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Abstract Cynomolgus macaques (Macaca fascicularis) have
become an important animal model for biomedical research.
In particular, it is the animal model of choice for the develop-
ment of vaccine candidates associated with emerging danger-
ous pathogens. Despite their increasing importance as animal
models, the cynomolgus macaque genome is not fully charac-
terized, hindering molecular studies for this model. More im-
portantly, the lack of knowledge about the immunoglobulin
(IG) locus organization directly impacts the analysis of the
humoral response in cynomolgus macaques. Recent advances
in next generation sequencing (NGS) technologies to analyze
IG repertoires open the opportunity to deeply characterize the
humoral immune response. However, the IG locus organiza-
tion for the animal is required to completely dissect IG reper-
toires. Here, we describe the localization and organization of
the rearranging IG heavy (IGH) genes on chromosome 7 of
the cynomolgus macaque draft genome. Our annotation

comprises 108 functional genes which include 63 variable
(IGHV), 38 diversity (IGHD), and 7 joining (IGHJ) genes.
For validation, we provide RNA transcript data for most of
the IGHV genes and all of the annotated IGHJ genes, as well
as proteomic data to validate IGH constant genes. The descrip-
tion and annotation of the rearranging IGH genes for the cy-
nomolgus macaques will significantly facilitate scientific re-
search. This is particularly relevant to dissect the immune
response during vaccination or infection with dangerous path-
ogens such as Ebola, Marburg and other emerging pathogens
where non-human primate models play a significant role for
countermeasure development.
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Introduction

Non-human primates (NHP) are one of the most important
animal models for human biomedical research. This is a result
of the strong similarities across physiological, developmental,
immunological responses, and genetics between NHP and
humans (Carlsson et al. 2004; Palermo et al. 2013). The rhesus
macaque (Macaca mulatta) has been used extensively as an
animal model for several infectious diseases, especially for
hepatitis C virus (HCV) and human immunodeficiency virus
(HIV) infections (Bukh 2012; Desrosiers 1995). This species
has been well characterized at the genomic and transcriptomic
level (Gibbs et al. 2007; Zimin et al. 2014). Key immunolog-
ical molecules of the rhesus macaques were compared with
humans, including IGH locus (Olivieri and Gambon-Deza
2015; Thullier et al. 2010), TRB locus (Li et al. 2015) and
MHC/KIR coevolution (de Groot et al. 2015). However, the

Electronic supplementary material The online version of this article
(doi:10.1007/s00251-016-0921-2) contains supplementary material,
which is available to authorized users.

* Gustavo Palacios
gustavo.f.palacios.ctr@mail.mil

1 Center for Genome Sciences of the United States Army Medical
Research Institute of Infectious Diseases (USAMRIID), Fort
Detrick, MD, USA

2 Molecular Translational Sciences of the United States Army Medical
Research Institute of Infectious Diseases (USAMRIID), Fort
Detrick, MD, USA

3 IMGT®, The international ImMunoGeneTics information system®,
Laboratoire d’ImmunoGénétique Moléculaire (LIGM), Montpellier
University, Montpellier, France

4 USAMRIID, Center for Genome Sciences, 1425 Porter St.,
Frederick, MD 21702, USA

Immunogenetics (2016) 68:417–428
DOI 10.1007/s00251-016-0921-2

http://dx.doi.org/10.1007/s00251-016-0921-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s00251-016-0921-2&domain=pdf


limitations in breeding these animals in captivity and restric-
tions in capture on animals from the wild for research usage
have created the necessity of utilizing other NHP species as
possible animal models. Within those, the use of cynomolgus
macaques (Macaca fascicularis) and African green monkeys
(Chlorocebus sabaeus) in biomedical research is rising rapid-
ly. Cynomolgus macaques have become the primordial animal
model for several infectious diseases (Higgs and Ziegler 2010;
Nakayama and Saijo 2013; Pripuzova et al. 2013; Reynaud
and Horvat 2013). Although, two draft genomes (Ebeling et
al. 2011; Higashino et al. 2012; Yan et al. 2011) and the tran-
scriptome (Lee et al. 2014) were published for cynomolgus
macaques recently, its annotation, gene organization and char-
acterization are not at the level of other animal models, includ-
ing rhesus macaques.

Immunoglobulins (IG), or antibodies, are a key component
of the humoral immune response either as membrane B cell
receptors (BcR) or as soluble antibodies. IG are generated by
the combination of two identical heavy (H) chains with two
identical light (L) kappa or lambda chains (Lefranc 2014a;
Lefranc 2014b; Lefranc and Lefranc 2001; Lucas 2003;
Schroeder and Cavacini 2010). The IG heavy (IGH), the IG
kappa (IGK), and the IG lambda (IGL) loci comprise multiple
variable (V), diversity (D) (only for IGH), joining (J), and
constant (C) genes. The V-(D)-J junction resulting from the
rearrangement of the V, D, and J genes forms the complemen-
tarity determining region CDR3 which in combination with
the CDR1 and CDR2 encoded by the germline V-region, de-
fine the paratope of the IG, and consequently the specificity
and affinity for the antigen it recognizes. The C gene defines
the isotype and biological function of the immunoglobulin.
Recent advances in deep sequencing technologies of IG rep-
ertoires encoded by B cells are improving our knowledge of
humoral immune responses (Georgiou et al. 2014). These
technologies utilize high-throughput DNA sequencing
(HTS) to analyze the V-(D)-J rearrangement on the B cell
transcripts and define the B cell repertoire. However, the anal-
ysis of the IG repertoire by HTS requires a well-characterized
gene annotation and IG locus organization. The extensive an-
notation of human, mouse, rat and rhesus macaques IG loci
permits direct application of HTS and IG analysis using the
IGH, IGK, and IGL germline V, D, and J annotation (Alamyar
et al. 2012; Giudicelli et al. 2005, 2015). However, while draft
genomes have been announced for cynomolgus macaques,
there is insufficient information about the IG locus organiza-
tion to characterize B cell repertoires and the humoral re-
sponses against specific epitopes of pathogens in infections
or in vaccinations.

Several public databases provide sequence information and
feature annotation describing cynomolgus macaques IGH lo-
cus. NCBI contains a draft genome of a female from BTinjil^
(RefSeq Assembly GCF_000364345.1) that is annotated by
the NCBI Eukaryotic Genome Annotation Pipeline, which

describes nine BC region-like^ and 46 BV region-like^ IGH
features. In addition, GenBank contains 72 primary
submissions describing IGH features, most of which are
mRNA transcripts without genomic placement. IMGT/
GENE-DB, the gene database of IMGT®, the international
ImMunoGeneTics information system® (IMGT) includes five
genes and 11 alleles for the immunoglobulin alpha and gam-
ma heavy chain constant regions but it does not include a
single reference sequence or annotation for the variable region
(Giudicelli et al. 2005; Lefranc et al. 2015). In contrast, the
IMGT/LIGM-DB includes 141 associated IGH sequences
(Giudicelli et al. 2006). Overall, the annotation on the IGH
locus of M. fascicularis is minimal compared to rhesus. In
comparison, there are 1914 GenBank records, 98 genes and
136 alleles in IMGT/GENE-DB, and 1028 sequences in the
IMGT/LIGM-DB database, describing the IGH locus for M.
mulatta. This deficit in sequence data and annotation of the
IGH locus compromises immunological studies focused on
immune response modeling and vaccine development.

Using the draft genome GCA_000364345.1, NCBI M.
fascicularis assembly 5.0, we described the IGH locus on
chromosome 7. Within the IGH locus, 150 IGHV genes were
found. 63 of these IGHV genes are functional, 80 are
pseudogenes, and 7 are open reading frames (ORF). On chro-
mosome 7 we also found 40 IGHD genes, 38 of those are
functional and two are pseudogenes. Downstream from the
IGHD genes, 8 IGHJ genes were located. Seven of these
IGHJ genes are functional and one is a pseudogene.
Similarly to rhesus macaques, cynomolgus macaques
underwent a duplication of IGHJ5 (Link et al. 2002). At the
3′ end of the locus, we also identified 7 IGHC genes. Five of
those are located at the chromosome 7 (IGHM, IGHD, IGHG
putative subclasses 1, 2, and 3) and the other two (IGHA and
IGHE) at an unlocalized scaffold within chromosome 7.

We envision that the annotation and announcement of the
IGH locus from cynomolgus macaques will permit researches
to analyze the B cell repertoire utilizing next generation se-
quencing (NGS) protocols, to better characterize the humoral
immune response of these animals against a vaccine candidate
or exposure to a pathogen.

Results

IGH locus

The genome assembly of the cynomolgus macaque (crab-eat-
ing macaque—M. fascicularis 5.0, GCA_000364345.1) was
produced in June 2013 by Washington University. It consists
of 22 chromosomes (20 autosomal, X, and mitochondrial),
7107 unplaced scaffolds and 518 unlocalized scaffolds.
Bioinformatic analysis identified variable and constant IGH
genes on chromosome 7q near the telomere on the minus
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strand, as well as several genes at an unlocalized scaffold on
chromosome 7 and an unplaced scaffold. Specifically, 55
IGHV, 40 IGHD, 8 IGHJ, and 5 IGHC genes were found
within a 600-kb region of the M. fascicularis chromosome 7
genomic scaffold KE145476.1. Two additional IGHC genes
were located on an unlocalized genomic scaffold KE145669.1
(49 kb) placed on chromosome 7, and 95 additional IGHV
genes were found within a 700-kb region of an unplaced ge-
nomic scaffold KE145882.1 (808 kb).

The location of IGHV, IGHD, and IGHJ genes is shown in
Fig. 1 and in Online Resource 1. Nucleotide sequence data
reported are available in the Third Party Annotation Section of
the DDBJ/EMBL/GenBank databases under the accession
numbers TPA: BK008911-BK009108, and will be made
available in IMGT/LIGM-DB.

Constant genes

Seven constant IGHC genes encoding the constant region
of the H chain isotypes (H-mu, H-delta, H-gamma1, H-
gamma2, H-gamma3, H-epsilon, and H-alpha) and associ-
ated exons were mapped onto scaffolds KE145476.1 and
KE145669.1 of assembly GCA_000364345.1 (Online
Resource 1). The IGHM, IGHD, and IGHG genes were
found downstream the V, D, and J genes on chromosome
7 KE145476.1 scaffolds. The IGHE and IGHA genes
were found on the KE145669.1 unlocalized scaffold. We
were not able to identify the complete CDS for IGHG
genes due to large assembly gaps in KE145476.1.
However, using proteomic analysis on purified immuno-
globulins from cynomolgus macaque serum, we were able
to identify 46 peptides for IGHG1, IGHG2, IGHG3,
IGHA, and IGHM, confirming that these genes are func-
tional and likely encode for the corresponding isotypes H-
gamma1, H-gamma2, and H-gamma3 (Online Resource 2).

Variable genes

A total of 150 IGHV genes were found at the genome assem-
bly (Fig. 1a, b). Fifty-five of those genes were found within a
500-kb region on the chromosome 7 genomic scaffold
KE145476.1. The additional 95 IGHV genes were localized
within a 700-kb region on the unplaced genomic scaffold
KE145882.1. Among those 150 IGHV genes, only 63 are
functional. Interspersed within the functional genes, 7 ORF
and 80 pseudogenes were also found (Table 1A and B).

In total, 63 IGHV functional genes were identified and
annotated in the cynomolgus macaque genome assembly.
Distribution of the genes within the IGHV subgroups was
not even, similar to that observed in other species (Table
1C). Most of the functional IGHV genes belong to the
IGHV3 subgroup (35 in total, 16 at the chromosome 7 and
19 at the unplaced scaffold). This subgroup is also the most

prevalent in rhesus macaque and human IGH annotation.
Fifteen functional IGHV genes belong to the IGHV4 sub-
group (1 at Chromosome 7 and 14 at the unplaced scaffold),
compared to the 11 genes found in the human IGH locus.
There is only one IGHV4 annotated at IMGT/GENE-DB in
the rhesus IGH locus, which might indicate a need to improve
the rhesus annotation. The other IGHV subgroups were rep-
resented by a low number of functional genes, five for
IGHV1, three for IGHV2, two for IGHV5 and IGHV7, and
only one for IGHV6. Phylogenetic analysis of the functional
IGHVgenes found in the genome assembly is shown in Fig. 2.

Diversity genes

IGHD genes were found on chromosome 7q of the Macaca
fascicularis-5.0 assembly, located between the IGHVand the
IGHJ genes (Fig. 1b), as expected. Thirty-eight functional
IGHD genes and two pseudogenes were found on chromo-
some 7 genomic scaffold KE145476.1. These genes belong to
six subgroups (IGHD1 to IGHD6), structured in gene clusters
similar to the human locus organization (Table 2). IGHD
genes missing in the clusters are most likely due to gaps in
the genome assembly since there is an assembly gap at the
location of every missing IGHD gene (Fig. 1). Phylogenetic
analysis of the IGHD genes is shown in Fig. 3. Alignment of
the functional IGHD genes, with the 5′D-RS and 3′D-RS is
provided in Online Resource 3.

Joining genes

Eight IGHJ genes were located downstream of the IGHD
genes. Seven are functional and one is a pseudogene.
Similar to rhesus macaques (M. mulatta) the IGHJ5 gene is
duplicated (IGHJ5–1 and IGHJ5–2) (Link et al. 2002).
Functional IGHJ genes are IGHJ1, IGHJ2, IGHJ3, IGHJ4,
IGHJ5–1, IGHJ5–2, and IGHJ6. The pseudogene IGHJ3P
(without a correct ORF) was located between IGHJ5–2 and
IGHJ6. Phylogenetic analysis of all the IGHJ genes is shown
in Fig. 4a. Nucleotide and amino acid alignment of the func-
tional IGHJ genes is shown in Fig. 4B. The reading frame of
the functional IGHJ genes encodes the expectedmotifWGXG
(tryptophan, glycine, any amino acid, and glycine). The
WGXG motif is highlighted in red in all the IGHJ sequences
described (Fig. 4b).

IGHVand IGHJ genes validation

To validate the IG locus annotation, RNAwas extracted from
five cynomolgus macaque animals and B cell transcripts were
obtained using a 5′RACE protocol. IG transcripts were used to
validate functionality of the IGHVand IGHJ genes annotated
in the M. fascicularis genome. Using this methodology we
were able to validate all the functional IGHJ genes and 76 %
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of the functional IGHV genes (Online Resource 4). All the
genes from the IGHV1 (5/5), IGHV2 (3/3), IGHV6 (1/1), and
IGHV7 (2/2) subgroups were validated as functional by the IG
transcripts. 72 % of the IGHV3 genes (25/35) and 80 % of the
IGHV4 genes (12/15) were also validated. No IG transcript
was found containing IGHV5 gene (0/2) in their rearrange-
ment. IGHV gene usage showed preferential usage of some
genes. The most abundant IGHV subgroup found in the IG
transcripts from these five M. fascicularis was the IGHV4

subgroup, which represents 63.5 % of the IGHV usage.
Within the IGV4 subgroup, IGHV4S7 (15.5 % usage)
and IGHV4S11 (18.4 % usage) were the most prevalent.
IGHV1 subgroup usage was 16.1 % and IGHV3 subgroup
was 12.7 %. For all other IGHV subgroups the usage was
below 6 %. There is also preferential usage of IGHJ genes
in non-infected animals. IGHJ4 genes represented almost
half of the IGHJ usage, found in 46.8 % of the IG tran-
scripts rearranged. IGHJ5–1 was found in 20.3 % of the
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Fig. 1 IGH locus annotation forM. fascicularis genome assembly GCA_
000364345.1. a IGHV genes found on the unplaced scaffold KE
145882.1. In this scaffold, 95 IGHV genes were found, of which 39
genes are functional (green), 52 pseudogenes (orange) and 4 open
reading frames (ORF) (yellow). b 55 IGHV genes, 40 IGHD genes, and

8 IGHJ genes were found on scaffold KE 145476.1, which was placed on
chromosome 7q. Within the IGHV genes, 24 are functional, 28
pseudogenes, and 3 ORF. 38 of the IGHD genes are functional and 2
pseudogenes. 7 IGHJ genes are functional and one is a pseudogene
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IGH transcripts. All the other IGHJ genes were found in
less than 10 % of the IGH transcripts (7.9, 2.45, 9.6, 5.1,
and 7.8 % for IGHJ1, IGHJ2, IGHJ3, IGHJ5–2, and
IGHJ6, respectively).

Discussion

Nonhuman primates are one of the closest evolutionary related
animal models for human biomedical research. The strong
physiological, developmental, immunological and genetic
similarities with humans make these animals an important
experimental model for human diseases and therapeutics de-
velopment. This model is especially important for infectious
diseases involving life threatening pathogens as well as bio-
logical warfare agents (BWA) like filoviruses, flaviviruses,
arenaviruses, and alphaviruses. For several of these patho-
gens, where human efficacy trials are not feasible and ethical,
development and testing of therapeutics should be done by the
FDA Animal Efficacy Rule. The rhesus macaque has been
used extensively as an animal model for several infectious
diseases, especially for hepatitis C virus (HCV) and human
immunodeficiency virus (HIV) (Carlsson et al. 2004; Palermo

et al. 2013). Recently, both rhesus and cynomolgus macaques
have also been utilized for BWA countermeasure develop-
ment (Bente et al. 2009; Herrero et al. 2011; Moraz and
Kunz, 2011; Pena and Ho 2015; Reed et al. 2005; Vallender
and Miller 2013). Rhesus gene loci involved in adaptive im-
mune responses have been described, including the major his-
tocompatibility complex (MHC) locus organization
(Wiseman et al. 2013), the IG loci (Gibbs et al. 2007; Link
et al. 2002; Sundling et al. 2012), T cell receptor (TR) loci
(Greenaway et al. 2009) and the MHC/KIR coevolution (de
Groot et al. 2015). Recently, two draft genomes and an anno-
tated transcriptome were published for cynomolgus macaques
(Ebeling et al. 2011; Higashino et al. 2012; Lee et al. 2014;
Yan et al. 2011) but the knowledge of gene organization and
characterization for this animal is not at the level of the rhesus
macaque or human genome.

Advancing NGS technologies are being used to char-
acterize the repertoire of the antigen receptors of B and T
cells, following vaccination or infection. This novel tech-
nology allows for a longitudinal analysis of the B and T
cell clonotypes to identify and characterize the cells that
specifically respond and expand in response to the antigen
or pathogen. In the case of the B cell receptor sequencing,

Table 1 Macaca fascicularis IGHV gene subgroups and functionality

A IGHV genes distribution according to
functionality

Functional Pseudogene ORF

Chromosome 7 (KE145476.1) 24 28 3

Unplaced (KE145882.1) 39 52 4

B IGHV genes distribution within the
IGHV subgroups

IGHV subgroups Total Chromosome 7 Unplaced

IGHV1 5 2 3

IGHV2 3 2 1

IGHV3 35 16 19

IGHV4 15 1 14

IGHV5 2 1 1

IGHV6 1 1 0

IGHV7 2 1 1

C Cynomolgus macaque (Macaca fascicularis) IGHV genes comparison with currently identified rhesus macaque (Macaca mulatta)
and human (Homo sapiens) IGHV genes (*IMGT/GENE-DB)

IGHV subgroups Cynomolgus macaque
(Macaca fascicularis)

Rhesus macaque*
(Macaca mulatta)

Humans*
(Homo sapiens)

IGHV1 5 1 11

IGHV2 3 1 4

IGHV3 35 13 25

IGHV4 15 1 11

IGHV5 2 1 2

IGHV6 1 1 1

IGHV7 2 1 1

Immunogenetics (2016) 68:417–428 421



this analysis can characterize the B cells participating in
the specific humoral response, IGHV and IGHJ usages,
clonotype frequency, somatic hypermutation rates and

paratope composition and structure (Alamyar et al. 2012;
Georgiou et al. 2014; Giudicelli et al. 2005; Giudicelli et
al. 2015). Several publications have reported this success-
ful analysis in mice, humans and rhesus macaques
(Jackson et al. 2014; Lavinder et al. 2014; Li et al.
2013; Parameswaran et al. 2013). The IGH, IGK and
IGL loci for these species are well-characterized and the
germline genes and alleles have been described
(Giudicelli et al. 2005; Link et al. 2002). In contrast, there
is little to no information about the cynomolgus macaque
IG locus organization. Without information on germline
genes, the analysis on the V-(D)-J rearrangement is limit-
ed. Here we present the identification and annotation of
108 functional IGH rearranging genes (63 IGHV, 38
IGHD, and 7 IGHJ) with the goal of upgrading the level
of characterization of the gene organization of the

Fig. 2 Phylogenetic analysis of the functional IGHV genes found within
the M. fascicularis genome. IGHV genes sequence alignments and
phylogenetic trees were constructed and analyzed with Geneious®
7.1.9, using a global alignment with free end gaps, and a Tamura-Nei

distance model, with neighbor-joining method. IGHV genes cluster ac-
cording to their subgroups. Only functional genes were incorporated in
this analysis

Table 2 Macaca fascicularis IGHVD gene cluster organization

Cluster IGHD genes found IGHD pseudogenes IGHD genes missing

1 1 - 2 - 5 - 6 3 - 4

2 1 - 3 - 5 - 6 4 2

3 1 - 2 - 3 - 5 - 6 4

4 1 - 2 - 3 - 4 - 6 5

5 1 - 2 - 3 - 4 - 5 - 6

6 1 - 2 - 3 - 4 - 5 - 6

7 1 - 2 - 3 - 4 - 5 - 6

8 1

422 Immunogenetics (2016) 68:417–428



cynomolgus macaque IGH locus and permit deep analysis
of IGH VDJ rearrangement in this animal model.

Given the many gene duplication and deletion events
which occur during the evolution of multigene loci with high-
ly homologous genes, it is not surprising that genome assem-
bly of the IGH locus is challenging and that several IGHV
genes were found in an unplaced scaffold. The assembly
method used to generate the draft genome for the cynomolgus
macaque was a hybrid method. The rhesus genome was used
as a reference, which will preferentially favor the assembly of
IGH regions of homology between both macaques. Thus, the
location of several IGHV genes (95 genes) in an unplaced
scaffold can be explained by two possible mechanisms: the
failure of the genome assembly in areas where rhesus and
cynomolgus macaques have a high degree of heterogeneity,
or a result of the diploid nature of the genome, given that the
draft genome for cynomolgus macaque resulted in the assem-
bled of only one chromosome 7. If this female individual is the
offspring of relatively genetic distant parents, then the two sets

of IGHV alleles could be very different at each gene and the
unplaced scaffold might be a reflection of the second unas-
sembled chromosome. This is in line with the current genomic
approach in which assemblies are built, if possible, from a
single chromosome from a single individual. The cynomolgus
macaque IGH locus assembly, by being built from a single
chromosome, parallels the human IGH locus assembly in
NCBI GR38Ch.p2 which results from the tiling of clones
from the haploid hydatiform mole CHORI-17 BAC library.
TheM. fascicularis reference assembly will allow the descrip-
tion of copy number variations (CNV) by insertion/deletion
polymorphisms, from different individuals and/or different
haplotypes, based on IMGT-ONTOLOGY (Lefranc 2014a)
as this has been done recently for the human IGH locus
(Watson et al. 2013). IGH alleles of the M. fascicularis refer-
ence assembly will be entered in IMGT/GENE-DB, IMGT/V-
QUEST and IMGT/HighV-QUEST, as this has been done for
human alleles (Lefranc et al. 2015). If new alleles are discov-
ered they will be similarly added if they fulfill the IMGT

Fig. 3 Phylogenetic analysis of
the IGHD genes found within the
M. fascicularis genome. IGHD
genes sequence alignments and
phylogenetic trees were
constructed and analyzed with
Geneious® 7.1.9, using a global
alignment with free end gaps, and
a Tamura-Nei distance model,
with neighbor-joining method.
IGHDV genes cluster according
to their subgroups. Only func-
tional genes were incorporated in
this analysis
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criteria. Future efforts to improve the resolution of the IGH
locus could include: (1) BAC library shot-gun sequencing to
get deeper coverage in the region; (2) more locus-specific
assembly strategies, algorithms, and parameters could be used
in all the steps of assembly process; and (3) longer reads or/
and DNA pull-down experiments, to better resolve this region
of the genome. Also, additional studies in more animals will
be needed to describe the alleles at the population level.
Cynomolgus macaques most likely express several IGHG

isotypes encoded by different IGHG genes, similar to other
primates (Attanasio et al. 2002; Lefranc and Lefranc 2001;
Scinicariello et al. 2004). The fact that only partial IGHG
subclasses were found so far suggests that even at the level
of the constant genes, the genomic assembly needs to be
improved.

In summary, we describe here the IGH locus annotation for
cynomolgus macaque, containing 63 functional V genes, 38
functional D genes and 7 functional J genes and we provide

A

B
A   E   Y   F   E   F W G Q G A   L   V   T   V   S   S

IGHJ1  GCT GAA TAC TTC GAG TTC TGG GGC CAG GGC GCC CTG GTC ACC GTC TCC TCA G 

 Y   W   Y   F   D   L W G   P G   T   P   I   T   I   S   S
IGHJ2  C TAC TGG TAC TTC GAT CTC TGG GGC CCT GGC ACC CCA ATC ACC ATC TCC TCA G 

 D   A   F   D   F W G   Q G   L   R   V   T   V   S   S
IGHJ3  T GAT GCT TTT GAT TTC TGG GGC CAA GGG CTC AGG GTC ACC GTC TCT TCA G 

 Y   F   D   Y W G   Q G   V   L   V   T   V   S   S
IGHJ4  AC TAC TTT GAC TAC TGG GGC CAG GGA GTC CTG GTC ACC GTC TCC TCA G 

 N   W   F   D   V W G   P G   V   L   V   T   V   S   S
IGHJ5-1  AC AAC TGG TTC GAT GTC TGG GGC CCG GGA GTC CTG GTC ACC GTC TCC TCA G 

 N   S   L   D   V W G   R G   V   L   V   T   V   S   S
IGHJ5-2  AC AAC TCA TTG GAT GTC TGG GGC CGG GGA GTT CTG GTC ACC GTC TCC TCA G 

 Y   Y   G   L   D   S W G   Q G   V   V   V   T   V   S   S
IGHJ6 AT TAC TAC GGT TTG GAT TCC TGG GGC CAA GGG GTC GTC GTC ACC GTC TCC TCA G

Fig. 4 Analysis of the IGHJ genes found within the M. fascicularis
genome. a Phylogenetic analysis of the IGHJ genes. IGHJ genes
sequence alignments and phylogenetic trees were constructed and
analyzed with Geneious® 7.1.9, using a global alignment with free end
gaps, and a Tamura-Nei distance model, with neighbor-joining method.

IGHJ genes cluster according to their subgroups. The seven functional
genes and the pseudogene (IGHJ3P) were included in the analysis. b
IGHJ alignment at the nucleotide and amino acid level. TheWGXGmotif
is highlighted in red in all the IGHJ sequences described
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preliminary data on seven constant genes (IGHM, IGHD,
IGHG1, IGHG2, IGHG3, IGHE, and IGHA).

Methods

Macaca fascicularis sequence

Macaca fascicularis (cynomolgus macaque) genome
data were obtained from the NCBI draft genome
GCA_000364345.1. For the genome assembly, the DNA is
from a 5.8 years old female from BTinjil^, an island off the
south coast of Java that was seeded with monkeys by the
Washington National Primate Center. Sequences were gener-
ated on the Illumina HiSeq, with genome coverage for each
paired end read type is as follows: 50 × 300–500 bp inserts,
10 × 3 kb insert, and 2 × 8 kb insert. The genome assembly
was built using a hybrid approach of assisted and de novo
assembly. For assisted assembly, the published assembly
(MMUL_1) of rhesus macaque was used as a reference. In
Macaca fascicularis_5.0, there were 102,878 contigs with
an N50 contig length of 85 kb. There were 7627 scaffolds
with the N50 scaffold length of 144 Mb. The IGH locus was
found on chromosome 7, on scaffolds KE145476.1 localized
on the 7q region near the telomere, an unlocalized scaffold
KE145669, and an unplaced scaffold KE145882.1 using an
in-house pipeline based on the Basic Local Alignment Search
Tool (BLAST) and Fuzznuc (Altschul et al. 1990; Rice et al.
2000).

Identification of M. fascicularis IGHV, IGHD, and IGHJ
genes

Annotated sequences of IGHV, IGHD, and IGHJ genes
and recombination signals (RS) of all available organisms
were downloaded in FASTA from the IMGT web site
(http://www.imgt.org) (Lefranc et al. 2015). Using an in-
house pipeline based on BLAST and Fuznuc, sequences
for each chromosome, unlocalized and unplaced scaffold
were searched on both strands for V and J gene sequences
using Mega-BLAST (e value 0.001, word size 14). Only
two scaffolds were found to have V and J hits. Further
analysis was focused on these two scaffolds. For V, D,
and J gene search, BLAST was used to find the V, D,
and J genes. All the hits on the references are ranked by
the e value and percentage of base identity and only the
top hit at any given site was recorded. For V gene iden-
tification, the leader, intron, and V-region sequences, and
V-RS were identified separately and assembled as a whole
V-GENE-UNIT. For RS identification using Fuzznuc, all
the RS annotated for all available species and RS for
Human and rhesus at NCBI were used as reference se-
quences. The nonamers and heptamers were identified

separately, then a whole RS was assembled if the spacer
sequence has the correct length. All RS and other gene
sequence features were annotated on the sequences sub-
mitted to NCBI TPA database.

Functional analysis

The IGHV genes were analyzed for translation start sites, open
reading frames (ORF), consensus splice sites, V-RS, and con-
served framework amino acids 1st-CYS (C23), conserved-
TRP (W41), hydrophobic 89 and 2nd-CYS (C104), in the
IMGT unique numbering (Lefranc et al. 2003), based on
IMGT-ONTOLOGY concepts (Giudicelli and Lefranc 2012)
and IMGT immunoinformatic standards (Lefranc 2014a). For
phylogenetic analyses, the FR1-FR3 regions (corresponding
to amino acids 1–104 in the IMGT unique numbering;
(Elemento and Lefranc 2003)) were aligned. Trees were con-
structed in Geneious® 7.1.9 (HKY genetic distance model,
neighbor-joining, bootstrap resampling with 100,000 repli-
cates). Chicken IGHV was used as the outgroup. Genes shar-
ing at least 75 % sequence identity and clustering together in
the phylogenetic tree were assigned to the same IGHV sub-
group (Giudicelli and Lefranc 1999, 2012; Lefranc 2014a).
All the gene features and functional analysis results were an-
notated on the sequences submitted to NCBI TPA database.

Identification and annotation of M. fascicularis IGHC
genes

The IGHC genes (IGHM, IGHD, IGHG1, IGHE, and
IGHA) and associated exons were mapped onto scaf-
folds KE145476.1 and KE145669.1 of assembly
GCA_000364345.1 based on BLAST (Altschul et al.
1990) bl2Seq pairwise alignments with reference se-
quences obtained from IMGT or NCBI for cynomolgus
and rhesus macaques, default parameters. All reference
sequences are listed in Online Resource 1; note that
the majority of annotations for IGHC reference se-
quences were not genomic level but were from clones
and transcripts. Specific genomic CH exon annotation
was manually adjusted to reflect the reference sequence
annotation provided by IMGT and shared motifs con-
served across species as described in Scinicariello et
al. (2004). 5′RACE experiments described below pro-
duced five transcripts containing constant domain se-
quences that were used as input into NCBI SPlign
(Kapustin et al. 2008), EBI Clustal Omega (Sievers et
al. 2011), and SIB Bioinformatics Resource Portal
ExPASy Translate tools (ht tp: / /web.expasy.org/
translate/) to guide manual annotation of coding
sequences alongside reference sequence alignments.
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Sequence and phylogenetic analysis

Sequence alignments and phylogenetic trees were constructed
and analyzed with Geneious® 7.1.9, using a global alignment
with free end gaps, and a Tamura-Nei distance model, with
neighbor-joining method.

Generation of RNA transcripts from Macaca fascicularis

Peripheral blood was obtained from five healthy cynomolgus
macaques. Peripheral bloodmononuclear cells (PBMCs) were
purified by Ficoll® gradient. RNAwas extracted from the cells
and cDNA synthesis performed by 5′RACE, using IGG spe-
cific primers (Druar et al. 2005). Further PCR amplification
was done using the RACE and the IGG specific primers. IG
amplicons were prepared for sequencing according the
Illumina® protocol and sequenced on an Illumina® MiSeq
using a 600 cycle kit (2 × 300 cycles). Paired reads were
merged and used to validate IGHVand IGHJ genes.

All animals were cared for according to the regulations and
guidelines of the Institutional Care and Use Committees at
their respective institutions.

Immunoglobulin sample preparation

Immunoglobulins were affinity purified from plasma of a sin-
gle cynomolgus macaque using the Montage Antibody
Purification Kit with Prosep-G Media (Milipore, MA, USA)
as per the manufacturer’s instructions. 10 μg of purified IgG
was reduced and fractionated by SDS-PAGE onto a 4–12 %
Nupage Novex Bis-tris gel (Thermo Fisher Scientific, MA) in
MOPS buffer and visualized by BioSafe Coommassie G-250
(BioRad, CA). The heavy chain was excised from the gel and
washed with 50 % acetonitrile followed by dehydration by
100 % acetonitrile. The proteins were then reduced by
10 mM dithiothreitol (DTT) (Shelton Scientific, IA) in
100 mM NH4HCO3 pH 8.2 then alkylated by 100 mM
iodoacetamide (IAA) (Sigma-Aldrich, MO) in 100 mM
NH4HCO3. The gel piece was sequentially washed several
times in 100 % acetonitrile followed by 100 mM
NH4HCO3 before being evaporated to dryness in a
SpeedVac. The IG heavy chain was incubated overnight at
37 °C with 30 μL of a 12.5 ng/μL mass spectrometry grade
Trypsin Gold solution (Promega, Madison, WI) in 50 mM
NH4HCO3. Peptides were then extracted by incubating in
50 % acetonitrile, 0.1 % formic acid and the combined digest
dried to completion by SpeedVac.

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis and protein search

Individual gel digests were suspended in 25 μL of 0.1 %
formic acid (mobile phase A). Five microliters of each gel

digest was injected onto a Dionex Ultimate 3000 RSLCnano
system housing a 15 cm × 75 um ID Easy Spray C18 (3 μm
particle, 100 Å porosity) column (Thermo Fisher Scientific).
The tryptic peptides were eluted with a gradient elution of 5–
65 % mobile phase B (80 % acetonitrile in 0.1 % formic acid)
at a flow rate of 300 nL/min. The chromatographic eluent was
connected to an Easy Spray nanospray source (Thermo Fisher
Scientific) and subjected to an electrospray ionization poten-
tial of 2.2 kV. An Orbitrap Elite mass spectrometer (Thermo
Scientific) was used with an ion-transfer tube temperature of
2750 °C and an S-lens voltage of 50 %. A 400–2000 amu
survey scan with a resolution of 30,000 (FWHM at m/z 445)
was followed by 15 Rapid ms/ms scans of the most abundant
ions. The data dependent scan settings used a default precur-
sor ion charge state of 2 with an isolation width of 2.0 amu. A
collision dissociation (CID) energy of 32%with an isolation q
of 0.250 was used to generate ms/ms fragment ions. Searches
were performed with Proteome Discoverer 2.0 using a custom
cross-species database composed of 165 GenBank records
describing constant immunoglobulin domains appended to a
27,849 sequence Aedes albopictus subset of the NCBI protein
non-redundant database. Static modifications include
Carbamidomethyl (C) to account for alkylation of cysteines.
Variable modifications used were Acetyl (K) and Oxidation
(M). The delta Cn was set at 0.05 maximum and the false
discovery rate (FDR) was set at 0.01 % for strict and 0.05 %
for relaxed parameters. Mass tolerances were 10 ppm for the
MS1 scan and 200 ppm for all ms/ms scans.
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