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Abstract

High-throughput sequencing platforms are generating massive amounts of genomic data from nonmodel species,
and these data sets are valuable resources that can be mined to advance a number of research areas. An example is
the growing amount of transcriptome data that allow for examination of gene expression in nonmodel species. Here,
we show how publicly available transcriptome data from nonmodel primates can be used to design novel research
focused on immunogenomics. We mined transcriptome data from the world’s most endangered group of primates,
the lemurs of Madagascar, for sequences corresponding to immunoglobulins. Our results confirmed homology
between strepsirrhine and haplorrhine primate immunoglobulins and allowed for high-throughput sequencing of
expressed antibodies (Ig-seq) in Coquerel’s sifaka (Propithecus coquereli). Using both Pacific Biosciences RS and Ion
Torrent PGM sequencing, we performed Ig-seq on two individuals of Coquerel’s sifaka. We generated over 150 000
sequences of expressed antibodies, allowing for molecular characterization of the antigen-binding region. Our analy-
ses suggest that similar VD] expression patterns exist across all primates, with sequences closely related to the
human Vg3 immunoglobulin family being heavily represented in sifaka antibodies. Moreover, the antigen-binding
region of sifaka antibodies exhibited similar amino acid variation with respect to haplorrhine primates. Our study
represents the first attempt to characterize sequence diversity of the expressed antibody repertoire in a species of
lemur. We anticipate that methods similar to ours will provide the framework for investigating the adaptive immune
response in wild populations of other nonmodel organisms and can be used to advance the burgeoning field of eco-
immunology.
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. nities for elucidating the molecular underpinnings of the
Introduction . . . . .
interaction between species and their environment,

Genomic data from nonmodel organisms are flooding
public repositories. And although it is indisputable that
these data will increasingly serve as valuable tools for
developing studies novel to these species (Hudson 2008;
Ekblom & Galindo 2011), many investigators are at a loss
as how best to utilize these genomic resources. In partic-
ular, the growing number of transcriptome databases
provides important insight into the functional genomics
and gene expression profiles of species not typically tar-
geted for investigation (Vera et al. 2008; Renaut et al.
2010; Pipes et al. 2013; Ekblom et al. 2014). These data are
readily available and provide as-yet-untapped opportu-
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which in turn can be used to develop novel research
areas. An example can be drawn from eco-immunology,
a growing field of study that aims to better understand
the interaction between natural populations and their
associated pathogens, especially disease ecology and
host immune system function (Demas & Nelson 2011;
Hawley & Altizer 2011; Pedersen & Babayan 2011). The
interplay among pathogens, hosts and their respective
genomes is inherently complex and thus has made the
wide application of traditional immunological research
techniques to nonmodel species difficult (Pedersen &
Babayan 2011). High-throughput sequencing applica-
tions have created opportunities for eco-immunological
studies and are allowing researchers to study the molec-
ular interplay between the immune systems of nonmodel
organisms and their pathogens. In particular, the high-
throughput sequencing of expressed immunoglobulin
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genes (i.e. antibodies; Ig-seq sensu Georgiou et al. (2014))
is a novel transcriptomic approach that holds great
promise for eco-immunology research.

Antibodies are an important component of the ver-
tebrate adaptive immune response as they actively
neutralize antigens by binding to epitopes present on
the antigen surface. Antibody molecules primarily con-
sist of two heavy chains and two light chains, each
with variable (V) and constant (C) domains (Fig. 1).
The heavy-chain V region accounts for a large percent-
age of physical interaction with antigens and is formed
by the recombination of numerous germline variable
(V), diversity (D) and joining (J) gene segments (e.g.
the human genome contains approximately 47 V, 23 D
and 6] functional heavy-chain gene segments). This
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Fig. 1 Diagrams of immunoglobulin heavy-chain mRNA (A)
and IgG structure (B). (A) Heavy-chain mRNA is the result of
somatic recombination of germline variable (V), diversity (D)
and joining () segments. The mRNA molecule consists of frame-
work (FR1-4), complementarity determining regions (CDR1-3)
and immunoglobulin (IgG, IgM, IgD, etc.) constant regions (C1
to C4; IgG C1 is shown). Exploratory sequencing was performed
using PacBio RS circular consensus sequencing of amplicons
generated using primers specific to a conserved region within
the 5 leader and IgG constant region 1 (C1, exterior blue
arrows). Additional sequencing using the Ion Torrent PGM was
performed on amplicons generated using primers targeting con-
served regions within FR1 and a sifaka-specific ] primer (interior
green arrows). (B) A generic IgG antibody molecule consists of
two heavy chains, two light chains and two constant regions.
The region that physically interacts with pathogens is commonly
referred to as the antigen-binding region and heavy-chain CDRs
1-3 account for the majority of this physical interaction.

recombination is accompanied by a complex series of
combination and hypermutation events which generate
exceptional amounts of antibody diversity [e.g.
~1 x 10" potential unique antibodies in humans (Jane-
way et al. 2004; Schroeder 2006)]. The abundance of
unique antibodies arising from this complex process
allows for the neutralization of a plethora of invading
pathogens and plays a central role in the adaptive
immune response. Thus, Ig-seq studies are of great
interest because they provide the foundation for the
development of new disease surveillance methods,
antibody manufacturing and vaccine design (Benichou
et al. 2012; Robins 2013; Vollmers et al. 2013; Zhu et al.
2013a; Georgiou et al. 2014).

We posit that the characterization of antibody reper-
toires in wild populations will be a fundamental contri-
bution to the field of eco-immunology and will aid in the
development of novel disease surveillance methodolo-
gies as well as contribute to advanced conservation
approaches. Indeed, Ig-seq is providing key insights into
the variation of the adaptive immune system and into
the immune response to vaccines and infections in
human subjects and model species (Glanville et al. 2009;
Arnaout et al. 2011; Racanelli et al. 2011; Briney et al.
2012; Sundling ef al. 2012, 2014; Parameswaran et al.
2013; Zhu et al. 2013a,b), although very few studies have
utilized Ig-seq in nonmodel species (Larsen & Smith
2012; Wu et al. 2012; Castro et al. 2013). Until recently,
the absence of high-quality genomes and immunogenetic
data from nonmodel species has hindered the implemen-
tation of advanced approaches such as Ig-seq. Now,
however, de novo transcriptome assemblies and databas-
es of raw transcriptome data are readily available
resources that can be used to advance eco-immunoge-
netic studies. Here, we show how recently available tran-
scriptome data originating from a study of endangered
primates (Perry et al. 2012) can be used to design an
Ig-seq experiment in order to produce meaningful im-
munogenomic information.

We focus our study on the world’s most endangered
group of primates, the lemurs of Madagascar. Lemurs
have evolved in isolation on the island of Madagascar
for at least 60 million years (Yoder & Yang 2004). They
are exceptionally diverse (Mittermeier et al. 2010) and
highly endangered. Increasingly, natural populations are
becoming fragmented due to ongoing destruction of
their natural habitat as well as to the effects of global cli-
mate change. This habitat loss has created a challenging
and fragile environment that threatens the health of
extant lemur populations as well as prospects for their
long-term survival (Barrett et al. 2013). Accordingly, eco-
immunogenetic research utilizing advanced methods
(i.e. Ig-seq and other gene expression studies) is of vital
importance for assessing the current health status of wild
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lemur populations. This approach allows for the direct
examination of gene expression profiles in response to
stress as well as to parasite and pathogen infections
(Hawley & Altizer 2011; Pedersen & Babayan 2011; Tung
et al. 2012). To this end, we mined publicly available
lemur transcriptome data to target expressed lemur anti-
bodies for high-throughput sequencing. Prior to our
study, no expressed antibody sequence data existed for
lemurs. Even so, previous studies focused on primate
evolution and biomedical applications have identified
sequence homology among the genes underlying the for-
mation of antibodies (Meek et al. 1991; Helmuth et al.
2000; Link et al. 2002; Sundling et al. 2012). This informa-
tion motivated us to map lemur transcriptome data to
the human heavy-chain locus, a region approximately
1.27 Mb long that encodes the heavy-chain immunoglob-
ulin genes (Matsuda et al. 1998).

In the light of our mapping results, we used a combi-
nation of Pacific Biosciences (PacBio) RS single-molecule
real-time (SMRT) circular consensus sequencing (CCS)
and Ion Torrent PGM sequencing to perform Ig-seq in
two individuals of Coquerel’s sifaka (Propithecus coquere-
li). PacBio SMRT CCS technology provides high-quality
consensus sequences for individual templates of varying
lengths (e.g. 5002500 bp) and was selected based on the
absence of systematic error profiles. Moreover, PacBio
CCS allowed for the sequencing of relatively long tem-
plates that can vary in length (i.e. due to complementar-
ity determining region 3 (CDR3) length variability; see
Fig. 1), which is crucial given the potential for extremely
long antibody sequences (see Larsen & Smith 2012).
Whereas PacBio CCS was useful for exploratory and rel-
atively low-throughput sequencing, the Ion Torrent
PGM allowed for greater throughput of templates up to
400 bp in length. Our molecular analyses focused largely
on the CDR3 region within expressed sifaka antibodies.
This region accounts for the majority of the physical
interaction between antibodies and antigens (Wedema-
yer et al. 1997; Xu & Davis 2000), making its characteriza-
tion a useful first step towards elucidating the evolution
of the lemur adaptive immune system and serving to
inform future disease-related lemur conservation efforts
as they relate to the transmission and abundance of envi-
ronmental pathogens. More broadly, in combination
with existing or newly generated transcriptome data, our
experimental design can be modified and adapted to
almost any vertebrate species.

Materials and methods

Quality filtering, mapping and primer design

Raw Illumina transcriptome sequence data for four indi-
viduals each of humans (Homo sapiens), chimpanzees
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(Pan troglodytes) and four species of lemurs (Propithecus
coquereli, Daubentonia madagascarensis, Varecia variegata
and Eulemur mongoz) generated by Perry et al. (2012)
were gathered from the NCBI short-read archive
(SRP008743). Species-specific sequence data were sepa-
rated by individual, and all reads were quality trimmed
using the FASTX-Toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/) with a minimum phred score of q20 and
minimum length of 24 base pairs for any individual read
(Table S1, Supporting information). Resulting reads were
then mapped to the human heavy-chain locus (~1.27 Mb
on chromosome 14; RefSeq Accession NG_001019.5)
using the multiseed alignment software BOWTIE 2 version
2.1.0 (Langmead et al. 2009) with the preset option — very
sensitive local. We further assessed species-by-species
coverage within relatively conserved exons of main
immunoglobulin classes, including IgA, IgG isotypes 1-4
and IgM (Table S2, Supporting information).

Resulting alignments were used to confirm homology
between human and lemur IgH loci and select/design
primers that would amplify the antigen-binding region
of expressed antibodies within sifakas by binding to V
segments (forward primers) and IgG exons (reverse
primers). All primers used to generate molecular data
herein are presented in Table S3 (Supporting informa-
tion). A sequencing run targeting V segment family 3
(Vi3) and IgG-specific antibodies was performed using
PacBio SMRT CCS (see below). The resulting sequence
data were used to design a sifaka-specific | segment pri-
mer, which allowed for global immunoglobulin heavy
(IgH) expression analyses using the 400-bp Ion Torrent
314 chip.

RNA extraction and cDNA synthesis

Animal procedures were reviewed and approved by
the Duke University IACUC (protocol number A294-
12-11) and Duke Lemur Center (DLC) Research com-
mittees. Peripheral blood samples (2 cc) were col-
lected from 2 sifakas (sifaka 1: DLC 6884, 6-year-old
female; sifaka 2: DLC 6583, 19-year-old male). Both
individuals were deemed healthy by DLC veterinarian
staff and exhibited no signs of infection/illness dur-
ing, and in the weeks prior to, the collection of blood
samples. Whole blood was centrifuged at 1057 g for
15 min at room temperature, and leukocytes were col-
lected and stored at —80 °C. Total RNA was isolated
from leukocyte-enriched samples using the Ribo-
Pure™-Blood Kit (Ambion by Life Technologies), and
OD260/280 measurements were taken to quantify
each sample. cDNA of full length mRNA was synthe-
sized using the SuperScript™ III First-Strand Synthesis
System (Invitrogen by Life Technologies) and the
included poly-T oligo.
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PacBio SMRT CCS: Ig3G specific

Based on our transcriptome mining results, we selected a
forward primer targeting a conserved leader sequence of
the V43 region and designed a sifaka-specific reverse pri-
mer targeting IgG constant region 1 (Table S3, Supporting
information), the combination of which allowed for PCR
amplification of the antigen-binding region of expressed
IgG antibodies within sifaka 1 (DLC 6884). Amplicons
were obtained using a high-fidelity Taq DNA polymerase
(Phusion; New England Biolabs) in 50-uL reactions and
the following thermal profile: initial denaturation at
98 °C for 30 s followed by 35 cycles of 98 °C for 10 s,
69 °C for 30 s and 72 °C for 20 s with a final extension
step of 72 °C for 5 min. Amplicons from two PCRs were
pooled and gel-purified (1.5% agarose, SYBR green stain),
and ~800 ng was provided to the Duke IGSP sequencing
core facility for SMRT CCS. Sequencing library prepara-
tion followed existing protocols for small-insert library
preparation (Pacific Biosciences), and sequencing was
performed using a Pacific Biosciences RS sequencer with
two SMRT cells (120 min movie run-times). The resulting
ccs.fastq files (one per SMRT cell) were concatenated and
quality filtered (minimum q20 for 90% of bases averaged
per read) using the FASTX-Toolkit [as implemented in
the Galaxy platform (Blankenberg et al. 2010)]. Quality fil-
tered data were aligned to the Vi3 and IgG primers used
for amplification using GENEIOUs version 7.0 software
(http:/ /www.geneious.com/). Reads successfully map-
ping to both primers were retained for downstream
analysis using the International ImMunoGeneTics infor-
mation system [IMGT; (Lefranc et al. 2009)]. IMGT/
HighV-Quest (Alamyar ef al. 2012) was used to map
sifaka IgG reads to the human heavy-chain immunoglob-
ulin database, and downstream analyses of IMGT map-
ping results were performed using the Galaxy platform.

Ion Torrent: global IgH

Using sequence data generated from SMRT CCS, we
identified a highly conserved region corresponding to
the sifaka | segment(s) and created an additional reverse
primer. PCRs were performed in 50 pL reactions using
this newly designed primer and forward primers target-
ing conserved regions of human Vi families 1-6 (Table
S3, Supporting information) resulting in the amplifica-
tion of an approximately 380 bp region of the antigen-
binding region of the global circulating IgH repertoire
within sifaka 2 (DLC 6583). Amplicons were obtained
using a high-fidelity Taq DNA polymerase (Phusion;
New England Biolabs) and the following touchdown
thermal profile: initial denaturation at 98 °C for 30 s, 10
cycles of 98 °C for 10 s, 69 °C for 30 s (decreasing 0.5 °C
per cycle), and 72 °C for 20 s followed by 24 cycles of

98 °C for 10 s, 64 °C for 30 s, and 72 °C for 20 s with a
final extension step of 72 °C for 5 min. Amplicons (two
50 pL reactions per Vy family) were gel-purified (1.5%
agarose; SYBR green stained) and were pooled to 2 pg
total product. This library was then sequenced by the
Duke IGSP sequencing core using an Ion Torrent PGM
(314 chip with 400 bp sequencing kit) following standard
manufacturers procedures. Quality filtering, primer trim-
ming and IMGT analyses of Ion Torrent data followed
those described above for analyses of PacBio CCS data.
¥? statistics for amino acid distributions (i.e. IgG PacBio
data vs. global IgH Ion Torrent data) were performed fol-
lowing Collis et al. (2003). circos software (Krzywinski
et al. 2009) was utilized to visualize IMGT mapping
results of the Ion Torrent data presented herein.

Results

Transcriptome mapping

Transcriptome sequence data of six primate species, gen-
erated by Perry et al. (2012), were mapped to the human
heavy-chain locus. Of the reads downloaded for Homo
sapiens, 97.6% were retained after quality filtering, leav-
ing 106 796 154 reads of which 3.42% (3667 309 reads)
mapped to the heavy-chain locus. Using the same filter-
ing and mapping criteria, 96.4% (112 862 480 reads) of
raw sequence data from P. coquereli was retained post-fil-
tering, and of these, 0.71% (805 595 reads) mapped to the
human heavy-chain locus. Mapping percentages for the
remaining species varied from 2.92% to 3.89% (Table 1).
We further analysed these results to assess the
amount of the transcriptomic data that mapped to
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Fig. 2 Comparison of primate transcriptome reads (Perry et al.
2012) that successfully mapped to human IgG and IgM exons
(see Methods). Phylogenetic relationships among species
included in the analysis appear below the graph.
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Table 1 Summary statistics for primate transcriptome data gathered from Perry et al. (2012) and sBowtie 2 alignment to the human
heavy-chain locus (see Materials and methods)

Individuals Reads Filtered Reads mapped Reads mapped
Species (count) (count) (per cent) to IgH (per cent) to IgH (count)
Daubentonia madagascariensis 4 117 264 958 3.71% 0.62% 699 199
Pan troglodytes 4 106 174 966 3.80% 3.22% 3293 852
Homo sapiens 4 109 456 478 2.43% 3.43% 3667 309
Eulemur mongoz 4 112 691 070 4.59% 0.68% 729 779
Propithecus coquereli 4 117 127 452 3.64% 0.71% 805 595
Varecia variegata 4 104 289 004 3.46% 1.12% 1132 143
::glli/fciurz;?;:y of PacBio CCS and Ion Torrent sequencing PacBio CCS results: sifaka G

] SMRT CCS resulted in 34 074 reads, and of these, 21 752

PacBio lon Torrent (63.8%) were retained for downstream analyses based on
Raw reads 34 074 236 484 our quality filtering criteria. A total of 15 282 reads suc-
Filtered reads 15 282 144 441 cessfully mapped to both V3 and IgG amplification
IMGT annotated 12 827 139 159 primers (Table 2). A bimodal distribution of sequence
IMGT no results 2455 2093 lengths was observed with peaks at ~390 and ~545 bp
Cofnplete CDR annotation 7023 98 783 (Fig. S1, Supporting information). IMGT analyses of the
Unique CDR3 2032 9973

15 282 sequences resulted in 13 073 ranging between
44% and 92% similarity with human V3 segments (Fig.
S2, Supporting information). Human V segments V3-23,
V3-74, V3-9 and V3-71 accounted for ~67% of the
matches between the sifaka IgG repertoire and human
heavy-chain locus. Approximately 13% of all sifaka IgG
sequences were identified as sharing homology with
multiple human Vy3 segments (Fig. S2, Supporting
information). IMGT identified 11 810 sifaka IgG
sequences that shared between 60 and 80% sequence
homology with human | segments and human J3, Ju4

specific coding regions within the heavy-chain locus,
including the exons coding for specific antibody isotypes
IgA, IgD, IgG (1-4) and IgM. Collectively, the H. sapiens
transcriptomes had 9499 reads map to IgG (1-4) exons
and 2781 reads map to IgM, while P. coquereli had 4343
and 1734 reads map to these same exons, respectively
(Fig. 2, Table S2, Supporting information). Mapping
results for all species are found in Table 1.

16% Fig. 3 Length distribution (in amino
acids) of unique functional sifaka CDR3
sequences identified by IMGT analyses.
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Fig. 4 Shannon entropy values (top panels) and amino acid frequencies (bottom panels) of unique CDR3 sequences identified by IMGT
analyses of sifaka IgG (A; n = 287) and global IgH (B; n = 1106) sequence data. CDR3 lengths of 14 amino acids are shown, and posi-
tions follow the IMGT numbering convention. Each bar represents 100% of the amino acids identified at that position. Amino acids are
grouped according to hydrophobicity with charged amino acids at the bottom and hydrophobic amino acids at the top.

and Ju6 segments accounted for the majority (Fig. S3,
Supporting information). Our analyses resulted in the
identification of 7023 complete CDR1, CDR2 and CDR3
regions within the sifaka IgG sequence data. Mean
lengths consisted of 7.3 (+1.5), 7.8 (+0.8) and 14.7 (£3.7)
amino acids for CDR1, CDR2 and CDR3, respectively.
We further investigated sequence length of the CDR3
region from sifaka IgG sequences and identified 2032
unique IgG CDR3s ranging from 3 to 31 amino acids in
length (Fig. 3). Analyses of amino acid content for the
most common CDR3 size class, 14 amino acids (n = 287),
revealed conserved amino acids at IMGT positions 105,
106 and 116 (Fig. 4). Overall, analyses of amino acid con-
tent of unique CDR3 sequences revealed common usage
of alanine, glycine, aspartic acid and tyrosine (Fig. 5).
We identified 2455 sifaka IgG sequences as having no
IMGT results; however, 1870 (76%) of these were identi-
fied as putative immunoglobulins based on local BLAST
queries of the NCBI immunoglobulin database (http://
www.ncbi.nlm.nih.gov/igblast/).

IonTorrent results: sifaka IgH

A total of 236 484 Ion Torrent reads were within the
expected size distribution of our IgH amplicons (~250—
450 bp; Table 2). Quality filtering retained 144 441

sequences for analyses that had an average sequence
length of 328 bp with a unimodal length distribution
(Fig. S4, Supporting information). IMGT analysis
resulted in 139 159 sifaka IgH sequences ranging from
45% to 89% sequence similarity to human V segments
(Fig. 6). Approximately 92% (129 214 sequences) of all
sifaka IgH sequences shared homology with the
human Vi3 family and 7% (9900) shared homology
with the human Vy4 family (as identified by IMGT
analyses; Fig. 6), whereas only 42 and 3 sifaka IgH
reads were identified by IMGT as sharing homology
with human Vil and V2 families, respectively. Low
sequence similarity caused IMGT to assign multiple
human V and ] segments for individual reads (Fig. S5,
Supporting information). No sequences were identified
as sharing homology with human Vg5 or Vy6 families.

IMGT identified complete CDR1, CDR2 and CDR3
amino acid sequences for 98 783 sequences. Global
CDR1, CDR2 and CDR3 amino acid lengths averaged 7.9
(£0.5), 7.7 (£0.9) and 13.7 (+3.9) amino acids, respec-
tively. We identified 9973 unique CDR3 sequences, and
these ranged in length from 1 to 41 amino acids (Fig. 3).
Amino acid content for CDR3 sequences of 14 amino
acids in length is presented in Fig. 4. Global IgH (Ion
Torrent) amino acid content of unique CDR3 sequences
was similar to the amino acid content for IgG (PacBio)

© 2014 John Wiley & Sons Ltd
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Fig. 5 Amino acid frequencies of unique CDR3 sequences iden-
tified by IMGT analyses of expressed sifaka antibodies using
PacBio CCS (IgG) and Ion Torrent (global IgH) sequencing.
Asterisks identify significant differences in amino acid fre-
quency between the two data sets based on ;7 tests.

sequences; however, 5 tests identified significant differ-
ences in valine, cysteine, glutamine and arginine usage
between the two data sets (P < 0.0005; Fig. 5). We com-
bined unique CDR3 sequences originating from Ion Tor-
rent sequencing (IgH, sifaka 2) with unique PacBio
CDR3 sequences (IgG, sifaka 1) and identified 6 amino
acid sequences shared between individuals (~0.049% of
12 005 sequences). We identified 2093 sequences with no
IMGT results; however, 348 of these (16.6%) were identi-
fied as putative immunoglobulins based on local BLAST
queries of the NCBI immunoglobulin database.

Discussion

Our data mining and Ig-seq approach resulted in the
generation of sequence data from over 150 000 expressed
P. coquereli antibodies. The success of these methods
demonstrates that widely available transcriptome data
can be mined to develop novel immunogenetic research
in nonmodel primates. Our transcriptome mapping iden-
tified homology within immunoglobulin sequence varia-
tion across all six primate species (Fig. 2), a result largely
congruent with previous studies of haplorrhine primates
(Helmuth ef al. 2000; Von Budingen et al. 2001; Sundling
et al. 2012). We therefore hypothesize that several immu-
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noglobulin heavy-chain V segment families are con-
served across all primates. Seven Vi families have been
identified in primates (Vyl1-Vy7, Matsuda ef al. 1998;
Sundling ef al. 2012), and the Vy3 and Vy4 families
exhibited the greatest depth of coverage among the six
primate species examined herein (Table S4, Supporting
information), while the majority (~92%) of our global
IgH Ion Torrent sequence data shared homology with
the human V3 family. These results are not surprising
inasmuch as the V43 gene family is relatively conserved
across mammals (Tutter & Riblet 1989), and both the
V3 and Vy4 families are abundant in human and maca-
que antibody repertoires (Helmuth et al. 2000; Arnaout
et al. 2011; Briney et al. 2012; Sundling et al. 2014). Our
Ion Torrent data reinforce this observation and suggest
that sifaka antibody repertories heavily utilize V seg-
ments closely related to human V segment 3-23, a com-
monality shared with similar Ig-seq data from humans
[Fig. 6; Briney ef al. (2012)].

Previous research has shown conserved V family
sequence variation in haplorrhines (Sundling et al. 2012);
therefore, the paucity of sifaka immunoglobulin
sequences sharing homology with human Vy1, V2, Vb
and Vy6 families within our data warrants further
inspection and may have several explanations. For exam-
ple, human V5 and Vy6 families are comprised of 2
and 1 genes, respectively, and are depauperate with
respect to the expansive Vy3 family (~20 functional
genes). Thus, sifaka antibodies utilizing V segments
related to these two families may be relatively rare in the
circulating repertoire assuming the primate heavy-chain
locus is evolutionarily conserved. Alternatively, lemurs
have evolved in isolation for at least 50 million years,
and thus, it is possible that there are novel aspects of the
lemur adaptive immune system with respect to other pri-
mates. Our IMGT analysis resulted in V segment
sequence homology ranging from 40% to 80%, values
that suggest the possibility of uncharacterized V segment
diversity within the lemuriform lineage. Nevertheless,
the amino acid variation observed within the antigen-
binding region was consistent with what is currently
known of primate immunoglobulin diversity. Additional
progress towards the assembly and annotation of an
exemplar lemur genome, and more specifically the
immunoglobulin heavy-chain locus, is required to make
meaningful comparisons to haplorrhine primates and to
formally test hypotheses regarding evolutionary patterns
of lemur immunoglobulin families.

Variability of the sifaka antigen-binding region

Molecular characterization of the antigen-binding region
of expressed antibodies is critical to our understanding
of the adaptive immune response in nonmodel species.
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Fig. 6 Circos diagram showing sequence diversity of expressed sifaka antibodies (131 829 sequences, generated using an Ion Torrent
PGM) based on their similarity to human V, D and ] segments. Human V segments are shown in blue along the right outer edge of the
diagram. The width of each V segment is representative of the relative frequency of the number of sifaka antibody sequences sharing
homology with that particular segment (e.g. the majority of sifaka antibodies shared sequence similarity with V3-23, and very few were
identified as closely related to V3-22). Human | segments are shown on the left outer edge, width again demonstrating relative fre-
quency of homologous regions within sifaka antibodies. Ribbons are coloured according to | segment usage and connect V and | seg-
ments, thus displaying relative proportion that each V-] combination was identified in the circulating sifaka antibody repertoire.
Relative D segment usage is shown in the histogram underlying the V segments.

In particular, CDR3 accounts for the majority of the
physical interaction between antibodies and antigens
(Wedemayer et al. 1997; Xu & Davis 2000), thus charac-
terizing the amino acid variation of this region in
expressed antibody repertoires provides important

insight into the sifaka adaptive immune response. A
growing number of studies have documented distinct
lineage-specific patterns of amino acid variation and
overall length of the CDR3 region in a variety of mam-
mals [e.g. cattle (Larsen & Smith 2012), camels (Nguyen

© 2014 John Wiley & Sons Ltd



et al. 2000), platypus (Johansson et al. 2002)]. However,
relatively few studies have examined antibody diversity
of non-human primates, with those that have focusing
entirely on primates of biomedical research interest (Von
Biidingen et al. 2001; Druar et al. 2005; Sundling et al.
2012, 2014). When comparing complete CDR3 sifaka
sequences (n = 12 005) with existing primate data, our
results document CDR3 properties within P. coquereli
that are probably conserved across all primates, includ-
ing CDR3 length variation and general amino acid con-
tent (Figs 3-5). The average length and the amino acid
composition of the sifaka antibodies were comparable to
those of humans and other primates [Figs 3-5; (Druar
et al. 2005; Von Biidingen et al. 2001; Wu et al. 2012; Zem-
lin et al. 2003)]. Additionally, approximately 0.04% of
CDR3 sequences identified by IMGT were shared
between the two sifaka individuals, similar to findings
noted in the antibody repertoires of humans [e.g. 0.025%;
Vollmers et al. (2013)]. Evolutionary conservation of
amino acid composition also appears to hold, with verte-
brate antibody repertoires having CDR3s that tend to
contain an abundance of neutral or hydrophilic amino
acids (Zemlin et al. 2003; Schroeder 2006; Wu et al. 2012).

Lineage-specific characteristics of CDR3 have been
hypothesized to be indicative of differing evolutionary
pressures on the adaptive immune system. For exam-
ple, the range of CDR3 lengths in human repertoires is
greater than that of the mouse, suggesting higher
potential immunoglobulin diversity in the human Ig
repertoire (Zemlin et al. 2003). Other mammalian spe-
cies, such as cattle, have excessively long CDR3 lengths
which theoretically evolved to compensate for limited
Vy variability in the germline (Berens et al. 1997; Lar-
sen & Smith 2012). We find no evidence of such
changes (i.e. remarkable CDR3 lengths) between the
sifaka and the more heavily studied haplorrhine pri-
mates (human and macaque) thus establishing baseline
similarity between the adaptive immune systems of the
two main clades of primates. These findings are rele-
vant not only for future lemur eco-immunogenomic
research and preservation efforts, but also for lemur
biomedical research (e.g. Microcebus murinus; Bons et al.
2006; Languille et al. 2012).

New approaches to ecological immunology research

We used two recently developed sequencing technolo-
gies to characterize the antigen-binding region of
expressed antibodies within P. coquereli. The sequencing
approaches we pursued provided flexibility in our
experimental design as they allowed us to target IgG-
specific antibodies of lengths that varied up to 200 bp
(~350-550 bp) and eliminated the necessity for down-
stream sequence assembly that is difficult given the
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dynamic nature of antibody formation. Despite low
throughput, the long-read aspect of PacBio SMRT
sequencing technology is useful for antibody discovery,
especially given the potential for extremely long anti-
body sequences. We anticipate that this approach will be
useful exploratory sequencing of antibody repertoires in
nonmodel species, wherein patterns of antibody forma-
tion may be poorly characterized or unknown (e.g. Lar-
sen & Smith (2012) discovered Bos taurus IgG CDR3
regions up to 62 amino acids long using PacBio CCS).
Recent advancements in the sequence read lengths of
next-generation technologies allow for more flexibility in
the choice of sequencing platform and much greater
sequencing depth of antibody repertoires. Importantly,
targeted approaches that utilize a combination of long-
read PacBio sequencing (i.e. >8 kb) and short-read
sequencing can be used to provide accurate assemblies
of both heavy-chain and light-chain germline loci in non-
model species. The assembly of these repetitive genomic
regions will be an important step towards better under-
standing the evolution of the primate adaptive immune
system. With respect to this study, the utilization of the
human heavy-chain locus was useful for general com-
parisons and primer design, but it is likely that we have
only captured the portion of the sifaka antibody reper-
toire that shares homology across all primates. Future
work will focus on de novo blood transcriptome assem-
blies and the assembly and annotation of regions of the
lemur genome that are important to immune function.
Such information will allow for broader investigation of
the lemur adaptive immune response.

High-throughput sequencing of expressed antibody
repertories is a major advancement towards understand-
ing the evolution of the adaptive immune system. To
date, this technique has been used for only a few organ-
isms (e.g. humans, macaques, cattle, zebrafish), and data
generated from humans have provided new insights into
a variety of important areas including personalized med-
icine, cancer and HIV research, and vaccine development
(Parameswaran et al. 2013; Robins 2013; Vollmers et al.
2013; Zhu et al. 2013a,b). Thus, Ig-seq studies of nonmod-
el species may spur the development of vaccines for wild
populations, an approach that holds promise from both
conservation and human health perspectives (Tsao et al.
2004; Abbott et al. 2012; Fausther-Bovendo et al. 2012;
Carne et al. 2013; Monath 2013; Richer et al. 2014). Eco-
logical approaches to disease prevention would benefit
greatly from an increased understanding of species-spe-
cific adaptive immune system variation, and advanced
methodologies such as Ig-seq provide this information
through the unprecedented measurement and character-
ization of naturally circulating antibody variation. More-
over, ecological and conservation research initiatives can
benefit from Ig-seq through the creation of diagnostic
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tools for wild populations. Parameswaran et al. (2013)
used Ig-seq to identify convergent CDR1, CDR2 and
CDRS3 clusters in the antibody repertoires of human sub-
jects experiencing Dengue fever. The significance of this
observation is that the development of immunoglobulin
expression databases can potentially be used to rapidly
screen blood samples for expression patterns indicative
of the presence of known pathogens. With respect to non-
model species, such approaches could be used for a vari-
ety of applications ranging from the monitoring of
disease status of wild populations to addressing biosecu-
rity concerns of imported /exported wildlife.

Our study represents the first attempt to characterize
sequence diversity of expressed antibodies in an endan-
gered nonmodel primate. The methods described herein
therefore provide a framework for investigating the
adaptive immune response in wild populations of
lemurs and other endangered vertebrates. More gener-
ally, we anticipate that these methods can be adapted to
a number of nonmodel species and thus advance eco-im-
munogenomic studies of wild populations that will aid
conservation efforts and identify novel solutions for
treating zoonotic pathogens of concern to human health
(Koff et al. 2013).
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