a
solid line, is greater on average than the MHC diversity of lemurs that do not survive per
year, shown as a dotted line. Environmental stressors are shaded in red and bars
represent standard errors.

4.4 Discussion

In this study, we show that MHC-DRB diversity is associated with health and survival in
ring-tailed lemurs across ecological conditions. MHC-DRB diversity appeared to influence only
globulin levels in captive females, but did not influence any other blood parameter. Previous work
on the captive population had shown that microsatellite diversity was associated with levels of
albumin, total protein, segmented neutrophils, lymphocytes, the ratio of segmented neutrophils to
lymphocytes, and lastly to blood urea nitrogen, all of which measure organ and immune system
function (Charpentier et al. 2008a). We were able to further tease apart the relationship between
heterozygosity and BUN, revealing that the previous pattern was driven by the significant
relationship between BUN and heterozygosity in males only; however, heterozygosity was no
longer correlated with total protein, segmented neutrophils, lymphocytes, and the ratio of

segmented neutrophils to lymphocytes. The differences between our results and previously
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published work, however, are merely a result of differences in analyses rather than indicative of a
biologically meaningful difference.

Albumin and globulin are two of the major types of proteins found in the blood, and both
appear to be influenced by the genetic make-up of the individual. Albumin levels are lower in less
heterozygous ring-tailed lemurs, but globulin levels are increased in less MHC-diverse lemurs.
These two effects would tend to counterbalance one another, and result in minimal change in
total protein levels, perhaps accounting for the lack of relationship between total protein and any
measure of genetic diversity. Serum albumin levels decrease with decreasing protein intake and
in the presence of inflammation or infection (Junge & Louis 2005b, Kaysen et al. 1986, Kaysen et
al. 1989a, Kaysen et al. 1989b, Moshage et al. 1987). Increased albumin levels are also caused
by dehydration due to decreased fluid intake from illness and decreased access to hydration, or
due to increased fluid loss from exertion and high environmental temperatures (Junge & Louis
2005b, Kaysen et al. 1986, Kaysen et al. 1989a, Kaysen et al. 1989b, Moshage et al. 1987). Wild
ring-tailed lemurs living in degraded, human-influenced habitat had increased albumin levels
compared to the lower levels found in wild individuals living in more intact reserve forest (Miller et
al. 2007), possibly due to lack of access to water, increased nutritional stress, or increased
exposure to pathogens in the degraded habitat. Captive ruffed lemurs (Varecia rubra and V.
variegata), however, generally have increased albumin levels than do wild individuals (Junge &
Louis 2005b) despite constant access to hydration in captive conditions. Although the increased
levels of albumin in more homozygous ring-tailed lemurs were slight, the relationships might
indicated that less genetically diverse individuals are chronically dehydrated, or unable to recover
from mild fevers or diarrhea as rapidly as are genetically diverse lemurs (Charpentier et al.
2008a).

Increased globulin levels may be the result of kidney or liver problems, from infection, or
may also result from pregnancy, which may explain the differential pattern found only in females.
Less MHC-diverse individuals may have increased globulin levels due to decreased organ

function, decreased ability to handle infections, or a combination of the two causes. Wild ring-
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tailed lemurs, however, show no differences in globulin levels between sexes, or between
degraded and protected habitat (Miller et al. 2007). In a comparison of Indri, Indri indri, in
disturbed forests with heavy tourism to indri in relatively pristine forests with few tourists,
researchers revealed that disturbed individuals had lower albumin and globulin levels (Junge et
al. 2011). These low levels contradicted other indicators of increased immune stimulation found
in individuals in disturbed habitat, and were attributed to lower nutrition. As the captive ring-tailed
lemurs do not suffer from malnutrition, increased globulin levels may be the result of increased
occurrence or severity of infections in less MHC-diverse individuals. Because the category of
globulins includes all non-albumin serum proteins, including many types of proteins (e.g. alpha
globulins, beta globulins, and immunoglobulins) synthesized in the kidneys, liver, lymphocytes,
and plasma cells, we are unable to distinguish which of these proteins is causing the increase in
globulin levels. More specific blood protein analyses may be able to tease apart this relationship.

More heterozygous males had lower BUN levels in comparison with more homozygous
males, although no relationship between BUN and nHo was found in females. BUN is a measure
of kidney function and glomerular filtration rate, with lower levels indicating better function. This
association may be indicative of the better overall health of more heterozygous males. At this
time, we are unable to account for the presence of this relationship in males but not in females.
This difference does not appear in wild ring-tailed lemurs at the BMSR, nor does habitat quality
appear to have any influence on BUN (Miller et al. 2007). Previous work in indri has shown no
differences in BUN between males and females, or between disturbed and undisturbed
individuals (Junge et al. 2011), although wild ruffed lemurs had lower BUN levels than captive
individuals, perhaps related to diet (Junge & Louis 2005a).

As another measure of ‘health’, we found that microsatellite diversity explained the
prevalence and burden of an ectoparasite, Cuterebra, better than did MHC diversity. Previous
work found that more heterozygous captive adults had lower Cuterebra prevalence and burden,
but juveniles exhibited the opposite pattern (Charpentier et al. 2008a). In a survey of ring-tailed

lemur parasites at the BMSR, Cuterebra were absent as ectoparasites (Loudon 2009). We may
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not have detected a relationship between MHC and Cuterebra because they represent a ‘novel’
pathogen to the captive population of ring-tailed lemurs.

We found similar PSR values for both environmental conditions although the actual
parasite species differed between captive and wild animals. Captive animals had 0-3 parasites,
and wild animals had 0-2 per individual. Although these PSR numbers appear to be low, they are
similar to the PSR found in other lemur species. Researchers have examined parasitism in 12
species of lemur and found 0-4 species of parasite in all lemurs surveyed (Eulemur coronatus: 3,
E. fulvus: 3-4, E. flavifrons: 2-3, E. macaco: 0-2, E. rubriventer: 1-3, Hapalemur griseus: 2,
Propithecus verreauxi deckeni: 1-2, Varecia rubra: 1, V. variegata: 0-4; Junge & Louis 2005b,
Junge & Louis 2007, Dutton et al. 2008, Rasambainarivo & Junge 2010) with two exceptions. E.
albifrons exhibits between 0-6 species per individual (Junge et al. 2008) and E. f. rufus exhibits
10 different nematode, cestode, trematode, and protozoan species among 29 individuals,
although individual richness data were unavailable (Clough 2010). The low levels of diversity
may be normal for all lemur species. Alternatively, low parasitism in the captive population may
be due to better nutrition, access to veterinary care, or simple lack of exposure to a diverse array
of pathogens. In our wild population, the lack of diversity of endoparasites may have been the
result of all the samples having been collected during the dry season. Ring-tailed lemurs at the
reserves of Anja and Tsarnoro n Madagascar experience significantly more parasitism during the
wet season (Gabriel 2013).

Contrary to our predictions, we found no correlation between microsatellite or MHC-DRB
diversity and the number of endoparasite species harbored by individuals in either the captive or
wild populations. This lack of relationship between PSR and diversity may be a result of the
overall lack of diversity of parasite species. Alternatively, genetic diversity may not influence the
overall number of parasites infecting an individual. MHC-DRB diversity and gastrointestinal PSR
are often uncorrelated when the possession of particular supertypes is associated with the
prevalence or burden of a particular parasite (Axtner & Sommer 2012, Biedrzycka et al. 2011,

Cutrera et al. 2014, Deter et al. 2008, Froeschke & Sommer 2005a, Froeschke & Sommer 2005b,
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Froeschke & Sommer 2012, Harf & Sommer 2005, Kamath et al. 2014, Kloch et al. 2010, Lamaze
et al. 2014, Meyer-Lucht & Sommer 2005, Oppelt et al. 2010, Schad et al. 2005, Schwensow et
al. 2010a, Srithayakumar et al. 2011, Thursz et al. 1995, Tollenaere et al. 2008, Winternitz et al.
2014, Zhang & He 2013).

Although the prevalence of strongyles was unaffected by genetic make-up in the captive
population, strongyloide prevalence in captive adults was negatively correlated with the number
of MHC-DRB allele present an individual. Thus, more diverse individuals were less likely to be
carrying a strongyloides, and males were less likely to be parasitized than females. This
association was absent in juveniles. Strongyloides are a type of parasitic nematodes, and
females may be more heavily parasitized because of a trade-off between health and
reproduction, or in the case of ring-tailed lemurs, because of the costs of dominance in a species
in which dominance structures are unstable. At the level of MHC-DRB diversity, animals with
more MHC-DRB alleles may be able to better resist infection or be able to shed the parasite and
recover more quickly than animals with fewer MHC-DRB alleles.

We also found no relationship between pinworm or protozoa prevalence and any measure
of genetic diversity or the presence or absence of any particular supertype in the wild population.
Our examination of the ‘health’ of the wild individuals, however, was not exhaustive. We were
unable to classify our nematodes or protozoa down to the level of genera, and we did not analyze
the prevalence or infection intensity of viral, bacterial, or ecto-parasites. Previous work in the
ring-tailed lemurs at the BMSR found nine different species of endoparasites: Balantidium sp.,
Entamoeba sp., the protozoan Coccidia, and the nematodes Lemuricola bauchoti,
Lemurostrongyles sp., Trichostrongyloidea sp., Subulura sp., Trichuris sp., and an unidentified
brown egg from an unknown nematode species (Loudon 2009). Most likely the pinworms found
in the fecal samples were Lemuricola bauchoti, which has been characterized as the most
prevalent pinworm at the BMSR, whereas the protozoa were likely a mix of Balantidium sp. and
Coccidia (Loudon 2009). These pathogens have differing life cycles and hosts, as well as

different reproduction patterns and effects on the host. Increased specificity in the identification
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of each parasite in future may enable us to analyze parasite prevalence of different genera, rather
than of more generic types. Also, our sampling time period may not have captured any significant
patterns of association between either PSR or prevalence.

We were likewise unable to fully characterize gastrointestinal parasite burden from fecal
samples alone. Although some studies have used fecal egg count in voided feces, this measures
is an unreliable estimate of the number of adult worms present in the gastrointestinal tract
(Gillespie 2006). Egg counts do not include male worms, nor do females shed eggs at a constant
rate (Gillespie 2006). The most accurate way to assess parasite burden is by counting the adult
worms present in the stomach and intestines; however, because ring-tailed lemurs are
endangered, we are unable to perform the invasive procedures required to obtain these data.
Additionally, pinworm and protozoa like Balantidium infestations are generally non-pathenogenic.
The lack of relationship between pinworm and protozoan prevalence and MHC-DRB may simply
be due to lack of damage to the host by pinworms or protozoa and the subsequent lack of
selective pressure exerted on ring-tailed lemurs. A more in-depth analysis including all potential
pathogens is necessary to determine which parasites are influenced by the MHC diversity of the
wild population.

Lastly, we analyzed the influence of MHC variation on longevity as the ‘ultimate’ measure
of health and fitness. Predictably, the ring-tailed lemurs in the captive population live longer than
do those in the wild population (DLC: mean = 9.66, range = 0 - 31; BMSR: mean = 5.23, range =
0 —12; Hamalainen et al. 2014). Although previous research found no influence of microsatellite
genetic diversity on survival, we found MHC-DRB genetic diversity showed a significant
association with longevity in captivity. The relationship was not linear: Captive individuals with
one MHC-DRB alleles experienced no difference in survival probabilities over their lifetimes
compared to individuals with two MHC-DRB alleles, but these ‘low’ diversity individuals were
significantly more likely to die at an earlier age than were individuals with three or four MHC-DRB
alleles. MHC-diverse individuals may be less likely to succumb to the potentially lethal effects of

disease outbreaks or to bacterial infections of wounds inflicted by conspecifics. Even slight
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fevers and lethargy can be lethal if an individual suffers from reduced coordination and climbing
ability. The advantage of increased MHC-DRB diversity was not consistent over a captive
individual’s lifetime. For captive infants, MHC diversity does not influence survival probability.
Thus, survival to weaning is likely influenced by other factors: the mother’s ability to provide
adequate nutrition and antibodies against infection, or to protect the infant from harassment,
infanticide, or predation. In particular, mother’'s age has been shown to significantly influence the
probability that her infant will suffer from infanticide before age one (Charpentier & Drea 2013).
To our knowledge, our study is the first to specifically attribute greater probability of survival in
adulthood with increased MHC diversity rather than increased overall genetic diversity.

Furthermore, the survival advantage conveyed by increased MHC-DRB diversity in captive
lemurs appears only in adult lemurs, in contrast to the influence of the MHC on survival in other
taxa (Brouwer et al. 2010, Paterson et al. 1998, Sepil et al. 2013). Although we were unable to
assess the association between the MHC and juvenile survival in the wild due to our inability to
collar individuals below two years of age, analyses on the captive individuals indicates juvenile
survival is determined by factors other than MHC diversity.

In contrast to the survival advantage conveyed by increased diversity in captivity, the MHC-
DRB genotype of wild ring-tailed lemurs at the BMSR does not appear to influence the probability
of an individual’s survival. Several caveats limit this conclusion, however. As with almost all
studies on wild populations, individuals classified as ‘deceased’ may in fact have migrated from
the area rather than dying. Both male and female migration have been reported for this area
(M.L. Sauther & F. P. Cuozzo, unpublished data), although migrations rates are relatively low and
‘undetected’ dispersal events were unlikely to bias our survival estimates (M.L. Sauther & F. P.
Cuozzo, unpublished data). Additionally, although we have survival data on 128 out of the total
181 genotyped individuals, we could only include 75 individuals in our analyses because of
missing age-related data for the other 53 individuals. This subset may have lacked the statistical
power to detect any relationship between MHC variation and survival. The influence of the MHC

on survival may also not appear until later in life. Further analysis of survival in captivity found no
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significant difference in survival probability between ‘high’ quality and ‘low’ quality captive
individuals up to age 17. Thus, wild individuals may simply not live long enough to benefit from
increased MHC diversity. Our oldest wild animal was only 12 years of age, although animals as
old as 16 have been reported at this site. Additional years of census data may be required to
document a relationship between lifespan and MHC diversity in the wild. Lastly, the most
significant predictor of mortality was the occurrence of a natural disaster, e.g. drought or famine,
during the lifetime of an individual, despite the apparent lack of a significant, abrupt decrease in
population size during any of the environmental stressors. The overall population level is
relatively stable despite the occurrence of these stressors, but the outcome for individuals is
dependent on experiencing one or more stressors during their lifetime.

Nevertheless, we did find evidence that during years of normal rainfall, the average MHC
diversity of surviving individuals is greater than the average MHC diversity of individuals that die.
In contrast to the pattern detected in captive individuals, this pattern may not be detectable at an
individual level. The majority of captive animals die from iliness or old age, whereas wild animals
face the added threats of predation and starvation. The shortened lifespan of wild lemurs is
evidence that selection pressure may be greater in the wild than it is in captivity. The pattern of
greater MHC diversity in the annual surviving lemurs may show selective purging of individuals
with less MHC diversity from the population.

During droughts, however, there is no difference between the average MHC diversity of
individuals that survive versus the diversity of individuals that die. In 2010, this pattern may even
have been reversed, as the average diversity of surviving individuals was slightly lower than the
MHC diversity of those that died. Interestingly, Brouwer and colleagues found that the survival
advantage to MHC-diverse juveniles did not fluctuate between high and low quality years,
whereas the occurrence of a ‘low’ quality year at the BMSR increased mortality among adults and
offspring (Parga et al. 2011). Rather than increasing the potential selective advantage enjoyed
by MHC-diverse individuals, environmental disasters appear to erase the influence of selection.

Instead of selection acting as the greatest driving force of evolution, therefore, this population
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may be more affected by genetic drift during periods of extreme stress. If environmental
stressors become more frequent and severe, the combination of increased mortality and the
deleterious mutations accumulated through genetic drift may increase the extinction risk for ring-
tailed lemurs (Frankham 2005). These events are likely to increase in frequency and severity as
the effects of climate change increase (Barrett et al. 2013, Dunham et al. 2011). Conditions in
the southern Madagascar are expected to become increasingly dry over the next 50 years, with
fewer but more severe cyclones (Barrett et al. 2013). These predictions may increase the
severity of lemur population fluctuations, and lead to a greater influence of genetic drift and
likelihood of population extinction.

Overall, our analyses reveals that the more genetically diverse individuals in captivity were
healthier than were the less genetically diverse individuals. In captivity, genetically diverse
individuals had lower parasitism and better indicators of overall organ health than did less diverse
conspecifics. MHC diversity also appears to increase an individual’s survival probability in
adulthood. Possibly, more MHC-diverse individuals have a greater probability of survival in the
wild than do less diverse individuals; however, the influence of the MHC on fitness is mediated by
environmental conditions and stressful events like a drought or famine. Our study illustrates the
importance of integrating long-term data on individually known subjects of populations under
differing environmental conditions, with detailed genetic data, to reveal the influence of genetic
variation on inter-individual variation in fitness in complex systems. Studies such as these will

gain importance as the effects of climate change and human disturbance grow.
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5. OLFACTORY ADVERTISEMENT AND MHC-BASED
DISCRIMINATION IN THE RING-TAILED LEMUR
5.1 Introduction

Genetic diversity in vertebrates is linked, rather dramatically, to various health parameters,
survivorship, and reproductive success (Bernatchez & Landry 2003, Reed & Frankham 2003).
Specifically, genetic diversity at the Major Histocompatibility Complex (MHC) has been correlated
with decreased parasitism, increased survival, and increased reproductive success. Therefore,
MHC genotype might be an important predictor of the ‘quality’ of a potential mate. Although
researchers have found evidence for MHC-assortative mating in many taxa, the mechanism for
assessing the MHC of potential mates is still poorly understood (Ziegler et al. 2005). To redress
this deficit, we combined chemical analyses of genital odor secretions with behavioral tests of
odorant discrimination between opposite sex conspecifics, to investigate if ring-tailed lemurs
(Lemur catta) signal their genetic quality at the MHC via condition-dependent signals of olfactory
advertisement, and if individuals exhibit the ability to discriminate between the MHC genotypes of
potential mates.

5.1.1 Good genes versus good fit. Two different models are invoked by biologists to
explain the types of genetic benefits accrued based on the genotype of the potential partner,
“good genes” versus “good fit”. In the good genes model, individuals choose ‘high’ quality mates
regardless of the chooser’s genotype. Examples of high quality mates include a mate with high
genetic diversity, which increases the likelihood that its offspring will also be highly diverse, or a
mate that possesses a particularly beneficial allele that conveys resistance against a specific
disease or provides some other advantage (Andersson 1994, Kempenaers 2007, Neff & Pitcher
2005, Penn 2002, Roberts et al. 2006, Roberts & Little 2008). In the good fit model, individuals
choose mates based on their genetic compatibility or dissimilarity with one another (Brown 1997,
Brown 1999, Kempenaers 2007, Neff & Pitcher 2005, Tregenza & Wedell 2000, Trivers 1972,

Zeh & Zeh 1996, Zeh & Zeh 1997). Individuals choose mates that optimize the genetic
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dissimilarity between partners, either increasing the heterozygosity of their offspring or minimizing
the risk of inbreeding (Penn 2002, Tregenza & Wedell 2000). Under the good fit model, the best
potential mate for a given individual differs based on that individual’s own genotype, leading to
individualized preferences (Brown 1999, Mays & Hill 2004). The good genes and good fit models
are not mutually exclusive, however, because a potential mate could be both maximally diverse
and optimally dissimilar (Charpentier et al. 2008b, Mays & Hill 2004).

5.1.2 MHC & mate choice. One of the most crucial genetic benefits an individual could
pass onto its offspring via the choice of a particular mate might be increased disease resistance.
Because genes of the MHC play a critical role in disease resistance and survival, individuals may
be able to increase their reproductive success by selecting mates that possess particular MHC
genotypes (Apanius et al. 1997, Brown 1999, Klein 1986, Mays & Hill 2004, Milinski 2006, Milinski
2014, Penn & Potts 1999, Ziegler et al. 2005). MHC genes are among the most polymorphic in
the vertebrate genome because of their role in activating the immune system in the presence of
pathogens. Pathogen pressure, however, may not explain the incredibly diversity of the MHC. In
a comparative study, Winternitz and colleagues (2013) compared MHC nucleotide diversity
across 112 mammalian species from five Orders with a measure of the strength of parasite-
mediated selection, parasite richness. MHC diversity increased with increasing parasite-
mediated selection in bats and ungulates only, but not in carnivores, rodents, and primates;
however, testes size, a measure of the strength of sexual selection, increased with increasing
MHC diversity in all five Orders (Winternitz et al. 2013). The extreme polymorphism of the MHC
might be maintained, therefore, by parasite-mediated natural selection and MHC-based sexual
selection. Potential mates might be chosen for greater MHC diversity, for the possession of a
particular disease-resistant allele or for greater MHC dissimilarity (Milinski 2014, Penn & Potts
1999, Sommer 2005a, Ziegler et al. 2005).

In support of the good genes models of MHC-based mating, individuals prefer mates with
greater MHC diversity or that possess particular alleles in several taxa of birds and fish (Ekblom

et al. 2004, Evans et al. 2012, Forsberg et al. 2007, Richardson et al. 2005). Mating preferences
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in other taxa, however, support the good fit model of MHC-based mating. Greater MHC
dissimilarity is preferred in many taxa of mammals, birds, fish, reptiles, and primates
(Aeschlimann et al. 2003, Baratti et al. 2012, Bonneaud et al. 2006b, Consuegra & Garcia de
Leaniz 2008, Eizaguirre et al. 2009, Eizaguirre et al. 2010, Eklund 1997, Eklund 1999, Freeman-
Gallant et al. 2003, Gillingham et al. 2009, Juola & Dearborn 2011, Landry et al. 2001, Miller et al.
2009, Neff et al. 2008, Olsson et al. 2003, Penn & Potts 1998a, Penn & Potts 1998b, Radwan et
al. 2008, Reusch et al. 2001, Roberts & Gosling 2003a, Roberts & Gosling 2003b, Roth et al.
2014, Schwensow et al. 2008, Setchell et al. 2010, Strandh et al. 2010). In male mandrills
(Mandrillus sphinx), the probability of siring an offspring with a particular female increased by
17% for each additional MHC sequence or MHC amino acid that differed between the male and
the female. The authors caution, however, that this result may reflect inbreeding avoidance in a
closed, semi-free-ranging population (Setchell et al. 2010). Male mouse lemurs (Microcebus
murinus) that successfully fathered offspring had greater numbers of MHC supertypes overall
than did randomly chosen males, and greater supertype dissimilarity with female MHC
supertypes did randomly chosen males (Schwensow et al. 2008); however, it appears that this
pattern may be the result of cryptic, post-copulatory female choice, rather than pre-copulatory
male or female mate choice. Female fat-tailed dwarf lemurs (Cheirogaleus medius) prefer males
with high MHC diversity regardless of mutual relatedness, although the likelihood of extra-pair
copulations increased with increasing MHC allele-sharing between social mates (Schwensow et
al. 2007a). MHC dissimilarity can even better predict mate choice in primates than can estimates
of relatedness derived from microsatellites (Schwensow et al. 2008, Setchell et al. 2010).

In humans, researchers have produced mixed results linking the MHC and mate choice
(Havlicek & Roberts 2009, Roberts & Little 2008). In the reproductively isolated, Hutterite
population, for example, fewer couples shared MHC alleles than expected by random distribution
(Ober 1999). In a study of 58 heterosexual couples representing mainstream college students,
increased MHC allele sharing between partners was associated with decreased female sexual

responsiveness, increased frequency of female extra-pair copulations, and increased female
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attraction to non-partner males (Garver-Apgar et al. 2006). Women with greater MHC diversity
also have more sexual partners than do less MHC-diverse women (Lie et al. 2010). In other
studies, however, scientists failed to find any evidence of partner preferences based on a
particular MHC genotype (Hedrick & Black 1997, Ihara et al. 2000).

Contrary to the predictions of the good fit model, however, MHC-assortative mating has
been found in some taxa, in which increased similarity at MHC genes is preferred between
potential partners in three species of mammals and amphibians (Bos et al. 2009, Cutrera et al.
2012, Sommer 2005b). Additionally, mate choice based on MHC genotype or diversity is not
universal. Researchers failed to find any evidence of mate choice based on the MHC in four
species, including two birds, an ungulate, and a primate (Bollmer et al. 2012, Huchard et al. 2010,
Paterson & Pemberton 1997, Westerdahl 2004). Individuals may also alter their preferences
based on environmental conditions, current pathogen pressures or the amount of inbreeding
within the group or population (Mays & Hill 2004, Qvarnstrom 2001, Roberts & Gosling 2003a,
Roberts & Gosling 2003b). Regardless of the type of MHC-based mating exhibited, appropriate
mate choice is a key component of successful reproduction and increased offspring production.

5.1.3 MHC & advertisement. For individuals to choose mates based on the MHC,
individuals should signal their respective MHC genotype in some fashion and should be able to
evaluate the MHC information contained in the signals of conspecifics (Boehm & Zufall 2006,
Hettyey et al. 2010). Ornamental traits, like antlers, bright coloration, and odorants, can be
condition-dependent signals of male quality used by females to assess potential mates
(Andersson 1994, Johansson & Jones 2007, Mays & Hill 2004, Zahavi 1975). Although some
physical characteristics, like antler size (Ditchkoff et al. 2001) or bright colors (Setchell et al.
2009), have been linked with the MHC, investigators have found that chemical signals provide a
better means for assessing genotypes prior to mating than do visual signals (Blaustein 1981,
Mays & Hill 2004, Milinski 2003, Penn 2002, Ziegler et al. 2005). Several theorists have
explained how the MHC might influence an individual's chemical profile. Because degraded MHC

molecules are shed from the cell surface and found in body fluids (e.g. serum, saliva, sweat,
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urine, glandular secretions), they may function as odorants (Boehm & Zufall 2006, Beauchamp &
Yamazaki 2003, Milinski et al. 2005, Novotny et al. 2007, Singh et al. 1987, Singer et al. 1997).
Alternatively, MHC molecules may influence overall odor by binding particular volatile compounds
(Aksenov et al. 2012, Beauchamp & Yamazaki 2003, Leinders-Zufall et al. 2004, Novotny et al.
2007, Schaefer et al. 2002, Willse et al. 2005, Ziegler et al. 2005, but see Kwak et al. 2010).
Lastly, the MHC may influence the microbiota present, which themselves produce certain
odorants (Archie & Theis 2011, Boehm & Zufall 2006, Zomer et al. 2009). Recently, researchers
have revealed that, at least in some taxa, bacteria contribute to the odor cues that signal their
hosts’ kinship and social relationships, and even genotypes (Archie & Theis 2009, Theis 2008).
An individual’s MHC genotype might alter the composition of the bacterial community present in
scent-producing glands (Archie & Theis 2011, Zomer et al. 2011). Alternatively, MHC peptides
might influences the molecules that bacteria metabolize to create odors (Archie & Theis 2009).
Among taxa that display MHC-associated mate choice, researchers have demonstrated the role
of olfaction and odorants in some species of mammal, fish, birds, reptiles (Aeschliman et al.
2003, Ekblom et al. 2004, Milinski et al. 2005, Olsson et al. 2004, Penn & Potts 1998a, Penn &
Potts 1998b, Radwan et al. 2008, Reusch et al. 2001, Roth et al. 2014, Yamazaki et al. 1976) and
even humans (Jacob et al. 2002, Milinski et al. 2013, Santos et al. 2005, Wedekind et al. 1995,
Wedekind & Furi 1997, but see Roberts et al. 2008 and Thornhill et al. 2003).

Other than in humans, researchers have investigated MHC-based olfactory advertisement
for only two other primate species, mandrills (Setchell et al. 2010) and ring-tailed lemurs (Knapp
et al. 2006). In mandrils, the chemical complexity of a male’s sternal secretions reflected his
MHC diversity, but there was no relationship between the MHC and female chemical diversity or
with the possession of a particular MHC supertype (Setchell et al. 2010). Nevertheless, the
chemical data from mandrill secretions used in these analyses included several industrial
contaminants (e.g. naphthalene derivatives, carbon disulphide, etc., Tables 3 & 6; Setchell et al.

2010). Therefore the diversity measures used may not reflect actual mandrill chemistry. Thus,
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the results of Setchell and colleagues’ study require further investigation before these conclusions
can be verified.

In ring-tailed lemurs, Knapp and colleagues conducted a preliminary investigation of the
relationship between MHC-DRB and odorant complexity, using samples collected from the
brachial or shoulder gland and from the tail fur (Knapp et al. 2006). Although they reported that
the six adult males examined displayed variability at the MHC-DRB loci, they provided no further
MHC sequence data and found no relationship between MHC variability and odorant complexity.
The lack of association may have owed to the small sample size, method of odorant collection or
the specific glandular secretions examined.

Although Knapp and colleagues analyzed odorants from only two sources, ring-tailed
lemurs possess four distinct scent glands. They use the brachial gland exclusively during
‘shoulder rubbing’ (Figure 15A), when the highly volatile secretions from the antebrachial or wrist
gland are mixed with the brachial gland secretion by bringing the wrist up to the shoulder and
rubbing the two glands against one another (Drea & Scordato 2007). In contrast, males use the
antebrachial glands for ‘wrist-marking’ (Figure 15B), in which they deposit secretions by
squeezing the antebrachial gland between the horny spur located next to the gland and a
substrate such as a sapling, or ‘tail marking’ (Figure 15C), in which a male uses his antebrachial
gland to impregnate his tail fur with secretions as an aggressive display (preceding ‘stink fighting’)
towards other males (Drea & Scordato 2007, Jolly 1966). In addition, males and female have
scrotal and labial glands respectively, which they use by adopting a ‘handstand’ position and
rubbing their genital glands against a substrate to deposit genital odors (Figure 15D). Despite
Knapp and colleagues’ focus on the brachial gland and tail fur, the brachial gland is never rubbed
directly on a substrate and odor secretions are not produced by the tail fur. Although secretions
from the brachial gland contain multiple chemical compounds that reflect an individually unique
signature, the main component is squalene, which is a high molecular weight and, therefore,
relatively nonvolatile compound (Scordato et al. 2007). Chemical and behavioral evidence

suggest that brachial gland secretions serve as a fixative to prolong the volatile antebrachial
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secretion (Greene et al. in prep). Odors collected from tail fur would have originated from the
antebrachial gland, and the highly volatile nature of these secretions (Scordato et al. 2007),
coupled with their use during intrasexual, rather than intersexual, displays, suggest that
antebrachial secretions are also unlikely to signal MHC genotype. Thus, although researchers
have investigated two species, we have found no conclusive links between the MHC and

odorants in non-human primates.

Figure 15. Ring-tailed lemur scent marking behavior, including (A) shoulder rubbing, (B)
wrist marking, (C) tail-marking, and (D) genital marking. Photos courtesy of David Haring,
Duke Lemur Center, and Kathleen Grogan.

5.1.4 Ring-tailed lemurs & olfactory ornamentation. Because of their elaborate system

of olfactory communication, ring-tailed lemurs are an ideally suited primate model for an odor-
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based test of MHC discrimination and possibly mate preference for good genes or good fit.
Although only males possess brachial and antebrachial glands, both sexes secrete odorants from
genital glands. These genital secretions share ~170 chemical compounds (Scordato et al. 2007)
out of the ~200 compounds and 200-300 compounds contained in male scrotal glands and
female labial glands, respectively (Boulet et al. 2009). The diversity and relative abundance of
these semiochemicals signal information about sex, season, individual identity, and, as measured
by microsatellite heterozygosity, genetic diversity and relatedness between individuals (Boulet et
al. 2009, Boulet et al. 2010, Charpentier et al. 2008b, Scordato et al. 2007). Chemical complexity
is positively correlated with microsatellite diversity in both sexes, as more heterozygous individual
produce more chemically complex odorant profiles (Figure 16). Moreover, conspecifics can
distinguish these differences (Boulet et al. 2010, Charpentier et al. 2010, Crawford et al. 2011).

Thus, lemur genital odors appear to honestly advertise genetic quality in both sexes.
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Figure 16. Chromatograms of scrotal secretions of two male ring-tailed lemurs during the
breeding season. Figure 16A represents an inbred male (Ho = 0.21) and Figure 16B
represents an outbred male (Ho = 0.73). Letters identify the following compounds: a,
internal standard (hexachlorobenzene); b, n-hexadecanoic acid; c, octadecanoic acid; d,
octanoic acid, hexadecyl ester; e, squalene; f, isomers of tetradecanoic acid, tetradecyl
ester; g, tetradecanoic acid, hexadecyl ester; h, hexadecanoic acid, hexadecyl ester.
Reproduced with permission from Charpentier et al. 2008b.

Ring-tailed lemurs also present the opportunity to test olfactory-guided MHC discrimination,

possibly related to mate choice, in both sexes. This species lives in multi-male, multi-female
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social groups characterized by a promiscuous mating system and female dominance over males
(Jolly 1966). For female primates, choosing the best possible mate is critical owing to the time
dedicated to each offspring, including during gestation, lactation, and juvenile development.
Because ring-tailed lemur females are dominant over males, they have reproductive control and
often mate multiply, both with group and nongroup males (Koyama 1988, Sauther 1991).
Because intrasexual dominance hierarchies may skew reproductive success, careful mate choice
appears to be relevant to both sexes (Charpentier et al. 2010, Parga 2006). Genetic quality
should, therefore, be advertised to attract potential mates and to discourage competition from
potential opponents. Honest signaling of quality may be a key component of reproductive
success for both sexes, as has been previously demonstrated in ring-tailed lemurs using
measures of microsatellite diversity (Boulet et al. 2009, Boulet et al. 2010, Charpentier et al.
2008b, Charpentier et al. 2010). In the present study, we used odorant analysis and behavioral
testing to explore if captive ring-tailed lemurs signal their MHC quality via olfactory advertisement
and if they exhibit the ability to discriminate between MHC genotypes, according to either the
good genes or good fit models. We predict that chemical diversity will correlate positively with
MHC diversity during the breeding season, and that conspecifics will be more interested in more

diverse potential mates.

5.2 Methods

5.2.1 Subjects. The subjects (n = 67) for this study derived from three captive populations,
housed at the Duke Lemur Center (DLC; n = 24 females, 27 males) in Durham, NC, the
Indianapolis Zoo (n = 9 females, 4 males) in Indianapolis, IN, or the Cincinnati Zoo (n =3
females) in Cincinnati, OH. All of the animals were healthy, reproductively intact adults, housed
either in social pairs or groups (Boulet et al. 2009, Charpentier et al. 2008b, Crawford et al. 2011,
Scordato & Drea 2007, Scordato et al. 2007). We genotyped subjects at the MHC-DRB loci as

previously described (Chapters 1 & 2). We failed to obtain MHC-DRB genotypes for five of the 67
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captive individuals because of lack of sequence data, and so subsequently dropped those five
from our analyses. All of the protocols described below were approved by the Institutional Animal
Care and Use Committee of Duke University (IACUC A245-03-07 & #A143-12-05) and the
research managers of the Cincinnati and Indianapolis Zoos.

5.2.2 Odorant collection. Between 2003 and 2012, we collected odorants from ‘donor’
animals at the DLC once per month during the breeding season from November to March in
captive ring-tailed lemurs (Drea 2007, Scordato et al. 2007). We collected additional odorants
from individuals at the Indianapolis Zoo in November 2011 during annual physical exams. In
total, 49 individuals donated odors for the odor trials. We followed previously published methods
for all collections (Boulet et al. 2010, Charpentier et al. 2008b, Charpentier et al. 2010, Crawford
et al. 2010, Scordato et al. 2007, Scordato & Drea 2007). First, we pre-cleaned chromatography
vials and small cotton balls with methanol and pentane to remove any volatile contaminants.
Collections were conducted in two ways. For collections at the DLC, animals were awake and
gently restrained by trained DLC staff. At the Indianapolis Zoo, we collected odors from animals
during annual physical exams. The lemurs were restrained and anesthetized by Zoo veterinary
staff prior to collection. We collected odor secretions using pre-cleaned forceps to rub a small
clean cotton ball against the labial or scrotal gland. The cotton was then placed in a solvent
washed chromatography vial and stored at -80°C until used for chemical analysis or for
behavioral experiments.

5.2.3 Odorant chemistry. We used published data that analyzed the volatile component
of the genital odor secretions (for details of odorant chemistry analyses see Boulet et al. 2010,
Charpentier et al. 2008b, Crawford et al. 2010, Scordato et al. 2007, adapted from Safi & Kerth
2003). Owing to the extremely complex chemical nature of lemur genital secretions, odorant
complexity was quantified using three measures of diversity: chemical richness, the Shannon
diversity index, and the Simpson diversity index. Richness is simply the absolute number of
compounds present per chromatogram regardless of relative abundance or rarity. By contrast,

the Shannon and Simpson diversity indices reflect the relative abundances in slightly different
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ways. The Shannon diversity index is primarily influenced by common compounds of
intermediate abundance, whereas the Simpson diversity index gives more weight to compounds
of the greatest relative abundance (Charpentier et al. 2008b, McCune et al. 2002).

5.2.4 Behavioral bioassays. To test the ability of ring-tailed lemurs to discriminate between
conspecific MHC genotypes, we conducted 300 behavioral trials (hereafter called bioassays), during
which individual ring-tailed lemur subjects (n = 11 females, 19 males) or ‘sniffers’ were presented
with odor samples from ‘unknown’ conspecifics of the opposite sex (n = 31 females, 18 males) or
‘donors’. Because scent marks generate significant interest in ring-tailed lemurs, these olfactory
bioassays mimic the natural investigation of scent marks in the wild. The study subjects voluntarily
investigate the experimental set-up and often deposit their own scent marks or ‘countermark’ during
the trials. If a subject responds to a scent mark by countermarking, the placement of the
countermark may have particular significance. Overmarking, or placing one’s mark directly on top of
the original mark, may mask the original mark, whereas adjacent-marking, or placing one’s mark
near the original mark, leaves the original mark intact (Drea 2014).

We collected all breeding season odors for the bioassays as described above from donor
lemurs at the DLC and the Indianapolis Zoo, and presented to sniffers at the DLC, the
Indianapolis Zoo, and the Cincinnati Zoo. Animals were housed in social groups of various sizes,
from mixed-sex pairs to larger groups of up to 12 individuals. Housing and diet were similar
across the three facilities. Using a combination of captive populations allowed us to test the
receivers on samples from “unknown” donors, thereby preventing any prior experience between
the subjects from influencing the results. We conducted all trials in the animal’s indoor housing
areas while the focal subject was temporarily separated from other group members, and filmed each
trial to enable the capture of detailed behavioral responses. All sniffers were sexually mature and
reproductively intact (i.e. non-contracepted, non-neutered, and non-spayed). We conducted all
bioassays from November to February in 2011 and 2012. We presented females housed in mixed-
sex groups with male odors in November at the beginning of the breeding season and prior to any

observed mating activity to avoid testing impregnated females. For females housed in female-only
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groups, we presented them with male odors in December prior to the introduction of a new breeding
male. We presented males with female odors from November through February.

During the trials, we temporarily secured three unused wooden dowels, 3 cm in diameter and
24 cm in length, in a row to the enclosure’s fencing at approximately a 50° angle. Dowels were
separated from each other by one foot (Figure 17). The center dowel was blank as an unscented
control, whereas the left and right dowels were rubbed with cotton balls containing scent samples
from different ‘donor’ lemurs. We rubbed the cotton swab containing the donor odor for 10-15
seconds along a 2 cm area in approximately the same location on each dowel. Each subject
underwent one to three 10-min trials per day, over the course of 4-6 days. Each subject ultimately
underwent 8-12 trials total. Upon completion of the day’s trials, the subject was reunited with other

group members.
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Figure 17. Ring-tailed lemur investigates odors from conspecifics during a behavioral
bioassay trial at the Duke Lemur Center. This figure shows two different views of the set-
up for clarity. Pictures were taking by Elizabeth Scordato and Kathleen Grogan,

respectively, and used here with permission.
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Three observers scored bioassays videos for all behavior using a previously established
ethogram in which each behavior was mutually exclusive (Table 12; Scordato et al. 2007). The
observers were blind to the specific conditions of the experiment. We calculated interobserver
reliability from the same five trials, and considered differences in the labeling of an event or
differences in the chronology or timing (>1 second) as disagreements (Martin & Bateson 2007,
Scordato et al. 2007). Interobserver reliability was over 90% for all behavior. We also recorded
the location of each behavior relative to each odorant mark, whether the behavior was directed at
the scent mark itself, adjacent to the scent mark on the dowel or in close proximity to the dowel

(within 6 inches)..
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Table 12. Behavioral Ethogram

Behavior

Definition

Sniff

Lick

Proximity

Genital Mark

Wrist Mark

Shoulder Rub

Tail Mark

A female or male subject places nose at least 1 cm away from scent mark. Scored as a
duration in which the sniffing bout ended after subject has moved nose more than 1 cm
away for more than 1 second. A distinction was made between ‘sniff scent’ (i.e. nose
directly over the area of odorant deposition), and ‘sniff substrate’ (i.e. sniffing behavior
directed elsewhere on the dowel). Sniffing reflects olfactory investigation of the volatile
portion of the odorant.

A female or male subject touches scent mark with tongue. Scored both for the duration
of the licking bout, and frequency of individual licks, with a bout ending after the subject
ceased licking for more than 1 second. As with sniffing, a distinction was made
between ‘lick scent’ and ‘lick substrate’. Licking indicates gustatory investigation of the
nonvolatile fraction of the scent mark.

Subject is within 6 inch of a pole, as judged by the position of the subject’s nose.
Scored as the duration of time spent in proximity, terminated when subject moved head
or whole body away from the dowel.

A male or female subject rubs genital region against substrate. Scored for both
frequency of marks and duration of each mark. As above, a distinction was made
between ‘countermarking’ (i.e. the genital secretion was deposited directly over the
odorant deposition location), and ‘adjacent marking’ (i.e. the genital secretion was
deposited elsewhere on the dowel).

A male subject draws antebrachial gland across substrate. Scored for both frequency of
marks and duration of each mark. As with genital marking, a distinction was made
between ‘countermarking’ and ‘adjacent marking’.

A male subject brought his wrist up to his shoulder and rubs his antebrachial organ
against his brachial organ, presumably mixing the secretions from both glands. Scored
for both frequency of rubs and duration of each shoulder rub.

A male subject uses antebrachial glands to mark tail. Scored for both frequency of
marks and duration of each mark.

5.2.5 Statistical analyses: general. We used a series of generalized linear mixed models

(GLMMs) using the package ‘gimmADMB’ (Version 0.7.7) in RStudio (Version 3.0.2) to examine

the relationships between MHC-DRB genotype and olfactory ornamentation, and the ability of

ring-tailed lemurs to discriminate MHC genotype via odor. We also included previously published

data on microsatellite diversity to control for possibility that overall genetic diversity rather than
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MHC diversity may produce patterns may be driving any patterns. Because we expect all
measures of genetic diversity to be correlated, we evaluated each measure independently in a full
model as the ‘genetic’ explanatory variable. We compared all GLMMs with differing genetic
explanatory variables using Akaike information criteria (AIC) values, a measure of the goodness
of fit of the model to the data, with lower values being preferable (Zuur et al. 2009). We then
further explored the model with the lowest AIC value. Beginning with the full chosen model, we
explored all potential combinations of variables by dropping single explanatory terms and
interactions sequentially. We considered the model with the lowest AIC value as the best fit for
the data.

5.2.6 Statistical analyses: odorant complexity. First, we examined the relationship
between MHC-DRB diversity and olfactory complexity, using individual donor identity as a
random variable in our GLMM analyses. Within the breeding season and the non-breeding
season, we calculated the chemical diversity of each individual's scent signals using the
measures chemical richness, the Shannon diversity index, and the Simpson diversity index
(Table 13; Charpentier et al. 2008b). We then compared these measures to several different
measures of genetic diversity, both neutral heterozygosity as measured by microsatellites, or nHo,
and the following measures of MHC-DRB diversity (Table 13): the absolute number of MHC-DRB
alleles per individual (MHCaiele), the number of MHC-DRB supertypes (MHCsupertype), the average
number of base pair differences between all alleles within an individual as a measure of the
distance between an individual’s alleles (MHCseqmean), and the mean number of amino acid
differences between the alleles possessed by an individual (MHCaamean). Depending on the
dispersion of the data, we used a poisson or negative binomial distribution for chemical richness,
and either a Gaussian or gamma distribution for the Shannon and Simpson diversity indices
(Appendix 2: Table 20). We did not examine the relationship between chemical diversity and the
presence or absence of specific alleles, because only six supertypes were present in the
individuals used for chemical analyses and these were unevenly distributed. One allele was

present in 90-100% of the population, and the other five alleles were present in less than 20% of
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the population. Also, as no measure of chemical diversity correlates with adult age, month of

collection within the breeding or non-breeding season, and housing condition (Charpentier et al.

2008b), we did not include them as co-variables in our analyses.

Table 13. Summary of Explanatory and Response Variables used in analysis of chemical
complexity of lemur genital secretions.

Variable Type Definition
Richness Response The absolute number of chemicals present in a genital secretion
Shannon Measure of chemical complexity which takes into account richness
. . Response and relative abundance, weighting most highly common compounds of
Diversity . .
intermediate abundance
Simpson Measure of chemical complexity which takes into account richness
. . Response and relative abundance, weighting most highly common compounds of
Diversity . .
highest relative abundance
The number of heterozygous microsatellite loci out of the total
Ho Explanatory . . .
microsatellite loci genotyped
MHCailele Explanatory The absolute number of MHC-DRB sequences present in an individual

M HCsupertype

M HCseqmean

M H Caamean

Explanatory

Explanatory

Explanatory

The number of MHC-DRB supertypes present in an individual

The mean number of nucleotide differences between all MHC-DRB
alleles in an individual or the total number of differences between all
allelic dyads divided by number of alleles

The mean number of amino acid (AA) differences between all MHC-
DRB alleles in an individual or the total number of differences between
all allelic dyads divided by number of alleles

5.2.7 Statistical analyses: behavioral bioassays. We explored the relationship between

the behavior recorded during each bioassay and different measures of absolute and relative

MHC-DRB diversity between the bioassay sniffer-donor dyads (Table 14). To test for

disassortative mating under the good fit model, we used several measures of dissimilarity and

sequence divergence between each sniffer-donor dyad: the number of MHC-DRB supertypes that

are different between the two potential partners (MHCsupertypedi), the number of MHC-DRB alleles

that are different between the two potential partners (MHCaietedit), the minimum number of amino
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acid differences between the pairs’ most similar DRB allele (MHCmin), the mean number of amino
acid differences between all possible pairs of alleles in the sniffer-donor dyad (MHCmean), and the
total pairwise number of amino acid differences between the dyads’ MHC-DRB alleles (MHCrotai;
Huchard et al. 2013, Landry et al. 2001, Schwensow et al. 2008, Setchell et al. 2010). We used
the donors’ number of MHC alleles (MHCudonor) to examine if mates with the greatest MHC

diversity were preferred regardless of dissimilarity, under the good genes model.

Table 14. Explanatory Variables used in the analysis of sniffer responses to conspecific
odorants.

Variable Model Definition

The number of MHC-DRB supertypes that are different between a

MHCsuperypeait  Good Fit sniffer-donor dyad

The number of MHC-DRB alleles that are different between a sniffer-

MHCaiieledit Good Fit donor dyad
. The minimum number of amino acid differences between a sniffer-
MHCnin Good Fit donor dyad’s most similar MHC-DRB allele
MHCrmean Good Fit Thg mean number of pairwise amino acid differences between a
sniffer-donor dyad
MHCo Good Fit The total number of am.lno acid differences between all possible pairs
of alleles between a sniffer-donor dyad
MHCadonor Good Genes  The number of MHC-DRB alleles present in the odorant donor

In our analyses, we excluded all behavior that occurred < 5 times. To confirm a differential
response to the scented dowels versus the control, we used Wilcoxon signed rank tests to
compare the average duration or frequency of each behavior directed to the two test dowels to
the duration or frequency directed to the control (Charpentier et al. 2010). We then excluded all
behavior that did not show a significant differential response in favor of the test dowels from
further analyses. For the analysis of male behavior, we excluded genital marking, biting, and tail-
marking. For the analysis of female behavior, we excluded only biting. In each GLMM, we

included the following additional explanatory variables: (1) the trial number on a given day (either
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one, two, three, or four) and (2) the sniffer's experience level with the donor or the number of
times that sniffer had smelled that donor over the course of the trials (between one and six). For
each behavioral response, we used either a poisson or negative binomial distribution depending
on the dispersion of the data (Appendix 2: Table 20) and applied a zero-inflation correction factor

if appropriate. Our random term was odorant donor nested under odorant sniffer.

5.3 Results

5.3.1 MHC & chemical diversity. Male chemical diversity was unrelated to any measure of
MHC-DRB diversity (Table 15). Females, however, show a reverse pattern (Table 15; Figure 18).
Female chemical diversity was not associated with any measure of genetic diversity during the
breeding season, but during the non-breeding season, MHC-DRB diversity was negatively
correlated with chemical diversity (n = 17; richness: z value = -2.12, p = 0.034*; Shannon index: z

value = -2.64, p = 0.0082*).
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Table 15. Relationships between semiochemical diversity and measures of genetic
diversity in ring-tailed lemurs at the DLC.

Sex Season Measure of Best Fit p Effect
Chemical Explanatory value value
Diversity Variable
Male Breeding  Richness MHCallele 0.92 0.36 No effect
Shannon index  MHCsupertype 1.47 0.14 No effect
Simpson Index  MHCaiele 0.59 0.55 No effect
Male Non- Richness MHCalele 0.42 0.68 No effect
breeding  shannon index MHCaele 0.56 0.57 No effect
Simpson Index  MHCaiiele 0.39 0.70 No effect
Female Breeding Richness MHCaliele -0.75 0.45 No effect
Shannon index  MHCaiele -0.93 0.35 No effect
Simpson Index  MHCaiiele -0.40 0.69 No effect
Female  Non- Richness MHCsupertype -2.12 0.034* More MHC-DRB diverse
breeding have fewer chemicals
Shannon index  MHCsuperiype -2.64 0.008* More MHC-DRB diverse
have less chemical
diversity
Simpson Index  MHCaiiete -1.28  0.20 No effect
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Figure 18. The number of a female’s MHC-DRB supertypes regressed against her
semiochemical diversity in the non-breeding season (A) and breeding season (B), as
measured by the Shannon Index.

5.3.2 MHC-based discrimination. Despite the lack of correlation between the

semiochemical complexity of breeding season genital secretions and an individual’'s MHC-DRB
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diversity, both males and females exhibited behavioral differences toward the odors of
conspecifics possessing different MHC-DRB genotypes. Contrary to our expectations, males
exhibited significantly less interest in the odors of females that were more dissimilar to
themselves at the MHC-DRB gene, including shortened duration of sniffing and licking the odors
(sniffing: z value = -2.23, p value = 0.026%; licking: z value = -2.72, p value = 0.007**), as well as
fewer shoulder rubs (z value = -2.54, p value = 0.011*; Table 16; Figure 19). Males also tended
to respond with fewer wrist marks as female MHC-DRB diversity decreased, but the trend was
nonsignificant (z value = -1.7, p value = 0.089; Table 16). Because the frequency and duration
are correlated for behavior such as licking, shoulder rubbing, and wrist marking, we only reported
one measure for each behavior (Table 16). These differences were directed at the area of the
odorant mark only, as there were no differences in the amount of sniffing, licking, or wrist marking
directed at the ‘blank’ areas of the two dowels bearing odorants. Males also did not differ in the
time spent in proximity to either dowel. Based on the MHC-DRB of the donor, females showed
no difference in response towards the odorant mark itself. Females did, however, direct
differential responses towards the ‘blank’ areas or areas adjacent to the male odor. Females
deposited more adjacent genital marks as the MHC-DRB dissimilarity of the odorant donor
increased relative to the ‘sniffer’ (z value = 2.29, p value = 0.022*), as well as spent more time
sniffing and licking behavior (sniffing: z value = 2.88, p value = 0.004**; licking: z value = 3.66, p

value = 0.000***; Table 17; Figure 20).
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Table 16. Relationship between male sniffer behavior and the MHC-DRB genotype of
female donors.

Behavior Best Fit zvalue pvalue Effect
Explanatory
Variable

Smell mark MHCsupertypedif -2.23 0.026* Shorter smell duration with increasing
duration supertype differences between dyad
Lick mark MHCsupertypedit -2.72 0.007** Shorter licking duration with increasing
duration supertype differences between dyad
Shoulder rub  MHCsupertypedif -2.54 0.011* Fewer SR with increasing supertype
frequency differences
Wrist mark MHCdonor -1.7 0.089 Fewer WM with increasing donor allele
frequency number
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Figure 19. As the number of MHC-DRB supertypes between the male sniffer and the female
donor increases, male sniffing (A) and licking (B) duration decreases, as does the
frequency of shoulder rubs (C) and wrist marks (D).
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Table 17. Relationship between female sniffer behavior and the MHC-DRB genotype of
male donors.

Behavior Best Fit z p Effect
Explanatory value value
Variable
Smell pole duration MHCrotal 2.88 0.004**  Longer smelling duration with increasing

amino acid differences between dyad

Lick pole duration MHCsupertypedit 3.66 0.000*** Longer licking duration with increasing
amino acid differences between dyad

Adjacent Genital MHChin 2.29 0.022* Increased frequency of genital marks
Mark frequency with increasing amino acid differences
between dyad
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Figure 20. As the number of amino acid differences between female sniffer and male
odorant donor increases, the duration of time the female sniffs the male’s odor increases.

5.4 Discussion

In the present study, we revealed that the chemical complexity in the non-breeding genital
odors of female ring-tailed lemurs is negatively correlated with MHC-DRB diversity, and that
males and females are capable of using conspecific odors to discriminate between different MHC
genotypes. The relationship between MHC variation and female semiochemical diversity in the
non-breeding season, but not the breeding season, contrasts with previous research in ring-tailed

lemur females. Previously, researchers found a negative relationship between microsatellite
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diversity and the diversity and abundance of fatty acids (FAs) in labial odors during the breeding
season rather than the non-breeding season (Boulet et al. 2010). The relationships between
chemical diversity and both measures of genetic diversity are negative; however, the relationship
between MHC diversity and semiochemical diversity appears in the opposite season from nHo
and breeding season FAs, indicating the two relationships are independent of one another. Thus,
females are potentially signaling different information depending on the season. Possibly,
signaling genetic relatedness and overall diversity to potential mates is critical during the breeding
season to avoid inbreeding (Boulet et al. 2009, Boulet et al. 2010). Signaling MHC diversity and
health during the non-breeding season might serve a more subtle function in female-female
competition. The non-breeding season is the season of pregnancy and lactation, the most
energetically expensive periods of raising an offspring (Archie et al. 2014, O’'Mara & Hickey
2014). During these months, competition increases between both intra- and inter-group females
which may influence the survival of unweaned infants (Gould et al. 2003, Sauther 1993).
Infanticide is also a significant risk, and is committed by both sexes (Charpentier & Drea 2013,
Hood 1994, Ichino 2005, Jolly et al. 2000). Signaling one’s health and vitality may help avoid
physically demanding intergroup encounters and reduce the likelihood of infanticide by a
competing female. Females do direct more olfactory interest in the odors of more heterozygous
females, both sniffing and counter-marking (Charpentier et al. 2010), although we did not
investigate female interest in other females with relation to the MHC. In contrast to the pattern we
uncovered in females, male chemical diversity was unrelated to MHC diversity regardless of
season. In previous work, male chemical diversity was positively correlated with microsatellite
diversity in the breeding season, but not in the non-breeding season (Charpentier et al. 2008b).
For males, it may be more important to signal relatedness and overall heterozygosity rather than
specific information about their MHC genotype.

Our results are opposite the signaling pattern in mandrills, the only other non-model
species in which a relationship between odor chemistry and MHC diversity has been investigated.

MHC diversity in male mandrills correlated with chemical diversity in odor samples taken from
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hair around the male sternal gland; however, researchers did not find a correlation between MHC
diversity and the chemical diversity of secretions obtained from the surface of the gland itself
(Setchell et al. 2011). In addition, the sternal chemical diversity from female mandrills does not
signal information about MHC diversity regardless of season (Setchell et al. 2011). The pattern of
MHC signaling in male mandrills and female lemurs but not in female mandrills and male lemurs
may be explained by the social systems of the two species. Possibly, MHC signaling is important
to the sex with the most control over reproductive opportunities or the sex that experiences the
most intrasexual competition. Male mandrills are dominant to female mandrills and male-male
competition is high (Setchell et al. 2010). Conversely, female lemurs are dominant over males
and intrasexual competition between females is greatest during the non-breeding season.
Although neither sex appears to signal MHC information through their overall chemical
diversity during the breeding season, MHC-DRB information may be signaled through other
aspects of their olfactory signature. Just as females signal microsatellite diversity through FAs
rather than overall chemical diversity, MHC-DRB information might be contained in the
composition and relative abundance of a subset of the 200-300 compounds in scrotal and labial
secretions. The relationship between overall diversity and MHC diversity in females in the non-
breeding season does not preclude additional MHC information being conveyed by a subset of
compounds in female secretions. We were unable to examine the relationship between the MHC
and the presence or absence of specific chemical compounds or their relative abundance.
Therefore, we were unable to detect a more subtle relationship driving the overall pattern in
females. In an analysis of the volatile components of the urine from inbred mice that differ only at
MHC genes, researchers found differences in only 21.6% of the total compounds identified
(Willse et al. 2005). In human cells lines, the presence or absence of specific MHC class | alleles
directly influences the production of specific volatile odors at the cellular level. Rather than
influencing the overall profile of compounds, this influence appears only for certain compounds
(Aksenov et al. 2012). Further exploration of the individual chemicals might yield a signaling

pattern that conveys information about MHC genotype.
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Additionally, the volatile components of a lemur’s genital secretions form only part of the
‘message’. Lemur genital secretions also contain a large fraction of non-volatile, heavy or
proteinacious compounds (Kwatra & Drea 2007). The relationship between MHC-DRB and
olfactory advertisement may be found in these heavier, non-volatile compounds of a lemur scent
mark. Although we have not fully investigated the non-volatile component of genital secretions,
we can speculate that MHC diversity might be signaled in a number of ways. MHC genotype
might influence the overall diversity and relative abundance of the non-volatile component of the
genital secretion, similar to the influence of genetic heterozygosity on the volatile components in
males. An additional mechanism might be through the composition of the symbiotic bacteria
present on the genital gland (Archie & Theis 2011, Boehm & Zufall 2006, Zomer et al. 2009). The
composition of the bacterial community may depend on MHC genes, either through the
elimination of some species, or via the binding of molecules on the bacterial surface to specific
proteins on host cells (Archie & Theis 2011, Bolnick et al. 2014, Zomer et al. 2009). More
indirectly, MHC genes may influence the way bacteria metabolize compounds to create odorants
(Penn & Potts 1998a, Penn & Potts 1998b, Theis et al. 2013). Lastly, because MHC peptides are
present in other bodily secretions such as serum, sweat, saliva, urine, and other glandular
secretions, they may also be present in lemur genital secretions (Beauchamp & Yamazaki 2003,
Boehm & Zufall 2006, Milinski et al. 2005, Novotny et al. 2007, Singh et al. 1987, Singer et al.
1997). Rather than indirectly influencing the volatile composition of an odor signal, an individual's
MHC genotype may be directly assessed through its presence in the non-volatile component,
similar to the mechanism of mouse urinary proteins in mouse urine (Brennan & Zufall 2006,
Beynon et al. 2002, Hurst et al. 2001). Future work in collaboration with Lydia Greene will
investigate these potential relationships and identify how the bacterial communities of female and
male genital secretions change across MHC genotypes.

Despite the lack of relationship between the MHC and overall chemical complexity in the
breeding season, both sexes were able to discriminate between the scents of donors with

differing MHC-DRB genotypes. Female ring-tailed lemurs deposited more genital marks adjacent
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to the odor of more MHC-DRB diverse males than they deposited in response to the odor of less
MHC-diverse males. Females also spent more time investigating the pole containing the more
MHC-diverse male’s odor than they did investigating the pole with odors of a less diverse male.
In the majority of previous studies, researchers reported increased female interest in the scents of
more MHC dissimilar males than the scents of more MHC-diverse males (Aeschliman et al. 2003,
Jacob et al. 2002, Milinski et al. 2005, Milinski et al. 2013, Penn & Potts 1998, Olsson et al. 2004,
Radwan et al. 2008, Reusch et al. 2001, Roth et al. 2014, Santos et al. 2005, Wedekind et al.
1995, Wedekind & Furi 1997, Yamazaki et al. 1976). Our evidence complements these previous
studies, as female ring-tailed lemur prefer the scent of males with greater compatibility or good fit.

Increased female scent marking may serve to attract more dissimilar males by signaling her
own presence and potential as a mate. Although females spend more time sniffing the odorants
of less heterozygous males during the breeding season (Charpentier et al. 2010), previous
researchers did not investigate behavior directed to areas on the dowel adjacent to the male
odorant. Females may need to devote more time to determining the quality or dissimilarity of
males with low heterozygosity, but they may direct more effort towards communicating (i.e. by
depositing their own scent mark) with a male who is a more compatible mate. By sniffing and
licking the area adjacent to the male’s scent rather than the scent itself, a female may be
evaluating the composition of her own mark or searching for the marks of competing females.
Females spend significant time and effort investigating and countermarking the marks of other
females, particularly those of better quality or more heterozygous females (Charpentier et al.
2010). Increased communication with higher quality males in combination with attention towards
possible marks left by more heterozygous females may serve functions related to inter-sexual
communication and intra-sexual competition.

Although females directed increased interest towards better fit males than toward males of
worse fit, males displayed the opposite pattern toward female scents: Males directed more
interest towards less MHC-DRB dissimilar females, possibly indicating sex-specific differences in

MHC-dependent mating preference. This differential response in male interest, biased towards
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less compatible females, occurred across sniffing, licking, shoulder rubbing and wrist marking.
Previously, researchers reported that male ring-tailed lemurs spent more time in proximity to the
odors of less heterozygous females than the odors of less heterozygous females; however, males
spent significantly more time licking the odors of females to whom they are less closely related
than more distantly related females (Charpentier et al. 2010). The increased interest in more
MHC similar females may serve to avoid outbreeding depression (Sommer 2005b). Alternatively,
males may devote more time towards more similar females if a threshold exists above which
MHC similarity is easy to assess and below which more time is required for information gathering.

We were unable to investigate the association of the possession of a particular supertype
with either odorant chemistry or sniffer behavioral response because of the lack of variation and
extremely uneven distribution of supertypes present. In the only other primate for which this
relationship has been investigated, odor diversity in mandrills is not associated with the
possession of a particular supertype, although similar problems with uneven supertype
distribution among individuals likewise limited this study (Setchell et al. 2011). The signaling of
and preference for a particular supertype might be tested using a larger captive population,
including individuals from more institutions. Because of the lack of relatedness data between all
individuals, we were also unable to control for relatedness between sniffer and donor, which is
also signaled via odorant chemistry (Boulet et al. 2009). Additional genetic analyses are
necessary to determine if relatedness between potential mates or competitors mediates the
relationship between MHC, olfactory advertisement, and the ability to discriminate the MHC
genotype of other lemurs.

Although we found correlations between MHC genotype, odorant chemistry, and
discrimination of conspecific MHC, further investigation is needed. In particular, additional
investigation of how MHC diversity and supertype possession might mediate the chemical
complexity of the non-volatile component of lemur genital secretions is a crucial complement to
the work in this study. Furthermore, a wider diversity of donors from additional captive institutions

might allow investigation of discrimination for particular supertypes that might be of critical
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importance in mate choice. Lastly, although we have investigated the mechanism conspecifics
may use to signal their MHC diversity to potential mates, and shown lemurs can discriminate
based on MHC genotype, these measures are proxies for measuring how the MHC influences
absolute reproductive success or the number of surviving offspring produced. The ultimate
influence of MHC variation on fitness will be deciphered by investigators examining offspring
production and MHC.

Ultimately, we have demonstrated that although males honestly signal their overall genetic
diversity during the breeding season, potentially for intersexual communication, females signal
their MHC quality during the non-breeding season as a message of intrasexual competition.
Females also appear to bias communication efforts towards more MHC dissimilar males, by
increasing the amount of scent marks they deposit near the odorants of preferred males,
supporting the good fit model of mate choice. Males show increased interest in more MHC
similar females, although the reason for this is unclear. Our study highlights the complexity of the
interplay between the MHC and inter- and intra-sexual olfactory communication. Future work
investigating how MHC diversity influences the non-volatile component of an individual’s olfactory
signature, as well as its role in offspring production, is needed to fully elucidate the role this

critical gene plays in an individual’s fitness.
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6. THE MHC AND REPRODUCTIVE SUCCESS IN WILD
RING-TAILED LEMURS

6.1 Introduction

Functional genetic variation at the Major Histocompatibility complex (MHC) has been linked
to disease resistance and mate choice in a variety of taxa (Andersson 1994, Bernatchez & Landry
2003, Kempenaers 2007, Knapp 2005, Mays & Hill 2004, Milinski 2006, Neff & Pitcher 2005,
Penn 2002, Piertney & Oliver 2006, Sommer 2005a, Tregenza & Wedell 2000, Ujvari & Belov
2011). MHC genes encode the proteins responsible for activating the immune system in the
presence of pathogens. Thus, genetic variation at the MHC is critical for health and, by
extension, survival and reproduction (Bernatchez & Landry 2003, Horton et al. 2004, Piertney &
Oliver 2006, Sommer 2005a). Although researchers have shown a relationship between MHC
variation and various proxies of fitness, e.g. health, survival, and mate preference, few have
examined if the MHC is related to the ultimate measure of fithess, namely the production of
offspring. Using a wild population of ring-tailed lemurs, Lemur catta, we explored the relationship
between MHC variation and long-term reproductive success, and asked if the interaction between
genetic make-up and offspring production is altered by environmental stressors.

6.1.1 The importance of the MHC. The MHC is an extremely polymorphic family of
immune system genes that encode receptors which bind pathogen peptides, activating the
immune system and leading to acquired immunity to that pathogen. Because each MHC allele
recognizes only a subset of potential pathogens, MHC diversity is a critical component of an
individual’s health (Piertney & Oliver 2006). Individuals with greater diversity are more resistant
to disease in some taxa, whereas other species exhibit fewer infections at an optimum
intermediate level of diversity. In other taxa, specific pathogens are the biggest threat to an
individual’'s health. In those taxa, an individual’s fitness relative to the fitness of conspecifics may

be increased by the possession of an allele that imparts resistance to a particular pathogen and,
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conversely, may be decreased by an allele that confers susceptibility (Bernatchez & Landry 2003,
Sommer 2005a).

6.1.2 The MHC & reproductive success. MHC diversity or possession of a particular
MHC genotype can purportedly influence an individual’s reproductive success through the
energetic trade-offs between immunocompetence and reproduction (Allen & Little 2011, Archie et
al. 2014, Martin et al. 2003, Vergara et al. 2012) or through MHC-associated mate choice (Penn
& Potts 1999, Sommer 2005b, Ziegler et al. 2005). If MHC diversity or a particular allele
improves an individual’s disease resistance, this benefit could be passed to one’s offspring
through careful mate choice (Brown 1999, Mays & Hill 2004, Milinski 2006, Penn & Potts 1999,
Ziegler et al. 2005). Assuming the benefits of particular MHC characteristics (e.g. increased
disease resistance and mate preference) convey a fitness advantage, this advantage should be
measurable as increased reproductive success, i.e. offspring production and juvenile survival.

In a few species of mammals, birds, and fish, researchers have found correlations between
the MHC and offspring production. In some mammals, MHC-diverse individuals typically produce
the most offspring (Bonneaud et al. 2004, Sauermann et al. 2001, Thol3 et al. 2011, but see
llmonen et al. 2007), irrespective of overall microsatellite diversity. Underlining the link between
MHC-mediated health and reproductive success, heterozygous male macaques, Macaca mulatta,
sired more offspring than do homozygous males; however this reproductive advantage
disappeared when all males were treated with antihelminth medication (Sauermann et al. 2001).
In other taxa, greatest lifetime reproductive success (LRS) is achieved by individuals with
intermediate MHC diversity (Bonneaud et al. 2004, Forsberg et al. 2007, Kalbe et al. 2009). MHC
dissimilarity between mates can produce heterozygous offspring that enjoy greater juvenile
survival (Brouwer et al. 2010, Pitcher & Neff 2007). Conversely, MHC similarity between mates
can increase spontaneous abortions (Knapp et al. 1996, Ober 1999). Rather than maximal or
intermediate MHC diversity, LRS in several birds is increased by the possession of one particular
MHC allele or decreased by the possession of a different MHC allele (Agudo et al. 2012, Sepil et

al. 2013). The influence of the MHC on reproduction is not ubiquitous, however. Researchers
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found no relationship between MHC diversity and offspring number in female chacma baboons,
Papio ursinus, and collared flycatchers, Ficedula albicollis, (Huchard et al. 2010, Radwan et al.
2010). In collared flycatchers, increased MHC diversity does not correspond to an increase in
either lifespan or LRS despite an association with decreased malaria prevalence (Radwan et al.
2012). Thus, a link between increased disease resistance and the MHC does not necessarily
lead to increased fitness.

The association between MHC variation and reproduction may even be spatially and
temporally heterogeneous with variation in environmental conditions or pathogen pressures. For
female European brown hares, Lepus europaeus, in colder climates with greater seasonal
fluctuations, MHC homozygosity increased the likelihood of sterility and reduced the number of
offspring. In milder climates with more reliable rainfall, the association between MHC
homozygosity and reduced fecundity disappeared (Smith et al. 2010). Environmental variation
may be a key component, therefore, in mediating any potential relationship between the MHC
and fitness.

Many of these studies have been conducted on semi-natural or provisioned populations or
measure only a small window of an individual’s total reproductive potential. The most complete
assessment of the links between MHC variation and fitness derive from long-term studies of wild
populations, because mate choice is unconstrained, and survival and reproductive success are
subject to environmental conditions, including seasonal variation and the occurrences of
stressors, such as droughts or famines (Bernatchez & Landry 2003, Ellegren & Sheldon 2008).
The negative consequences of loss of genetic diversity may be more severe during exposure to
environmental stressors, such as human-induced habitat loss or severe weather conditions
(Coltman et al. 1999, Keller et al. 1994, Keller et al. 2002, Keller & Waller 2002). Investigators
have analyzed if environmental stressors alter the MHC-fitness relationship in only one study.
Interestingly, they found that no fluctuation in the relationship betweenthe MHC and fitness over
‘high-" and ‘low-'quality years (Brouwer et al. 2010). To the best of our knowledge, no

researchers have yet examined if MHC variation influences long-term reproductive success in a
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wild population of endangered mammals, much less in a long-lived primate over the course of
several environmental stressors. Understanding the interactions between climate, genetic make-
up, and fitness may be critical to conservation efforts in the face of climate change.

6.1.3 Ring-tailed lemur reproduction. For strepsirrhine primates, the difficulties of
surviving in the harsh and variable climate of Madagascar are compounded by increasing threats
from human encroachment (IUCN 2014, Schwitzer et al. 2013). One of many endangered
strepsirrhines, ring-tailed lemurs are a suitable model for exploring the connections between
environmental variation, MHC genetic variation, and fitness. This long-lived primate has been
extensively studied, in captivity and at long-term field sites in the wild (e.g. Berenty Reserve,
Madagascar: Jolly 2012; Beza Mahafaly Special Reserve (BMSR), Madagascar: Sussman et al.
2012). Ring-tailed lemurs are female dominant, seasonal breeders that live in multi-male, multi-
female groups of 5-30 individuals (Gould et al. 2003). Females often mate multiply with group
and non-group males (Koyama 1988, Sauther 1991). Although captive females give birth when
they are as young as two years of age, wild females typically give birth for the first time at three or
four years of age (Jolly 2012). Fecundity is highest in the wild among females aged 5-10 years
(Gould et al. 2003). Females may reproduce right up until their death, however, as the oldest
reproducing female on record at the BMSR was 16 years of age (Gould et al. 2003), and captive
females have reproduced successfully as old as 21 (Zehr et al. 2014). Between 80-85% of wild
female ring-tailed lemurs give birth to singletons annually, and offspring are typically born in
October (Gould et al. 2003, Sauther 1998, Sauther et al. 1999). Infant mortality in the wild
typically ranges from 30-51% over the first year of life, depending on the location and year,
although major environmental perturbations like droughts can increase mortality to 70-80%
(Sauther et al. 1999, Gould et al. 2003, Parga et al. 2011). The majority of infant deaths occur
during early lactation as the female’s physical condition deteriorates at the end of the dry season
in October and November (Jolly et al. 2002, Koyama et al. 2002, Sauther 1998, Sauther et al.
1999). The high infant mortality is mainly attributed to the extremely variable Malagasy climate

(Jolly 2012). Rainfall in Southern Madagascar can vary dramatically between years and severe
113



droughts or cyclones can occur several times a decade (Figure 21; Dewar and Richard 2007,
Dewar and Wallis 1999, Gould et al. 1999, Jolly et al. 2006b, Jolly 2012, LaFleur & Gould 2009,
Richard et al. 2002, Sauther 1998, Wright 1999).

Using a wild population of ring-tailed lemurs under long-term study at the BMSR, we
evaluated if overall reproductive success is correlated with either (1) maximal MHC diversity or
(2) the possession of specific MHC supertypes. We then focused specifically on if the
relationship between the MHC and offspring production or survival is affected by severe
environmental perturbations. We predict that more MHC-diverse females will benefit from greater
reproductive success, particularly through periods of severe nutritional stress during

environmental stressors.
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Figure 21. Annual rainfall at the BMSR from 1946-2001. Median rainfall of 614.9 mm is
represented by the middle line, whereas the upper quantile of 807.5 mm and lower quantile
of 473.1 mm are represented by the upper and lower lines, respectively. Figure taken from
Lawler et al. 2009.
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6.2 Methods

6.2.1 Subjects and study site. Our study population consisted of a subset of a wild, ring-
tailed lemur population at the BMSR, Madagascar (23°30’S, 44°40’E), specifically all adult
females present in and around the BMSR (n = 62) and any offspring (n = 205) born to these
females from 2005-2012. All of the adult lemurs included in this study were collared with ID tags,
at age two, during annual captures following established protocols (Gould et al. 2003, Miller et al.
2007, Sauther & Cuozzo 2008, Sussman 1991). These lemurs are, therefore, individually known
as part of a long-term study that began at the BMSR in 1987 (Sauther et al. 1999, Sauther &
Cuozzo 2008, Sussman & Ratsirarson 2006, Sussman et al. 2012). The BMSR is composed of
two non-contiguous parcels of forest, although our study population resides primarily within
Parcel 1. Parcel 1 is approximately 80 ha square along the Sakamena River, bounded by barbed
wire to prevent livestock grazing within the reserve. The BMSR forest exhibits a variety of
habitat, transitioning from drier spiny forest and xerophytic vegetation through most of the
western and central reserve, to more riparian, gallery forest along the river (Gould et al. 2003,
Sussman & Ratsirarson 2006, Sussman et al. 2012). In normal years, the dry season occurs
from June-September, and the wet season from October-May, although rainfall patterns may be
disrupted by droughts or severe storms (Figure 21; Dewar and Richard 2007, Dewar and Wallis
1999, Gould et al. 1999, Jolly et al. 2006b, Jolly 2012, LaFleur & Gould 2009, Richard et al. 2002,
Sauther 1998, Wright 1999). During our study period, two environmental stressors occurred, a
drought in 2006 following a famine in 2005 and a second drought in 2010. All protocols described
were approved by the University of North Dakota and/or the University of Colorado (most recent —
IACUC #0802-2, approved 04/03/08). Data collection in Madagascar was approved by
Madagascar National Parks, and CITES (05US040035/9).

6.2.2 MHC genotyping. We genotyped our subjects at the MHC-DRB loci and determined
their MHC supertypes as previously described (See Chapters 1, 2, and 3 for details). 23 MHC-
DRB supertypes were present among the 62 females. The proportion of females that possessed

each supertype ranged from 1.6-48.3% of the population.
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6.2.3 Reproduction data collection. Members of the Beza Mahafaly Ecological Monitoring
team collected data on the reproductive success from 2004-2013. The team conducted monthly
censuses of each group within the reserve, recording the presence of all individuals including the
presence of uncollared offspring with each female. Because infant ring-tailed lemurs ride on their
mother for several months after birth, the mother of each infant could be readily identified. We
considered infants that survived through March to have survived to weaning. The monitoring
team is unable to follow offspring after weaning because they no longer ride upon their mother,
are too young to be collared safely, and cannot be individually recognized. Therefore, we
considered the reproductive outcome to be successful if the offspring survived to weaning. For
the majority of females, our data covered the age of prime reproduction between 5-10 years of
age (Gould et al. 2003). Estimates of reproductive success may, therefore, be considered nearly
complete estimates of LRS, although several more years of census data are necessary to
analyze LRS for all females, because some of these females are still present and reproducing as
of 2013.

6.2.4 Statistical analyses. We examined the total number of offspring born to each
female and then divided this measure into the following two categories: (1) offspring that survived
to weaning and (2) offspring that disappeared before being weaned and were presumed dead.
To assess an additional measure of ‘reproductive failure,” we also examined the number of years
that a female appeared to have no offspring. Years without offspring may have owed to
conception failure, miscarriage during pregnancy, or loss of offspring prior to being observed by
the census team. We only included females for which we had at least one full season of
reproductive data, excluding any females that disappeared before sexual maturity or disappeared
within one year of collaring. Because of variation in observation time per female (owing to
immigration, emigration, recruitment, and death), we also took into account the number of
‘potential’ years of reproduction or the total years that a particular female was observed, which
varied from 1-8 consecutive years. In total, we examined the reproductive outcome of 239

breeding season data points for 62 wild ring-tailed lemur females between 2005 and 2012.
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Although the number of years of reproductive data per female varied, each female was
represented by an average of 3.85 + 2.39 years (range = 1 — 8 years) of reproductive data.
Because the occurrence of two droughts may have compounded the energetic stress of
producing and weaning an offspring, we also assessed if these stressors modified the
relationship between MHC-DRB diversity and the ability of each female to successfully wean an
offspring in each of those two years.

We investigated the relationship between MHC-DRB on reproductive success using
general linear models (GLMs) in the RStudio Stats package (Version 3.0.2). We first regressed
several measures of a female’s total reproductive output (Table 18) against four measures of
MHC-DRB diversity (Table 18). We used GLMs with poisson distributions to analyze total
reproductive output, including an offset of the number of potential reproductive years per female

to account for variation in observation time.
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Table 18. Summary of Explanatory and Response Variables.

Variable Type Definition

Offspring

Weaned Response The total number of offspring that survived to weaning

Offspring Died Response The total number of offspring that died prior to weaning

The number of years in which a female appeared to have no
offspring, owing to conception failure, miscarriage during
pregnancy, or loss of offspring prior to being observed by the
census team

No Offspring Response

The absolute number of MHC-DRB sequences present in an

MHCaiiete Explanatory . idual

MHCsupertype Explanatory The number of MHC-DRB supertypes present in an individual

The mean number of nucleotide differences between all MHC-
MHCseqmean Explanatory DRB alleles in an individual, or the total number of differences
between all allelic dyads divided by number of alleles

The mean number of amino acid (AA) differences between all
MHC-DRB alleles in an individual, or the total number of
differences between all allelic dyads divided by number of
alleles

MHCaamean Explanatory

Any association between genetic diversity and reproductive success may be more
pronounced during stressful events. Therefore, we used GLMs with poisson distributions to
compare the reproductive outcomes during the 2006 and 2010 droughts against the same four
measures of MHC-DRB diversity (Table 18). We did not include an offset of number of years of
data, because these analyses spanned only one year.

Because all measures of genetic diversity are expected to be correlated, we evaluated
each genetic measure of diversity independently in a full model as the ‘genetic’ explanatory
variable, and then compared GLMs with differing genetic explanatory variables using Akaike
information criteria (AIC) values. AIC measures the goodness of fit of the model to the data, with
lower values being preferable (Zuur et al. 2009). We then explored the model that had the lowest

AIC value by sequentially dropping single explanatory terms and interactions to determine the
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best combination of explanatory variables. We choose the model with the lowest AIC value as
the best fit for the data.

Lastly, to examine if specific MHC-DRB alleles are associated with reproductive success,
we used GLMs to evaluate if total reproductive success was influenced by the presence or
absence of each MHC-DRB supertype present in the sample population of females. Once again
we included the offset of the total years of reproductive data available for each female in each
GLM, but used a binomial distribution for presence/absence of each supertype. Because we
used the same reproductive data set for each GLM, we applied a sequential Bonferroni correction
(Rice 1989) to correct for multiple testing. We also tested the presence of each supertype for
significant associations with the presence of all other supertypes, as well as the overall number of

MHC alleles per female, using ANOVAs and Bonferroni corrections.

6.3 Results

6.3.1 Ring-tailed lemur reproduction at the BMSR. Of the 205 live births, 130 were
successfully weaned and 75 died prior to weaning. Each year, 20-40 infants were born to
collared females (Figure 22) and infant mortality prior to weaning ranged between 25-50% (Figure

23).
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Figure 22. The total number of infants born to collared females at the BMSR, from 2005-
2012, shown as the solid black line, varied from < 25 to > 40. Of those infants, the number
that died each year is shown as a dashed line. Periods of droughts in 2006 and 2010 are
shaded in red.
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Figure 23. The percentage of infants that died annually from 2005-2012 at the BMSR,
Madagascar. Infant mortality fluctuated from 25% to 53%. Red boxes indicate periods of
two droughts in 2006 and in 2010.

6.3.2 MHC diversity & reproduction. We regressed MHC-DRB diversity against

reproductive outcome of 239 reproductive opportunities among wild female ring-tailed lemurs at
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the BMSR. Although MHC-DRB diversity was not associated with the number of infant deaths, a
possible positive trend may exist between a female’s mean MHC-DRB sequence diversity and
the number of offspring she successfully weaned (z value = 1.923, p value = 0.0545).
Interestingly, increased mean individual MHC-DRB sequence diversity significantly increased the
number of years in which a female did not give birth (z value = 2.26, p value = 0.0238*).

6.3.3 MHC supertypes & overall reproduction. We also assessed if particular MHC
supertypes were correlated with a reproductive advantage or disadvantage. We found that
particular MHC-DRB supertypes were significantly associated with the number of infants that
died, the number of infants that were successfully weaned, and the number of years in which a
female did not give birth. The possession of a particular supertype, however, was not
independent of the possession of other supertypes. In fact, there appeared to be ‘blocks’ of
supertypes that were significantly likely to be found with each other, although they were not found
together in every individual. In almost all cases, however, if we found an association between a
measure of reproduction and a particular supertype within a ‘block,” we also found an association
with all supertypes within that block. Therefore, correlations between supertypes and a
reproductive outcome may owe to the additive influence of all supertypes within the ‘block’ or to
the influence of only one supertype. The possession of supertypes 6, 7, 8, and 22 was correlated
with significant increases in the probability that an offspring would die prior to weaning (Figure 24;
Supertype 6: z value = 4.034, p value = 0.000***; Supertype 7: z value = 3.263, p value = 0.001**;
Supertype 8: z value = 3.195, p value = 0.0025*; Supertype 22: z value = 3.237, p value =
0.001**); however, supertypes 7, 8, and 22 formed a ‘block’ and were significantly likely to be
found together. The failure to give birth was significantly positively associated with the ‘block’ of
Supertypes of 15, 16, and 24 (Figure 25; Supertype 15: z value = 3.569, p value = 0.004*;
Supertype 16: z value = 4.034, p value = 0.000***; Supertype 24: z value = 7.285, p value =
0.000***), The number of infants a female successfully weaned was positively associated with
the possession of a group of four associated MHC-DRB supertypes 5, 6, 10, and 16 (Figure 26;

Supertype 5: z value = 6.197, p value = 0.000***; Supertype 6: z value = 5.982, p value =
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0.000***; Supertype 10: z value = 7.169, p value = 0.000***, Supertype 16: z value = 5.916, p

value = 0.000***). No other supertype was associated with any measure of reproductive success.
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Figure 24. The number of infants that die prior to weaning increases by an average of two
infants for females that possess MHC supertypes 6, 7, 8, or 22 in comparison with females
that lack these MHC supertypes. The blue line represents the expected number of dead
offspring if supertypes are present versus absent; the gray box represent the confidence
interval of the predicted change in response. Plot created in RStudio using package
‘visreg’ (Version 2.0-6).
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Figure 25. Females without MHC Supertypes 15, 16, or 24 fail to give birth an average of 4
fewer seasons than females with any of these MHC supertypes. The blue line and gray
box represent the predicted number of seasons without births if supertypes are present
versus absent and the confidence intervals. Plot created in RStudio using package
‘visreg’ (Version 2.0-6).
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Figure 26. Females that possessed MHC Supertypes 5, 6, 10, or 16 weaned approximately
4-5 more offspring than did females that lacked these MHC Supertypes. The blue line
represents the predicted mean number of successfully weaned offspring if Supertypes 5,
6, 10, or 16 are present or absent, and confidence intervals are represented by gray boxes.
Plot created in RStudio using package ‘visreg’ (Version 2.0-6).
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6.3.4 The MHC & reproduction during ecological variation. Lastly, we focused our
analyses on the influence of MHC-DRB on reproductive effort during two environmental stressors,
a drought in 2006 and a drought in 2010. We found no association with any of 23 supertypes and
whether a female gave birth or weaned an infant during either the 2006 drought or the 2010
drought. Thus, the occurrence of a stressful period appears to swamp the relationship between a

particular supertype and reproductive success.

6.4 Discussion

In this study, we found that MHC diversity was uncorrelated with reproductive success;
however, the possession of particular subtypes was correlated with offspring survival prior to
weaning, and with failure to give birth. This relationship between MHC supertype and
reproductive success, however, disappeared during two environmental stressors. These
stressors causes significant increases in infant mortality, potentially overwhelming any
associations between the MHC and offspring production. The effects of these stressors on
reproductive success appear to persist for several years following the resumption of normal
environmental conditions, a phenomenon which may have serious implications for future
population stability.

Contrary to our predictions and previous findings in several taxa, a lemur’s ability to
successfully wean offspring was unrelated to her MHC diversity (Thof3 et al. 2011, Sauermann et
al. 2001, Bonneaud et al. 2004). Increased MHC diversity, however, did increase the likelihood of
a female failing to give birth during a particular season (z value = 2.26, p value = 0.0238*). A
female with greater MHC diversity, however, was also significantly more likely to possess MHC
supertype 15 (t value = 3.839, p value = 0.0003***) than are females with less MHC diversity.
Supertype 15, however, is significantly associated with a greater number seasons in which a

female failed to give birth (see below). Thus, the possession of supertype 15 is likely driving the
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apparent relationship between failure to give birth during a season and increased MHC diversity
rather than overall MHC diversity.

Our findings instead support the results of studies in great tits and Egyptian vultures
(Agudo et al. 2012, Sepil et al. 2013): The possession of particular supertypes strongly influenced
each of several possible reproductive outcomes. In fact, three different ‘blocks’ of MHC
supertypes were each significantly associated with a separate reproductive outcome: successful
weaning, death before weaning, or failure to give birth. Though we found associations with
multiple, ‘linked’ supertypes and reproductive success, at this time we are unable to untangle
these associations of multiple supertypes to reproductive success to determine which supertype
is driving this association, or if additive effects from all the linked supertypes are responsible.

Evidence of trade-offs between between immunocompetence and reproduction, e.g.
lactation and wound healing, suggests that these MHC-reproductive success associations are
most likely due to selective pressure from one or several pathogens found in this population
(Archie et al. 2014, Bonneaud et al 2003, Bonneaud et al. 2004, Coltman et al. 1999, Graham et
al. 2010, Hanssen et al. 2005, Loudon 2009). For example, female baboons exhibit slower
wound healing during lactation but not during cycling or ovulation, evidence that trade-offs
between health and reproduction occur (Archie et al. 2014); however, Archie and colleagues did
not examine infant survival in relation to maternal injuries. Female house sparrows experience
dramatic decreases in reproductive success during immune challenges, although the relationship
was dependent upon brood size (Bonneaud et al. 2003). Possibly, if a female lemur were more
resistant or susceptible to a particular pathogen than other females because of a specific MHC
supertype, this increase or decrease in available energy might tip the energetic balance between
successfully weaning an infant versus losing that year’s reproductive investment. Although we
previously found no association between the MHC and the prevalence of two gastrointestinal
pathogens, pinworms and protozoa, our analyses were restricted to the breeding season rather
than when females are lactating. Further studies, particularly during times of lactation and

weaning, are necessary to determine if pathogen pressure is mediating the relationship between
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MHC supertypes and reproductive success, and if so, which pathogen or pathogens are involved
in this relationship.

A mother's MHC make-up does not appear to provide any advantage to preventing the loss
of an infant during periods of low nutritional resources. During both droughts, females with
greater MHC diversity were no more successful at giving birth and weaning their infants than less
diversity females, and no supertype conferred increased ability to wean one’s infant. Similar to
ring-tailed lemurs, juvenile Seychelles warbler survival decreases during ‘low’ quality years, there
is no difference in survival with respect to the MHC (Brouwer et al. 2010). Although previous
studies have shown MHC diversity increases survival of juvenile Soay sheep during severe
winters, this increase in survival was due to the alleviation of mortality-inducing pathogen
pressures (Coltman et al. 1999). The lack of association between the MHC and stressor survival
may be due to the lack of particularly virulent pathogens in this ring-tailed lemur population.
Therefore, the survival or death of an infant may be determined by access to resources, or
randomly distributed due to increased predation pressure, rather than a mother’s increased ability
to provide for her offspring due to her own increased health and energy reserves.

Environmental stressors do, however, have a clear impact on infant mortality. Previously,
Gould and colleagues that average infant mortality during a ‘normal’ year was most likely near
50%. This estimate was predicated on high infant mortality (77%) during a severe drought from
1991-1992, followed by four years of decreased infant mortality (16%) (Gould et al. 2003).
Contrary to Gould and colleagues’ predictions, the infant mortality from 2005-2012 was
approximately 37.85 + 12.36% and exhibited much smaller fluctuations (25-50%) than during the
previous decade. Interestingly, the effects of two droughts on fecundity and infant mortality
appear to persist for several years after rainfall returns to relatively normal levels. It may be that
the negative effects of each drought did not impact that year’s cohort because of the timing of
births and the beginning of each drought. Although most offspring are born in October (Sauther
et al. 1999), the droughts did not begin until January-March, during mid to late lactation and

weaning. Previous droughts have affected the fecundity and size of the population for several
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years after normal rainfall resumed (Gould et al. 1999, Gould et al 2003). Possibly the forest flora
do not recover to ‘normal’ levels of foliage and fruit availability despite the relative increase in
rainfall. Also, ring-tailed lemurs must be two years old to be collared and included in the monthly
census. If, during a stressor, infants and juveniles (~ 1 year of age) suffer exceptionally high
mortality, then fewer will attain adulthood and fewer new adults will enter the population census in
the two years following a stressor. Therefore, the first ‘normal’ cohort of adults to enter the
population will not occur until at least three years after the stressor. The continued increase in
infant mortality may occur because females exhaust their physical resources maintaining an
infant during a stressor year. If environmental conditions do not deteriorate until a female has
almost weaned an offspring, she might invest additional energy in providing for an infant into
which she has already invested an enormous amount of energy. If she cannot replace the energy
lost over the subsequent breeding season, this strategy may lead to fewer available resources for
the following season’s infant. Loss of physical condition may result in less milk production, lower
milk nutritional quality, or decreased ability to protect an infant from predators or infanticide,
ultimate leading to increased infant mortality. Ultimately, the occurrence of these stressors leads
to large fluctuations in offspring survival, and subsequently to fluctuations in the size of adult
cohorts entering the population. Smaller population have more difficultly recovering to normal
population density, a particularly problematic phenomenon for long-lived primates with low rates
of reproduction. Smaller populations may also be at greater risk of loss of genetic diversity
through genetic drift, which may compound the increased risk of extinction (Frankham 2005,
O’Grady et al. 2004, O’'Grady et al. 2006).

Although we have reported the results for between one and eight years of reproductive
outcomes for each of 62 wild female ring-tailed lemurs, additional years of census data are
needed to capture the full reproductive potential of all subjects. Notably, female fecundity
becomes more variable after the age of 10, thus our analyses would benefit from a 1-4 additional
years of data. For a particular allele to be under selection, offspring inheriting that allele must

survive to reproduce themselves and contribute more or less to the next generations. Fully
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evaluating a female’s LRS requires determining offspring survival to 3-4 years old, when they
begin reproducing themselves. In future, being able to assign maternity and paternity to newly
collared 2-3 year olds would allow us to calculate the complete LRS for all males and females at
the BMSR, potentially even evaluating multi-generational LRS for a particular matriline founder.
Identifying the maternal parent of each offspring would also enable us to examine offspring
survival from the perspective of the infant’s genetic make-up, as we have focused here on how
the mother’s genetic make-up influences her reproductive success.

Using paternity data, we could follow up on our previous work investigating female mate
choice in captivity. Although captive females show interest in conspecifics with increased MHC
dissimilarity, captive males are more interested in less diverse females. Because of breeding
management plans for captive lemurs, we were unable to assess if behavioral interest directed
towards opposite-sex odors are reflected in actual pre- or post-copulatory mate choice. Because
mating is relatively unconstrained in the more ‘open’ wild populations, we may be able to assess
if captive behavioral responses reflect actual mating strategies. Choosing a particular mate may
increase an offspring’s survival if mothers could obtain the most beneficial alleles or the optimum
MHC diversity for an offspring (Setchell et al. 2010).

Aside from the BMSR, another long-term study of ring-tailed lemur socioecology has been
on-going at Berenty Reserve since 1963 (Jolly et al. 2006a, Jolly 2012). The ecological contrasts
between these two reserves could provide crucial information for understanding if the influence of
the MHC on reproductive success fluctuates across environmental conditions and if future climate
change may impact ring-tailed lemur populations. Both reserves contain riverine gallery forest,
although Berenty is bounded almost entirely by sisal plantations whereas the BMSR is located
within a much larger tract of continuous spiny forest (Jolly et al. 2006a, Jolly 2012, Sauther et al.
1999, Sussman & Ratsirarson 2006). In comparison with the BMSR, however, water provisioning
occurs in the forests of Berenty, and as Berenty experiences a steady influx of tourists, lemurs
frequently supplement their diet with garbage scraps and stolen food (Jolly et al. 2006a). In the

100 ha study area at Berenty, the ring-tailed lemur population fluctuates annually around 450
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individuals including infants and juveniles (Jolly 2012). Although ecologically, the forests are
similar, the BMSR rarely receives tourists, or large research groups; thus, lemurs cannot
supplement their diets with stolen food much of the year. Although no water provisioning occurs,
ring-tailed lemurs opportunistically drink from buckets of well water used by local staff (personal
observation). At 80 ha, the BMSR is only 20 ha smaller, but the population varies around 100-
110 individuals including infants and juveniles (Gould et al. 2003). Thus, because of differing
ecological conditions as well as the presence of tourists and fresh water, there are over 3.5 more
lemurs per hectare at Berenty than at the BMSR. Nevertheless, lemurs at these reserves are still
subject to the same extremely variable rainfall, and occurrence of droughts and severe storms
(Gould et al. 1999, Jolly 2012, Jolly et al. 2006b, LaFleur & Gould 2009, Richard et al. 2002,
Sauther 1998, Wright 1999). Berenty ring-tailed lemurs also face increased competition for food
and territory from a large population of hybrid, invasive brown lemurs (Razafindramanana et al.
2008, Tanaka 2007). Comparing the influence of MHC variation on offspring production and
survival at Berenty and the BMSR may help us understand how lemur populations will respond to
changing environments due to increased human encroachment, invasive species, and climate
change.

Our study reveals that although MHC diversity does not influence reproductive success in
wild ring-tailed lemurs, the possession of particular supertypes can increase or decrease a
female’s chances of successfully weaning an offspring. Environmental perturbations, however,
appear to erase these reproductive differences, although more data are needed to confirm this
conclusion. As the climate of Madagascar is altered by climate change (Barrett et al. 2013,
Hannah et al. 2008), the disruption of these links between genetic make-up and reproductive
success might increase the threats from severe population fluctuations and resultant genetic drift.
We highlight here the importance of long-term studies and the incorporation of genetic data on
measuring lifetime reproductive success on known individuals. Similar studies are needed on a

variety of species to better predict the consequences of human disturbance on complex systems.
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7. CONCLUSION

Integrating genetic information with demographic data and environmental variables is
critical to predicting a species’ response to human impacts like climate change, and estimating
extinction risk (Frankham 2010). To understand the role of genetic diversity in adaptation, one
challenges for biologists is to produce sufficient genetic data for large populations of non-model

species.

7.1 General Conclusions

In my dissertation, | have addressed this difficulty by combining next generation
sequencing with long-term, life-history data on known individuals. | have shown that both
diversity at the MHC-DRB gene and specific MHC-DRB alleles are associated with multiple
measures of individual fithess in an endangered primate. By studying the relationship between
the MHC and fitness in both captive and wild lemurs, | found that this relationship varies across
environments.

Using two next generation sequencing platforms, | successfully genotyped 302 ring-tailed
lemurs at the functionally important 2" exon of the MHC-DRB gene. Because | sequenced a
single gene to extreme coverage depth, | discovered previously undescribed pitfalls of deep
sequencing. | therefore modified a published workflow for identifying MHC alleles to include
steps for distinguishing these possible errors during genotype assignment. With these
modifications, | was able to distinguish true MHC-DRB alleles from sequence artifacts. |
demonstrates how next generation sequencing will open new vistas of research in the genetics of
non-model organisms.

Among my genotyped populations, | found 55 unique putative MHC-DRB alleles and
discovered that ring-tailed lemurs minimally possess four MHC-DRB copies. As predicted, alleles
were highly variable, with the majority of the variation concentrated at amino acids involved in
antigen recognition. | suggest that the extreme variation, as well as the occurrence of trans-
species polymorphism among all lemur MHC-DRB alleles, is evidence of historical positive
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selection by pathogens. MHC diversity, however, was unevenly distributed among study
subjects. Captive ring-tailed lemurs were less diverse than were wild lemurs and the captive
population had many fewer unique alleles than did the wild population. We may, therefore, use
the captive population as a proxy for evaluating the effects of decreased genetic diversity on
small or fragmented populations in the wild.

In the captive population, diversity at the MHC is negatively associated with nematode
prevalence in adult lemurs, but is not associated with the majority of other measures of parasitism
or organ health examined. Veterinary care and better nutrition may mask the links between the
MHC and health in captive individuals. Similarly, patterns of parasitism in wild lemurs are not
explained by either MHC diversity or possession of any particular MHC supertypes; however, my
analyses of parasite richness and prevalence in the wild were limited by the short sampling period
and lack of specificity in parasite classification. Future analyses would be improved by a more
exhaustive sampling of parasitism in the wild, encompassing both the wet and dry seasons.
Despite a general lack of connection between the MHC and parasitism, | found that more diverse
ring-tailed lemurs are more likely to live longer than are their less diverse counterparts. Because
this effect appears only in older (i.e., > 17 years), captive individuals, the shorter lifespan of wild
lemurs may have hindered my ability to detect this pattern at the BMSR. Nevertheless, the
average MHC diversity of surviving individuals at the BMSR appears to be greater than the
average MHC diversity of individuals that perished that year. This difference, however, is
eliminated during environmental stressors.

MHC diversity is also associated with olfactory signaling and MHC-based discrimination.
Neither male nor female odorant complexity correlates with MHC diversity in the breeding
season. In future work, we could determine if information about the signaler's MHC is contained
in a subset of the volatile chemicals or possibly in the non-volatile components of lemur genital
secretions. Despite this lack of association between the MHC and odorant complexity during the
breeding season, ring-tailed lemurs show differential responses to the breeding season scent of

opposite-sex conspecifics that differ with respect to their absolute MHC diversity and relative
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MHC compatibility. Males showed increased interest in the scent of females with which they
shared more similar MHC genotypes in comparison to more dissimilar females, indicative of
MHC-assortative preference. Conversely, females deposited more genital marks near the scent
of more MHC-dissimilar males. Because females control reproductive opportunities and often
mate multiply with group and non-group males, females may bias their efforts towards attracting
the most ‘compatible’ mates. Males may instead bias their efforts towards determining
relatedness and quality of less MHC-dissimilar females. Interestingly, female chemical diversity
does communicate MHC quality, but only in the non-breeding season. Possibly, this signal may
act as a form of intra-sexual competition during the period of offspring weaning and intense
female competition. Lastly, MHC-DRB genotype is associated with a female’s probability of
successfully weaning her infant. The presence of specific alleles are correlated with increased
weaning success. Other MHC alleles correlate with increased risk of infant death prior to
weaning or failure to give birth. These associations disappear during environmental stressors,
possibly because of the increased infant mortality.

Ultimately, | demonstrated in my dissertation that the MHC is associated with a ring-tailed
lemur’s health, survival, olfactory signaling, MHC-based discrimination, and reproductive success.
My dissertation offers a potential roadmap for using next generation sequencing to investigate if
genetic diversity can explain inter-individual variation in fitness in large populations of hon-model

species.

7.2 Conservation Implications

MHC diversity is associated with increased probability of adult survival, but this relationship
may be disrupted during periods of increased adult mortality. Similarly, specific alleles are
associated with increased probability of offspring survival, although this association is erased
during environmental catastrophes owing to increased infant mortality. Following these
environmental stressors, increased adult and infant mortality often persist for several years even

though rainfall levels return to normal. As catastrophic weather events, such as droughts and
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cyclones, increase in frequency and severity owing to climate change (Barrett et al. 2013,
Dunham et al. 2011), their negative impacts may be compounded by human encroachment,
habitat disturbance, and introduced pathogens. These threats have already caused a significant
decline in the ring-tailed lemur population, resulting in the species being recently re-classified
from Near Threatened to Endangered on the IUCN Red List (IUCN 2014, Schwitzer et al. 2013).
Because population declines often result in loss of genetic diversity, understanding how genetic
make-up contributes to the fitness of an individual or population is a critical step to conservation
planning and the prevention of species extinction. In this dissertation, | highlight the importance
of incorporating genetic data on MHC genotype into future captive management and conservation

efforts in the wild.
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Appendix 1

Table 19. MHC supertypes and the corresponding MHC alleles.

MHC Supertype

MHC Allele

Supertype 01
Supertype 02
Supertype 03
Supertype 04

Supertype 05

Supertype 06

Supertype 07

Supertype 08

Supertype 09

Supertype 10
Supertype 11

Supertype 12

Supertype 13
Supertype 14
Supertype 15

Supertype 16
Supertype 17
Supertype 18

Supertype 19
Supertype 20
Supertype 21
Supertype 22

Leca-DRB*Wa01

Leca-DRB*014
Leca-DRB*017
Leca-DRB*021
Leca-DRB*023
Leca-DRB*016
Leca-DRB*020
Leca-DRB*022

Leca-DRB*Wa02

Leca-DRB*042
Leca-DRB*045

Leca-DRB*Wc03

Leca-DRB*038
Leca-DRB*039
Leca-DRB*050
Leca-DRB*057
Leca-DRB*043
Leca-DRB*044
Leca-DRB*037
Leca-DRB*033
Leca-DRB*034
Leca-DRB*036
Leca-DRB*032
Leca-DRB*035

Leca-DRB*Wb02

Leca-DRB*018
Leca-DRB*015
Leca-DRB*025
Leca-DRB*026
Leca-DRB*024

Leca-DRB*Wa05

Leca-DRB*027
Leca-DRB*029
Leca-DRB*019
Leca-DRB*028

Leca-DRB*Wb04

Leca-DRB*046
Leca-DRB*047




Supertype 23

Supertype 24

Supertype 25
Supertype 26

Supertype 27
Supertype 28

Leca-DRB*031
Leca-DRB*051
Leca-DRB*052
Leca-DRB*053
Leca-DRB*058
Leca-DRB*059
Leca-DRB*061

Leca-DRB*Wb01

Leca-DRB*030
Leca-DRB*040
Leca-DRB*060
Leca-DRB*049
Leca-DRB*054
Leca-DRB*056
Leca-DRB*062
Leca-DRB*064
Leca-DRB*048
Leca-DRB*041
Leca-DRB*055
Leca-DRB*063
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Appendix 2

Table 20. Summary of the models used as well as the best explanatory variable and
random variable.

Category Response Explanatory Distribution Link Offset Random
Variable Variable function Variable
DLC Blood Alanine nHo Negative Log — Individual
Parameters Aminotransferase Binomial Identity
DLC Blood Albumin nHo Gaussian Identity - Individual
Parameters Identity
DLC Blood Alkaline MHCseqmean Negative Log — Individual
Parameters phosphatase Binomial Identity
DLC Blood Aspartate MHCaliele Negative Log — Individual
Parameters Aminotransferase Binomial Identity
DLC Blood Bilirubin MHCaliele Gamma Inverse — Individual
Parameters Identity
DLC Blood Male Blood Urea nHo Negative Log — Individual
Parameters Nitrogen Binomial Identity
DLC Blood Female Blood Urea nHo Negative Log — Individual
Parameters Nitrogen Binomial Identity
DLC Blood Creatinine nHo Gamma Inverse — Individual
Parameters Identity
DLC Blood Eosinophils MHCaliete Poisson Log _ Individual
Parameters Identity
DLC Blood Gamma MHCsupertype Negative Log - Individual
Parameters glutamyltransferase Binomial Identity
DLC Blood Male Globulin MHCaamean Gaussian Identity _ Individual
Parameters Identity
DLC Blood Female Globulin MHCaamean Gaussian Identity _ Individual
Parameters Identity
DLC Blood Hematocrit nHo Gamma Inverse _ Individual
Parameters Identity
DLC Blood Lymphocytes MHCaiele Negative Log - Individual
Parameters Binomial Identity
DLC Blood Monocytes nHo Poisson Log - Individual
Parameters Identity
DLC Blood Platelet Count nHo Negative Log - Individual
Parameters Binomial Identity
DLC Blood Ratio of Seg. MHCaitele Gamma Inverse - Individual
Parameters Neutro/Lympho Identity
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DLC Blood

Red Blood Cell MHCsupertype Gaussian Identity - Individual
Parameters count Identity
DLC Blood Segmented MHCaiele Negative Log — Individual
Parameters Neutrophils Binomial Identity
DLC Blood Total protein nHo Gaussian Identity — Individual
Parameters Identity
DLC Blood White Blood Cell MHCsupertype Gamma Inverse - Individual
Parameters count Identity
Category Response Explanatory  Distribution  Link Offset Random
Variable Variable function Variable
DLC Parasites  pqyit MHCaltele Poisson Log — —
Gastrointestinal
Species Richness
DLC Parasites  jyvenile Ho Poisson Log - =
Gastrointestinal
Species Richness
DLC Parasites  aqyit Male MHCailele Poisson Log . -
Strongyle
Prevalence
DLC Parasites  aquit Female MHCaiiete Poisson Log - -
Strongyle
Prevalence
DLC Parasites  jyyenile Strongyle ~ MHCsupertype Poisson Log - -
Prevalence
DLC Parasites Adult Strongyloide MHCaliele Poisson Log — —
Prevalence
DLC Parasites Juvenile MHCsupertype Poisson Log - —
Strongyloide
Prevalence
DLC Parasites  aqult Cuterebra Ho Poisson Log Y -
Prevalence
DLC Parasites  jyyenile Cuterebra  Ho Negative Log Y -
Prevalence Binomial
DLC Parasites  aquit Cuterebra Ho Poisson Log Y -
Burden
DLC Parasites  jyyenile Cuterebra  Ho Negative Log Y -
Burden Binomial
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Category Response Explanatory  Distribution  Link Offset Random
Variable Variable function Variable
Male Breeding Richness Ho Gaussian Identity — —
Odor
Male Breeding Shannon index Ho Gaussian Identity - —
Odor
Male Breeding  Simpson Index Ho Gaussian Identity — —
Odor
Male Non- Richness MHCaltele Negative Log — —
Breeding Binomial
Odor
Male Non- Shannon index MHCaliele Gaussian Identity — —
Breeding
Odor
Male Non- Simpson Index MHCaitele Gaussian Identity - —
Breeding
Odor
Female Richness Ho Gaussian Identity — —
Breeding
Odor
Female Shannon index MHCaliele Gaussian Identity — -
Breeding
Odor
Female Simpson Index MHCaliele Gaussian Identity — —
Breeding
Odor
Female Non- Richness MHCsupertype Gaussian Identity - —
Breeding
Odor
Female Non- Shannon index MHCsupertype Gaussian Identity — —
Breeding
Odor
Female Non- Simpson Index MHCaliele Gaussian Identity - -
Breeding
Odor
Category Response Explanatory Distribution  Link Offset Random
Variable Variable function Variable
Male Sniffer Lick mark duration MHCsupertypedit ~ Negative Log — Sniffer
Response Binomial (Donor)
with zero
inflation
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Male Sniffer Smell mark MHCsupertypedit ~ Negative Log - Sniffer
Response duration Binomial (Donor)
with zero
inflation
Male Sniffer Shoulder rub MHCsupertypedit ~ Negative Log — Sniffer
Response frequency Binomial (Donor)
with zero
inflation
Male Sniffer Wristmark MHCdonor Negative Log - Sniffer
Response frequency Binomial (Donor)
Female Sniffer Smell pole duration ~ MHCtotal Negative Log — Sniffer
Response Binomial (Donor)
with zero
inflation
Female Sniffer Lick pole duration MHCsupertypedit ~ Poisson with  Log — Sniffer
Response zero (Donor)
inflaction
Female Sniffer Adjacent Genital MHChin Poisson Log — Sniffer
Response Mark frequency (Donor)
Category Response Explanatory Distribution  Link Offset Random
Variable Variable function Variable
BMSR Total offspring MHCsegmean Poisson Log Y —
Reproductive  weaned
Success
BMSR Total offspring died ~ MHCsupertype Poisson Log Y —
Reproductive
Success
BMSR Total seasons no MHCsegmean Poisson Log Y -
Reproductive  offspring
Success
BMSR Reproductive MH Csupertype Poisson Log — —
Reproductive  Outcome 2005
Success
BMSR Reproductive MHCsupertype Poisson Log - —
Reproductive  Outcome 2010
Success
BMSR Total offspring MHC Poisson Log Y —
Reproductive  weaned Supertype
Success Present/Abse
nt
BMSR Total offspring died MHC Poisson Log
Reproductive Supertype
Present/Abse
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Success nt

BMSR Reproductive MHC Poisson Log — —
Reproductive  Outcome 2005 Supertype
Success Present/Abse

nt
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