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Abstract

The major histocompatibility complex (MHC) is one of the most diverse genetic regions under pathogen-driven selection because
ofits central role in antigen binding and immunity. The highest MHC variability, both in terms of the number of individual alleles
and gene copies, has so far been found in passerine birds; this is probably attributable to passerine adaptation to both a wide
geographic range and a diverse array of habitats. If extraordinary high MHC variation and duplication rates are adaptive features
under selection during the evolution of ecologically and taxonomically diverse species, then similarly diverse MHC architectures
should be found in bats. Bats are an extremely species-rich mammalian group that is globally widely distributed. Many bat
species roost in multitudinous groups and have high contact rates with pathogens, conspecifics, and allospecifics. We have
characterized the MHC class I diversity in 116 Panamanian Seba’s short-tailed bats (Carollia perspicillata), a widely distributed,
generalist, neotropical species. We have detected a remarkable individual and population-level diversity of MHC class I genes,
with between seven and 22 alleles and a unique genotype in each individual. This diversity is comparable with that reported in
passerine birds and, in both taxonomic groups, further variability has evolved through length polymorphisms. Our findings
support the hypothesis that, for species with a geographically broader range, high MHC class I variability is particularly adaptive.
Investigation of the details of the underlying adaptive processes and the role of the high MHC diversity in pathogen resistance are
important next steps for a better understanding of the role of bats in viral evolution and as carriers of several deadly zoonotic
viruses.
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Introduction

Genes involved in immune protection are evolutionarily im-
portant as they influence the survival of individuals. One of
the most important vertebrate gene families for adaptive im-
munity against pathogens is the major histocompatibility com-
plex (MHC) (reviewed by Apanius et al. 1997; Kaufman
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2018). Within the MHC, the different genes have evolved
specific functions, such that the MHC region of a vertebrate
genome usually comprises groups of so-called non-classic and
classic MHC genes, the latter of which code for molecules that
bind and present antigens to the immune system for recogni-
tion and elimination (Klein 1986). Two main classes of classic
MHC molecules are involved in adaptive immunity, both pre-
senting antigens to T cells: class I molecules are specialized in
presenting antigens from intracellular pathogens such as vi-
ruses, whereas class Il molecules bind, among others, antigens
of extracellular origin, e.g., from bacteria and helminths
(Dengjel et al. 2005; Murphy and Weaver 2017; reviewed
by Rock et al. 2016). However, several non-classic class I
molecules are also known to present peptides to T cells, in-
cluding HLA-E in humans and Qal and M3 in mice (Adams
and Luoma 2013; D’Souza et al. 2019; Fischer Lindahl et al.
1997; Hansen et al. 2016).

In most outbred vertebrate species, antigen-presenting
MHC genes have a high population-wide number of alleles
(Robinson et al. 2000), populations show high rates of
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heterozygosity (Aguilar et al. 2004; Sommer 2005; Huchard
et al. 2010), and the sequence variation among alleles is usu-
ally high (Alcaide et al. 2008). The allelic diversity evolves by
point mutations, recombination, and an increased non-
synonymous over synonymous nucleotide substitution rate,
especially within the antigen-binding sites (ABS) (reviewed
by Bernatchez and Landry 2003; Sommer 2005). In addition,
functional variability can increase through gene duplications.
Some old copies have functions that are under strong
balancing selection and even outlast host speciation events, a
mechanism referred to as trans-species polymorphism (Eirin-
Lopez etal. 2012; Klein 1986; Nei et al. 1997). The number of
MHC loci often differs between closely related species
(reviewed by Kelley et al. 2005) and, even within species,
individuals with different numbers of MHC genes are a com-
mon finding (Alcaide et al. 2014; Bonhomme et al. 2008;
Siddle et al. 2010). Functional differences between the dupli-
cated loci of the MHC can arise through ‘birth-and-death pro-
cesses’ in which some duplicated genes mutate and gain new
functions, whereas others might mutate and become
pseudogenes (Nei et al. 1997). Overall, the high MHC diver-
sity found in many species is assumed to reflect historic and
current selective and evolutionary processes maintained by
some sort of pathogen-driven selection and/or mate choice
(reviewed by Sommer 2005).

The highest MHC variability, both in terms of number of
individual alleles and gene copies, has so far been found in
passerine birds. Sedge warblers (Acrocephalus
schoenobaenus) possess up to 65 alleles corresponding to
a minimum of 33 MHC class I loci per individual
(Biedrzycka et al. 2017). Strong evidence has also been
found for birth-and-death processes within the MHC of
these birds as different groups of alleles showed different
degrees of divergence and diversity, and evidence for posi-
tive (i.e. diversifying) selection (Biedrzycka et al. 2017).
The extremely complex and highly diverse MHC gene re-
gion of several passerine bird species has been suggested to
be the result of selection experienced by passerines during
adaptive radiation into a wide variety of habitats with asso-
ciated diverse pathogen pressures, combined with small
body sizes, a short generation time and, consequently, a
rapid rate of evolution (Westerdahl et al. 2005; Alcaide
et al. 2013). An extraordinary high MHC diversity com-
bined with a large geographic range (but not small body size
and short generation time) has been observed in other bird
species (e.g., greater flamingos Phoenicopterus roseus:
Gillingham et al. 2017; Eurasian coot Fulica atra: Alcaide
et al. 2014). If a high MHC allelic diversity and duplication
rate is a general adaptive mechanism for species-rich animal
groups that occupy a variety of different habitats and that
experience elevated levels of pathogen contact, similarly
diverse MHC architectures to those in passerines and other
bird species should occur in bats.
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Bats (Chiroptera) are ecologically, immunologically,
and epidemiologically highly important species. They di-
verged from other Eutherian mammals early in evolution
(Teeling et al. 2005) and represent the second largest or-
der of mammals with more than 1300 species (Fenton and
Simmons 2015). The diverse species of bats have adapted
to a variety of habitats, including disturbed environments
involving frequent contact with humans and livestock,
and have an almost global distribution (Simmons 2005).
Bats also represent natural reservoirs for a wide range of
pathogens (Luis et al. 2013). A few studies have investi-
gated the MHC constitution of bats. MHC class 11 DRB
variation was studied in neotropical bat species (Noctilio
albiventris, N. leporinus (Schad et al. 2011, a, b),
Molossus molossus, Desmodus rotundus (Salmier et al.
2016); Myotis velifer, M. vivesi (Richman et al. 2010);
Artibeus jamaicensis (Real-Monroy et al. 2014);
Carollia perspicillata (Schad et al. 2012b); Saccopteryx
bilineata (Mayer and Brunner 2007; Schad et al. 2012b).
Surprisingly, despite its importance for viral antigen pre-
sentation, studies determining MHC class I gene variabil-
ity in bat species are rare, but all have found evidence for
gene duplications. Santos et al. (2016) have detected at
least three expressed MHC class I genes in S. bilineata.
The Australian black flying fox (Pteropus alecto) is re-
ported to have between six (Ng et al. 2016) and nine
(Papenfuss et al. 2012) MHC class I genes. To our knowl-
edge, the highest number of MHC class I genes has been
observed in the Egyptian rousette (Rousettus aegyptiacus)
in which 12 genes and seven pseudogenes have been de-
tected (Pavlovich et al. 2018). This is remarkable from an
immunological viewpoint, as bats maintain and dissemi-
nate more than 80 zoonotic viruses (Olival et al. 2017).
Indeed, bats represent natural reservoirs for a wide range
of emerging and re-emerging viruses and host a greater
number of zoonotic viruses per species than any other
taxa (Luis et al. 2013). Examples of bat-borne zoonotic
viruses are the rabies virus (RABV) and the related
lyssaviruses, Nipah and Hendra viruses and the Ebola
virus (Baker et al. 2013; Moratelli and Calisher 2015).
Bat-borne coronavirus (CoV; family Coronaviridae) spe-
cies are the progenitors of the viruses that have caused
severe epidemics of acute respiratory syndrome (SARS)
and Middle East respiratory syndrome (MERS) with high
fatality rates in humans (reviewed by Banerjee et al.
2019). Bats also host astroviruses (AstV; family
Astroviridae (Fischer et al. 2017), which are related to
human strains (Chu et al. 2008) causing infectious diar-
rhoea in children, in the elderly and in immunocompro-
mised people (Donato and Vijaykrishna 2017).

Here, we have aimed to characterize the MHC class I di-
versity in a widely distributed neotropical bat species with a
geographical range spanning from Mexico to the southern part
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of Brazil (Barquez et al. 2015, Fig. S1), namely Seba’s short-
tailed bat (Carollia perspicillata), in order to test the hypoth-
esis that a bat species that occupies a large geographic range
and that is presumably confronted with many pathogens har-
bors high MHC diversity. Like other bat species,
C. perspicillata is a natural reservoir and a host of re-
emerging pathogens, such as rabies virus (RABV) (Salmén-
Mulanovich et al. 2009), Coronaviruses (CoV) (Anthony et al.
2013; Carrington et al. 2008; Corman et al. 2013),
Polyomaviruses (PyVs) (Fagrouch et al. 2012), and
Astroviruses (AstV) (Wasimuddin et al. 2018). In our study
region in Panama, C. perspicillata has been found to be prev-
alent both in undisturbed large forest fragments and in dis-
turbed habitats with potential contact to anthropogenic struc-
tures, livestock, and pet animals. We have further aimed to
assess evidence for pathogen-driven selection and the evolu-
tionary relationship between MHC class I alleles. Our results
add further evidence to the hypothesis that pathogen richness
and adaptation to a wide range of different habitats may be a
general mechanism influencing rates of MHC gene duplica-
tion, length polymorphism, and variability, as recently sug-
gested for passerine and other bird species.

Materials and methods
Study area and sampling

We sampled bats at 11 different locations in the Panama Canal
area, Central Panama, between October 2013 and October
2015 (Fig. S1). Six sites were located in continuous tropical
lowland rainforest forests surrounding the Gatun lake situated
within the 5400 ha of the protected Barro Colorado Nature
Monument (BCNM). Five sites were located in rainforest
fragments (1.5-51 ha) embedded in an agricultural matrix
(Fig. S1). Details of the overall project design are described
in Schmid et al. (2018) and Brindel et al. (in review). The
capture and sampling procedures followed Panamanian regu-
lations (Autoridad Nacional del Ambiente, Republica de
Panama), SE/A-75-13 to SE/A-28-17, and were ethically ap-
proved by the Smithsonian Tropical Research Institute
(IACUC protocol. 2014-0101-2016-2016-0627-2019).
Briefly, we trapped bats continuously between October 2013
and October 2015 by using ground-level mist nets (6 m X
2.5 m, 70/2 denier, 16 mm mesh size; ECOTONE, Gdynia,
Poland) that were installed at sunset and controlled every
20 min for six consecutive hours. We kept all captured bats
temporarily in clean soft cloth bags until processing. After
species identification, we took two small (ca. 3 mm?) tissue
samples from the wing and stored them in 90% ethanol.
Immediately after processing, we released all animals at their
trapping site (Bréandel et al. (in review)).

MHC class | gene amplification and sequencing

We isolated genomic DNA with an ammonium acetate precip-
itation method (Nicholls et al. 2000). To design primers, we
downloaded and aligned 38 MHC class I exon 2 and 3 se-
quences from six bat species and from a corresponding human
sequence (for species and accession numbers, see Table S1)
from Genbank (https://www.ncbi.nlm.nih.gov/genbank/)
(Sayers et al. 2019) and used the primer design tool primer3
v2.3.7 (Rozen and Skaletsky 2000).

We tested four different primer pairs amplifying MHC 1
exon 2 and 3 (primer sequences available on request) and
performed a test sequencing run with five randomly chosen
individuals by using Nanokit Reagent Kit v2 chemistry for
500 cycles on the Illumina Miseq platform (Illumina, Inc.)
and two independent technical replicates per individual. As
repeatability (97%) was higher for exon 2 than for exon 3,
we accordingly selected the primer pair Cape-exon-2-forward
(Cape_f): 5'-TGAGGTATTTCTACACCGCCG-3' and Cape-
exon-2-reverse (Cape r): 5'-TGGTTGTAGTAGCCGCNC-
3'. These primers flank a 223-base-pair fragment that corre-
sponds to the human MHC class I sequence, which includes
functionally relevant antigen-binding sites (Fig. S2).

In order to generate individually barcoded libraries, we
tagged amplicons following the approach of the Fluidigm
System (Access Array™ System for Illumina Sequencing
Systems, © Fluidigm Corporation), which required two con-
secutive rounds of polymerase chain reactions (PCR). In the
first reaction, we amplified the 223-base-pair fragment by
using the target-specific primers described above flanked by
the common sequence tags CS1 and CS2 as required by the
Fluidigm protocol. To optimize cluster identification during
sequencing, four random base pairs were added between the
CS1 primer and Cape f forward primer (thus using CS1-
NNNN-Cape f and CS2-Cape r). The second amplification
reaction attached the unique sample barcodes and sequencing
adapters to the product of the first PCR (additional informa-
tion about the laboratory procedures can be found in
Supplementary File 1).

We prepared one library (pool) with 48 samples (two tech-
nical replicates per individual for 23 animals and two ‘no
template” PCR controls that had been processed together with
the 23 animals). The second library consisted of 192 samples
(two technical replicates for 95 individuals and two ‘no tem-
plate’ PCR controls) for [llumina-sequencing according to the
manufacturer’s protocol. To increase the nucleotide diversity
of the amplicon libraries, we spiked them with a 6% PhiX
Control v3 Library. We performed paired-end sequencing on
an [llumina MiSeq machine by using Nanokit Reagent Kit v2
chemistry for 500 cycles for library 1 and Reagent Kit v2
chemistry for 500 cycles for library 2.

For allele calling and genotyping and to eliminate artefacts,
we followed our previously published bioinformatics pipeline

@ Springer


https://www.ncbi.nlm.nih.gov/genbank/

578

Immunogenetics (2019) 71:575-587

(Santos et al. 2016; Sommer et al. 2013; Gillingham et al.
2019). Briefly, we merged the paired reads and cleaned the
data from the PhiX sequences with the merging tool of
FLASH (Fast Length Adjustment of SHort reads) software
(Magoc and Salzberg 2011). The subsequent steps were per-
formed to identify all artefacts. First, we removed low-quality
reads (mean Phred quality score < 30) by using the software
FASTX-Toolkit v0.0.13 (Gordon and Hannon 2010). Next,
chimaera detection and removal were performed by using
the default settings of UCHIME (Edgar et al. 2011). Further,
we employed a local BLAST tool (Altschul et al. 1990) to
compare all the remaining reads against a locally built
Mammalian MHC I exon 2 database and to remove all detect-
ed non-MHC sequences, i.e., artefacts. Finally, individual
fasta files were concatenated into a single file with all the reads
aligned. Shannon entropy analysis and oligotyping were per-
formed with the Oligotyping tool v2.2 (Eren et al. 2013). The
positions (components) in the alignment with higher-than-
background entropy suggesting polymorphic sites were used
to cluster divergent variants and to distinguish true alleles
from a background variation attributed to sequencing errors,
i.e., artefacts. After artefact removal, we subsequently
assigned alleles to individuals by using a customized Python
script (Santos et al. 2016; Gillingham et al. 2019). Replicates
were handled blindly. At the final stage of allele calling, we
accepted a sequence as a true MHC allele if it was (1) present
in both independent replicates of an individual and (2) if it was
(under this condition) genotyped in at least two different indi-
viduals. We aligned all identified MHC I exon 2 alleles by
using ClustalW 2.1 (Thompson et al. 1994) and named them
according to their frequency in the final data set, following the
standard nomenclature (Klein et al. 1990). By using our very
conservative approach, we underestimated rather than
overestimated allelic diversity. All alleles are deposited in
GenBank (Accession Numbers MN213375-MN213615).

Data analysis

MHC allelic diversity estimates were calculated using
MEGAS5.2 with bootstrapping at 1000 (Tamura et al. 2011)
under the option of ‘pairwise deletion’ if indels were present.
Mean pairwise dissimilarity over all C. perspicillata amino
acid pairs at a given alignment position was calculated in
Geneious 11.1.5 (https://www.geneious.com) (Kearse et al.
2012) and presented as 1—(minus) ‘sequence identity’ (identi-
ty is 1 when all the amino acids are the same at that location of
the alignment; it is 0 when all the amino acids are different).
We investigated the possible occurrence of recombination
events between all identified sequences by using the explor-
atory recombination scan implemented in the program RDP
v.4.95 (Martin et al. 2015) by applying the methods RDP
(Martin and Rybicki 2000), GENECONYV (Sawyer 1999),
CHIMAERA (Posada and Crandall 2001), MAXCHI (Smith
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1992), BOOTSCAN (Martin et al. 2005), SISCAN (Gibbs
et al. 2000), 3SEQ (Boni et al. 2007), and LARD (Holmes
et al. 1999) with a significance threshold of p <0.05. After
excluding any sequence with evidence of recombination, we
tested for codons under positive selection (i.e., positions with
increased amino acid variation) by using the HyPhy software
(Kosakovsky Pond et al. 2005) available at the Datamonkey
public webserver (Delport et al. 2010; Kosakovsky Pond and
Frost 2005a). We applied the methods SLAC (single-likeli-
hood ancestor counting), FEL (fixed effects likelihood) and
REL (random effects likelihood) (Kosakovsky Pond and Frost
2005b), MEME (mixed effects model of evolution) (Murrell
et al. 2012) and FUBAR (fast, unconstrained Bayesian ap-
proximation) (Murrell et al. 2013). For MEME, FEL, and
SLAC selection tests, significance was set to p = 0.1 and, for
FUBAR, we present the results where posterior probability
was 0.9. We also investigated signs of positive selection by
using CodeML integrated in the program PAML 4.9 (Yang
2007), which is based on maximum likelihood procedures of
different models of nucleotide sequence evolution to identify
species-specific positively selected codon sites (w = dN/dS >
1). We explored the models M1a (nearly neutral), M2a (pos-
itive selection), M7 (f3: w ratio varies among sites according
to a 3-distribution), and M8 (3 + w: similar to M7 but with an
additional site class that allows w > 1). The models M2a and
MS assume that codons are under the pressure of positive
selection and are tested against the null models M1a and
M7, which are based on neutrality theory (i.e., that the major-
ity of mutations are synonymous and therefore are neither
selected for nor selected against) (Kimura 1977, 1983). A
posterior probability that each identified site is under positive
selection was calculated by using the empirical Bayes proce-
dure (Yang et al. 2005). We accepted sites being under posi-
tive selection when the Bayes Empirical Bayes (BEB) was
supported at least at the 95% confidence interval level.
Overall, we considered a site to be under positive selection
when this was supported by at least four out of six selection
tests.

To depict the evolutionary relationship between the MHC
class I exon 2 alleles, we aligned three representative amino
acid sequences of C. perspicillata with MHC class I exon 2
amino acid sequences of other mammals: human (Homo
sapiens; Genbank accession number: NG _023187), black fly-
ing fox (Pteropus alecto; sequence 1 derived from
KP862827.1; sequence 2: KP862825.1; sequence 3:
KP862826.1), horse (Equus caballus; NC_009163.3), cow
(Bos taurus; NC_037350.1), dog (Canis lupus familiaris;
NC_006600.3), pig (Sus scrofa; AB646190.1), opossum
(Monodelphis domestica; sequence 1: NM_001079820.1; se-
quence 2: NM_001171835.1) and platypus (Ornithorhynchus
anatinus; AY112715.1). A neighbor-net phylogenetic net-
work (Bryant and Moulton 2004) was built by using the pro-
gram SplitsTree4 (Huson and Bryant 2006).
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Results
Sequencing results

After excluding two individuals for which the replicate failed
in the sequencing run, we successfully genotyped 116 indi-
viduals of C. perspicillata. In total, the two sequencing runs
produced 11,383,399 reads (average depth per sample =
48,234; SD =21,873). Sequencing depth did not affect the
number of identified alleles per sample (data not shown);
therefore, we concluded that a depth of approximately
20,000 reads was sufficient to identify even rare alleles in a
single genotype. The allele calling repeatability (i.e., congru-
ence of two individual replicates) was 92%. In 8% of the
samples, the replicates did not fully overlap and single alleles
with lower read coverage were not identified in both repli-
cates. We subsequently took a conservative approach (i.e.,
preferring to underestimate diversity) by confirming only
those alleles that were identified in both independent repli-
cates of at least two individuals.

Diversity and phylogenetic relationships of MHC class
| exon 2 alleles

We detected 241 unique nucleotide sequences (subsequently
referred to as ‘alleles’) (Cape-A*001-Cape-A*241, Fig. S2).
One allele, Cape-A*008, contained a stop codon and thus
probably belonged to a non-expressed pseudogene. All the
other 240 alleles could be translated into 208 unique amino
acid sequences (Fig. S2).

The observed C. perspicillata alleles differed in their length
and could be assigned to three different groups (Table 1). The
majority of alleles had the expected length of 223 bp. The
length was expected according to our designed primers and
an alignment of related species (Table S1). Hereafter, we refer
to these as ‘no deletion’ alleles. The second group of alleles
had a length of 211 bp; these alleles exhibited a deletion of
12 bps (i.e., four codons, hereafter referred to as ‘4 codon
deletion’ alleles). The third group of alleles was even shorter
at only 208 bp in length. They showed a 15-bp deletion (i.e.,

Table 1 Sequence polymorphism (measured as genetic distance)
between C. perspicillata MHC class I exon 2 alleles. The overall mean
distance was calculated among all alleles of each group (i.e., ‘no
deletion’, ‘5 codon deletion’, and ‘4 codon deletion’ alleles) and among

five codons, hereafter referred to as ‘5 codon deletion’ alleles).
Most of the identified nucleotide alleles (N =200) belonged to
the ‘no deletion’ alleles, N =19 alleles were ‘5 codon deletion’
alleles and N =22 were ‘4 codon deletion’ alleles (Table 1).
The group of ‘4 codon deletion’ alleles was least polymorphic
at both the nucleotide and amino acid levels (dy, = 0.015; d-
aa =0.031) compared with the ‘no deletion’ alleles (dyc; =
0.091; d,, =0.166) and the ‘5 codon deletion’ alleles (dy,c) =
0.096; d,, =0.184).

A comparison of the mean pairwise dissimilarity over all
C. perspicillata amino acid sequences at a given alignment
position showed that the variability of ‘no deletion’ and ‘5
codon deletion’ alleles was concentrated on similar positions
in these allele groups (Fig. 1).

An alignment of the representatives of each group of
C. perspicillata MHC class I exon 2 amino acid alleles with
the MHC class I sequences of other mammals demonstrated
that ‘no deletion’ alleles were similar to the alleles of the black
flying fox (P. alecto), ‘4 deletion’ alleles were different from
all the other sequences compared. The ‘5 codon deletion’ al-
leles had a similar location of the deletions and thus a similar
architecture across diverse groups of mammals (Fig. 2).

The network analysis revealed a well-supported cluster
consisting of ‘4 codon deletion’ alleles only (Fig. 3). In con-
trast, the ‘5 codon deletion’ alleles were not monophyletic.
They either clustered with other ‘5 codon deletion’ alleles or
were more closely related to ‘no deletion’ alleles. No further
clearly separated clusters were observed.

The MHC class I exon 2 alleles differed in their frequency in
the overall data set. Moreover, within each group of alleles, we
detected alleles that were clearly more frequent than all others
(Fig. S3). Whereas 35% of the group of ‘no deletion’ alleles
(i.e., 70 out of 200 alleles) occurred in more than five individ-
uals, most alleles of the ‘5 deletion’ (12 out of 19, 63%) and ‘4
deletion’ group (19 out of 22, 86%) were rare, i.e., found in < 5
individuals (Fig. S3). The allele Cape-A*008, which contained
a stop codon, was found in 27 individuals (23%).

The total number of nucleotide alleles per individual dif-
fered between individuals and ranged from 7 (N =3 individ-
uals, 3% of the samples) to 22 (N =2; 2%, Fig. 4) suggesting

all MHCI exon2 alleles for both nucleotide (nuc) and amino acid (aa)
sequences =+ standard error. The first and the last codons of the nucleotide
sequences are incomplete and were excluded when translating nucleotide
alleles into amino acid alleles

# Alleles,,c Length, ¢ [< # Alleles,, Length,, daa PSS
‘No deletion’ alleles 200 223 0.091£0.011 178 73 0.166£0.029 12
‘5 codon deletion’ alleles 22 208 0.096+£0.012 17 68 0.184+0.028 2
‘4 codon deletion’ alleles 19 211 0.015+0.005 13 69 0.031+0.013 0
All alleles 241 - 0.122+0.011 208 - 0.224+0.027 -

PSS positively selected sites
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Fig. 1 Variability and positively selected sites of C. perspicillata MHC
class I exon 2 amino acid alleles. Sequence dissimilarity per amino acid
position is shown separately for the alignments of ‘no deletion’ alleles
(green), ‘5 codon deletion’ alleles (yellow) and ‘4 codon deletion’ alleles
(red). Green arrows indicate positively selected sites identified by >4 out

gene copy number variation and the presence of between at
least 4 and 11 loci per individual. The average number of
alleles per individual was 13.13 (£3.38 SD). All individuals
carried between 5 and 18 ‘no deletion’ alleles (mean 11.25 +
2.91 SD, Fig. 4). Whereas 13 (11.2%) individuals had only
‘no deletion’ alleles, all other individuals had additionally on-
ly ‘4 deletion’ alleles (29.3%), only ‘5 deletion’ alleles
(18.1%) or both (41.4%). All individuals that carried ‘4 dele-
tion alleles’ always carried either one (38%) or two (33%)
alleles of this type (Fig. 4). Similarly, carriers of ‘5 deletion’
alleles had either one (38%) or two (21%) alleles of this type,
with two exceptions (two individuals carried three and four
alleles of °5 deletion’ alleles, respectively). Irrespective of the
total number of alleles, each investigated individual had a
unique genotype, i.e., a unique combination of MHC I exon
2 alleles. The individual genotypes are indicated in the
Supplementary File 2.

Tests of recombination and selection

In the alignment of all alleles (i.e., all three length groups
aligned together), we detected evidence for recombination in

9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73

of 6 methods of selection testing in ‘no deletion’ alleles, whereas yellow
arrows indicate those under positive selection in ‘5 codon deletion’ al-
leles. The location of the indel positions in the alignment (Fig. S1) is
marked with double-headed arrows

two alleles (Table S2). Additionally, we aligned each group of
alleles separately. In these three within-group alignments, we
detected recombination signals in three of the ‘no deletion’
alleles and in four of the ‘5 codon deletion’ alleles with at
least one of the eight applied methods. We did not find evi-
dence for recombination in the ‘4 codon deletion’ alleles. In
total, nine alleles were identified as recombinant (Table S2).
All nine alleles for which we found evidence for recombina-
tion in each test (plus the allele with a stop codon) were re-
moved from the subsequent analyses.

We detected no evidence for positive selection on ‘4 codon
deletion’ alleles (Figs. 1 and S2). In contrast, we found strong
evidence for positive selection on two codons of the ‘S codon
deletion’ alleles (amino acids 50 and 64) and on 12 codons of
the ‘no deletion’ alleles (amino acids 5, 8, 22, 29, 48, 55, 60,
61, 62, 63, 69, 70, Figs. 1 and S2). This difference might be
attributable to the overall higher number of ‘no deletion’ al-
leles, because the testing of ten subsets of 20 randomly chosen
‘no deletion’ alleles revealed a similar number of positively
selected sites (mean 2.5 + SD 1.35) as in ‘5 codon deletion’
alleles. Two positively selected sites of the °5 codon deletion’
alleles fell on the same location as the positively selected sites
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Fig. 2 Position of indels in the MHC class I gene of selected mammals.
Three representatives of C. perspicillata MHC class I exon 2 amino acid
alleles (one of each length group) are aligned with sequences from human
(Homo sapiens), black flying fox (Pteropus alecto), horse (Equus
caballus), cow (Bos taurus), dog (Canis lupus familiaris), pig (Sus
scrofa), opossum (Monodelphis domestica), and platypus
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(Ornithorhynchus anatinus) (Table S1). The alignment starts at amino
acid position 13 of the human molecule. The indels of the ‘5 codon
deletion’ alleles C. perspicillata alleles align to the same location as the
insertions of other species” MHC alleles, indicating a common character-
istic or evolutionary important trait in bats
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in ‘no deletion’ alleles (amino acids 55 and 69 in the align-
ment of all 241 peptide alleles). The positions of the positively
selected sites in ‘no deletion’ alleles (amino acids 55, 69, and
70) matched or was in close proximity to known ABS in the
corresponding human MHC sequence (Bjorkman and Parham
1990). Further sites corresponding to human ABSs were indi-
cated as positively selected in C. perspicillata only with one or
two methods (amino acids 12, 33, 65, Fig. S2). Not all the
variable sites of the sequences were under positive selection or
the selection signal was too weak to be detected in ‘5 codon
deletion’ and ‘no deletion’ alleles (Fig. 1).

Discussion

We have tested the hypothesis that species with a large geo-
graphic range and that have contact with many pathogens
harbour a diverse immunogenic repertoire. We characterized
the MHC class I exon 2 diversity of the neotropical Seba’s
short-tailed bat, C. perspicillata, which is a well-known res-
ervoir species for zoonotic virus infections, and which is wide-
ly distributed in various habitats all over Central America
(Fig. S1). We found that the degree of MHC I exon 2 variabil-
ity in terms of number of alleles, gene duplications and length
polymorphism is indeed extremely high. Individuals carry be-
tween seven and 22 different alleles, with each sequenced bat
having a unique genotype (despite a highly conservative bio-
informatics pipeline). We also found nine possibly recombi-
nant alleles in total; these were removed prior to selection
analysis. We detected various signs of pathogen-mediated se-
lection acting on the MHC class I loci, such as high nucleotide
diversity among the observed 240 MHC class I alleles and
high dn/dg rates in potentially antigen binding sites of se-
quences. Possible underlying selective mechanisms are
balancing selection or directional positive (diversifying) selec-
tion, both of which are difficult to discriminate in empirical
studies of wild species (Spurgin and Richardson 2010). Few
alleles occurred at higher frequency, whereas the majority of
alleles were present only in a few individuals. The diversity
observed in C. perspicillata is comparable with the variability
reported from the passerine bird species Arcrocephalus
schoenobaenus (Biedrzycka et al. 2017) and seems to support
the hypotheses that, particularly in species with a geographi-
cally broad range, a high MHC class I variability indicates
high adaptability that might be selected for during range ex-
tension (Otting et al. 2005; Prugnolle et al. 2005).
Arcrocephalus schoenobaenus has an even wider geographi-
cal range than C. perspicillata, spanning from its breeding
regions in the Northern Europe through to Eastern Asian and
Russia and its migration route and wintering grounds covering
nearly the whole African continent (Fig. S1). The
C. perspicillata MHC class 1 diversity also exceeds the high
variability reported for the three previously studied bat species
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with large geographic ranges (Santos et al. 2016; Ng et al.
2016; Papenfuss et al. 2012; Pavlovich et al. 2018). Overall,
all these findings are in congruence with the hypothesis that
adaptation during dispersal over large geographic ranges fa-
cilitates the evolution highly diverse MHC class I genes.

Moreover, we determined a complex organization of MHC
loci as a result of length polymorphism caused by insertions or
deletions (indels) and gene duplication events involving copy
number variation (CNV), thus increasing the adaptive immu-
nogenetic variation in MHC genes, both at an individual and
at a species level. The 241 identified alleles could be grouped
into ‘no deletion’ alleles (223 bp length), into ‘4 codon dele-
tion’ alleles (211 bp), or into ‘5 codon deletion’ alleles
(208 bp). The alleles had an uneven frequency distribution
and all individuals carried ‘no deletion’ alleles. Whereas
11.2% had only ‘no deletion’ alleles, 29.3% carried addition-
ally ‘4 codon deletion’ alleles, 18.1% possessed additionally
‘5 codon deletion’ alleles, and 41.4% possessed additionally
both types of ‘deletion’ alleles. Interestingly, less than half of
the genotyped animals (41%) carried alleles from all three
groups. The length variation among MHC alleles did not
cause a reading frame shift. Of note, the three observed groups
of alleles (‘no deletion’, ‘4 codon deletion’, ‘5 codon dele-
tion’) showed different signatures of selection suggesting a
change in function. The group of ‘no deletion’ alleles was
the most variable with 200 nucleotide alleles and 12 amino
acid positions with strong evidence for positive selection, es-
pecially at the positions that are antigen binding sites in the
corresponding human sequence or are in close proximity to
them (Bjorkman and Parham 1990). Aligning the ‘no dele-
tion” and ‘5 codon deletion’ alleles showed that the variability
concentrated on similar positions in these allele groups.
Positively selected sites in ‘5 codon deletion’ alleles matched
with the positively selected sites in ‘no deletion’ alleles.
Although the 19 identified ‘5 deletion’ alleles also showed
evidence of positive selection, fewer positions were clearly
identified. This difference might be attributable to the overall
much higher number of ‘no deletion’ alleles, because the test-
ing of ten subsets of 20 randomly chosen ‘no deletion’ alleles
revealed a similar number of positively selected sites as in 5
codon deletion’ alleles. Another explanation might be that the
‘5 codon deletion’ alleles are losing or changing their function
and are no longer under strong selection pressure. In contrast
to the two groups of ‘no deletion’ alleles and ‘5 codon dele-
tion’ alleles, no evidence for positive selection on the ‘4 codon
deletion’ alleles was observed. Together with the lower genet-
ic distance among alleles and the formation of a distinct cluster
in the network analysis, this suggests that the ‘4 codon dele-
tion’ alleles are subject to a different selection pressure that
might have evolved a different function.

Indels, together with gene duplication events and allele
rearrangements, play an important role in MHC class I evolu-
tion (Hosomichi et al. 2008; Miska et al. 2002). Although
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indels of various length and location are more frequent in
introns than in exons (Hughes and Yeager 1997), they have
been observed in MHC class I and II genes of both mamma-
lian and non-mammalian species (Minias et al. 2018; Santos
et al. 2018; Schaschl et al. 2008). Indels are considered as the
main path to genomic divergence between closely related spe-
cies such as humans and chimpanzees (Anzai et al. 2003).
Indels in MHC genes increase the structural diversity of the
molecule and, therefore, expand the antigen-binding reper-
toire. This enhances the adaptive potential of an individual
immune system. Indels in classic MHC genes are common
in birds, especially in passerines, and are thought to have an
adaptive role (Biedrzycka et al. 2017; Bonneaud et al. 2004;
Minias et al. 2018; Balasubramaniam et al. 2017). The same
might be true for Chiroptera, as the pattern of indels in the
MHC genes is similar between these two evolutionary diver-
gent groups. For bats, length variation (3 and 5 amino acid
indels) has been reported in the MHC class I genes of the
black flying fox (Pteropus alecto), and in the Chinese horse-
shoe bat (Rhinolophus sinicus), the common vampire bat
(Desmodus rotundus) the great roundleaf bat (Hipposideros
armiger) and in the natal long-fingered bat (Miniopterus
natalensis) (Ng et al. 2016; Abduriyim et al. 2019). The indels
of the C. perspicillata alleles align to the same location as the
indels in the other bat species. Compared to eutherian mam-
mals other than bats, they apparently code for alleles with
longer antigen binding domains (Abduriyim et al. 2019).
This suggests a common characteristic or evolutionary impor-
tant trait in bats: it may cause an increased binding spectrum,
as a longer allele (3-codon indel allele Ptal-N01:01) present
antigens with a broader length range than shorter MHC class I
molecules from other mammals (Wynne et al. 2016).

The MHC gene families possibly evolve through birth-and-
death processes (Eirin-Lopez et al. 2012) and produce copy
number variation (CNV) in MHC gene families as the results
of gene duplication events. CNVs are common in various
taxa, varying between species and within a species
(Doxiadis et al. 2006; de Groot et al. 2016; Siddle et al.
2010; van der Wiel et al. 2018). CNVs might have different
levels of gene expression (classified as major and minor ex-
pression) and might be an alternative to an allelic polymor-
phism at one gene (Otting et al. 2005). In C. perspicillata,
gene duplications apparently happened particularly frequently
with ‘no deletion’ alleles. Individuals carry between five and
18 of such alleles, suggesting that gene CNV occurs between
individuals and that at least three to nine loci have been am-
plified. Similarly, MHC class I gene duplication (at least six
loci) has also been found in another bat species (Ng et al.
2016). We think that, in C. perspicillata, the variation in the
number of amplified loci is unlikely to be attributable to null
alleles because we performed extensive primer testing exper-
iments and because all the primer pairs tested gave the results
indicating CNV.

In our network analysis, ‘no deletion” and ‘5 codon dele-
tion’ alleles clustered together, whereas the ‘4 codon deletion’
alleles formed a single distinct cluster. No distinct clusters
indicating locus-specific phylogenetic relationships are appar-
ent within the ‘no deletion’ alleles. This suggests that gene
duplication and/or gene conversion happened only recently.
As a consequence, some alleles might still be shared between
loci (Reusch et al. 2004) and/or potential gene conversion and
inter-locus recombination events could blur sequence differ-
ences between these loci in C. perspicillata. As mentioned
above, ‘no deletion’ and ‘5 codon deletion’ alleles cluster
together. One possible explanation for this close relationship
is that the ‘5 codon deletion’ alleles evolved several times. In
the network, ‘5 codon deletion’ alleles are usually placed apart
and do not form a monophyletic group (Fig. 3). On the other
hand, almost all individuals (with two exceptions) carried ei-
ther one or two ‘5 codon deletion’ alleles. The simplest inter-
pretation is that only a single locus for this group of alleles is
present. Another possible explanation is that frequent recom-
bination between the alleles lead to the observed results of the
network analysis. The recombination tests that we applied did
not find strong evidence for recombination. However, their
power may be limited if the recombination is frequent and
the recombination blocks are narrow (‘micro recombination”),
as has been suggested for MHC genes (Biedrzycka et al. 2017,
Klitz et al. 2012). In contrast to this, the ‘4 codon deletion’
alleles formed a single distinct cluster. All individuals that
carried a ‘4 codon deletion’ allele (71% of the study subjects)
harbored either one or two different ‘4 codon deletion’ alleles
suggesting that a single locus is involved that has evolved
earlier in time.

The common pattern shared between passerines and bats
suggests that length variation and gene duplications cause
important adaptive variation affecting the structural organiza-
tion of the MHC molecules that bind and present antigens to
the T cells. As a consequence of length variation, the primary
structure of the MHC molecule changes; it will also have a
different folding pattern and thus specificity to a different an-
tigen molecule. This might increase the spectrum of pathogens
an organism and a population as a whole can resist, supporting
the idea that, in species with a geographically broad range, a
high MHC class I variability is particularly adaptive. Further
studies focusing on expression differences of MHC alleles and
loci are required (Schwensow et al. 2019). Drews et al. (2017)
reported expression level differences between several MHC
class genes with high and low polymorphism in three different
passerine species (Passer domesticus, P. hispaniolensis,
P. monatnus). Only 50% of the highly polymorphic alleles
were found to be expressed (at a variable level), whereas al-
leles with low polymorphism had uniformly low expression,
suggesting functional differences between classic and non-
classic MHC class I genes (Drews et al. 2017). The extraordi-
nary genetic diversity at the nucleotide level of MHC class 1
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exon 2 of C. perspicillata should also be translatable into
expressed/functional (peptide) diversity. Future investigations
aimed at understanding whether and how MHC genes and
alleles are associated with differences in disease resistance
should elucidate their adaptive role and the unsolved mystery
of asymptomatic viral infections in bats.
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