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SUMMARY
Bats asymptomatically harbor many viruses that can cause severe human diseases. The Egyptian rousette
bat (ERB) is the only known reservoir for Marburgviruses and Sosuga virus, making it an exceptional animal
model to study antiviral mechanisms in an asymptomatic host. With this goal in mind, we constructed and
annotated the immunoglobulin heavy chain locus, finding an expansion on immunoglobulin variable genes
associated with protective human antibodies to different viruses. We also annotated two functional and
distinct immunoglobulin epsilon genes and four distinctive functional immunoglobulin gamma genes. We
described the Fc receptor repertoire in ERBs, including features that may affect activation potential, and
discovered the lack of evolutionary conserved short pentraxins. These findings reinforce the hypothesis
that a differential threshold of regulation and/or absence of key immune mediators may promote tolerance
and decrease inflammation in ERBs.
INTRODUCTION

Bats (orderChiroptera) havebeenshown tohostmore zoonotic vi-

ruses per species than any other mammalian order (Wynne and

Wang, 2013) and are reservoirs of several human pathogenic zoo-

notic viruses, yet show no overt sign of disease (Calisher et al.,

2006; Olival et al., 2017; Smith and Wang, 2013). Bat genomes

have been sequenced to uncover factors that contribute to vi-

rus-induced disease resistance (Jebb et al., 2020; Papenfuss

et al., 2012; Pavlovich et al., 2018). For some species, a potent

innate response was proposed (Zhang et al., 2013; Zhou et al.,

2016), while in others, tolerance was suggested (Arnold et al.,

2018;Pavlovichet al., 2018). TheEgyptian rousettebat (ERB,Rou-

settus aegyptiacus) is a known reservoir forMarburg virus (MARV),

Ravnvirus (RAVV), andSosugavirus (SOSV) (Ammanetal., 2015a;

Amman et al., 2015b; Towner et al., 2009). While ERBs display no

overt disease manifestation upon MARV infection, some primate

species present with hemorrhagic fever and high lethality (Towner

et al., 2006). We previously reported expansions of immune-

related gene families in ERBs compared to humans (Pavlovich

et al., 2018). Evaluation of the theoretical function of these genes

suggested that a tolerogenic immune state may exist in ERBs.

When exposed to MARV, ERBs mount a detectable humoral

response; however, in vitro experiments were not able to detect

neutralizing activity (Schuh et al., 2017b, 2019; Storm et al.,

2018), suggesting other mechanisms to mediate viral clearance.
This is an open access article under the CC BY-N
Most mammalian immunoglobulins (Igs) arise through the tetra-

merization of two identical Ig heavy chain (IGH) and Ig light chain

(IGL) proteins (Lefranc, 2014). The typical IGH locus comprises

numerous variable (IGHV), diversity (IGHD), joining (IGHJ) and

constant (IGHC) genes that recombine to form the IGH. The ge-

netic diversity and copy number of IGHV, IGHD, and IGHJ genes

contributes to antigen recognition breadth and varies between

species (Watson and Breden, 2012), while effector functions

are mediated by the fragment crystalline (Fc) region encoded

by IGHC genes. In mammals, IGHC genes are represented by

five isotypes that vary in number and presence (Akula et al.,

2014). Within Chiroptera, there is transcriptomic evidence of

IgM, IgA, IgE, and IgG expression (Baker et al., 2010; Butler

et al., 2011; Schountz et al., 2017), and IgG subclass number

ranges from 1 (Carollia perspicillata) to 5 (Myotis lucifugus) (Butler

et al., 2011). However, given the complexity and repetitiveness of

the IGH locus, no complete description of gene organization ex-

ists for any bat species.

The Ig Fc region functionally links adaptive immunity with

several innate mediators (Akula et al., 2014; Schroeder and Cav-

acini, 2010). Fc receptors (FcRs) have characteristic expression

patterns among leukocytes and can bind specific Ig isotype(s)

with varied affinities, resulting in different effector outcomes

(Bournazos and Ravetch, 2017). The evolutionary relationship

between FcRs and Igs has resulted in differential FcRs pres-

ence/absence among vertebrate genomes (Zucchetti et al.,
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Figure 1. Gene organization of ERB IGH locus

(A) Representation of contigs containing IGH genes from Raegyp2.0. Triangles represent truncated genes, empty boxes represent pseudogenes, and green

boxes represent IGHV genes.

(B) Organization of BACs used in the final sequence assembly and relative location of IGHV, IGHD, IGHJ, IGHC, and flanking genes in the final assembly. The

dotted line indicates the overlap sequence between BACIg1 and BACIg4. Only sequence from BACIg4 was used in the final assembly. See also STAR Methods.

(C) J (yellow), IGHM (purple), IGHG (pink), IGHE (blue), IGHA (navy), pseudogenes (empty), truncated IGHV (light green), and TMEM121 (black).
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2009). The complement system also bridges innate and adaptive

immunity (Merle et al., 2015a, 2015b). C1q interaction with Fc

can trigger opsonization, inflammation, and cell lysis. Pentraxins

are conserved from arthropods to mammals and can recognize

microbial moieties to mediate opsonophagocytosis, inflamma-

tion, and activate the classical complement pathway (Bottazzi

et al., 2010; Lu et al., 2018).

To begin to understand ERB innate and adaptive immunity, we

constructed one contiguous IGH locus and described the Ig

genes. We found an expansion of the IgE genes resulting in

two putatively functional genes and three pseudogenes. We

also described four functional IgG, one IgA, and one IgM genes.

We described and evaluated the FcR gene repertoire and pro-

teins of the complement system.We also observed the complete

absence of functional short pentraxins. Our observations

emphasize the uniqueness of Chiropteran genomes and high-
2 Cell Reports 35, 109140, May 18, 2021
light the importance of the continued characterization of reser-

voir species (Jebb et al., 2020; Sotero-Caio et al., 2017).

RESULTS

Sequencing and assembly of ERB IGH locus
The ERB genome (Raegyp2.0) (Pavlovich et al., 2018) contains

annotated IGHC genes on four contigs (Figure 1A). Contig

NW_015494929.1 contains a single copy of an IgA gene (IGHA)

upstream of TMEM121, which also flanks IGHA in the human

IGH locus (Gertz et al., 2013). The 50 portion of the ERB IGH locus

is on contig NW_015493306.1 containing a single IGHV gene and

an IgM gene (IGHM). These two contigs likely represent the

boundaries of the IGHC locus, orthologous to human chromo-

some 14q (McBride et al., 1982). Several complete or partial

IgE (IGHE) and IgG (IGHG) genes were distributed among four
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contigs, with one labeled as a pseudo IgE gene. Annotated IGHV

genes were present on 17 contigs (see Method details). No IgD,

IGHD, or IGHJ genes were annotated.

To overcome the discontinuous assemblies of repetitive gene

structures inmammalian genomes (Alhakami et al., 2017; Lander

et al., 2001), we used bacterial artificial chromosomes (BACs) to

resolve the ERB IGH locus. We identified, sequenced, and

assembled 4 BACs that mapped to portions of the 4 contigs

above, as well as the 17 contigs containing IGHV genes (Fig-

ure 1B). Assembling the 4 BACs generated the final IGH locus

(RaegypIGH3.0) (Figure 1C). RaegypIGH3.0 links contigs

NW_015493306.1 and NW_015494929.1 and adds �54 kb of

intervening sequence. Bionano Optical Mapping data demon-

strated that contigs NW_015493306.1 and NW_015494929.1

are separated by �56 kb of sequence (data not shown). The

other 2 contigs (NW_015493824.1 and NW_015493956.1) likely

represent misassembled portions of the 54-kb intervening

sequence. At one end, RaegypIGH3.0 (634,142 nucleotides) ex-

tends into what is likely a sub-telomeric repeat, and at the other,

extends through genes flanking the IGH locus in other mammals,

including TMEM121, CRIP1, TEDC1, and a portion of CRIP2.

Annotation and description of IGHV, IGHD, and IGHJ
genes
In Raegyp2.0, 58 IGHV genes on 17 contigs were annotated by

NCBI. Using IMGT/LIGMotif (Lefranc et al., 2015), we annotated

66 IGHVgenesonRaegypIGH3.0 (Figure1C).Of those,11arepre-

dicted non-functional (10 pseudogenes and 1 truncated) (Data

S1).Similar topteropidbats,ERB IGHV functional genes represent

all 3 clans and include representatives of families IGHV1 (17),

IGHV3 (22), IGHV4 (15), and IGHV7 (1) (Figure 2A; Data S1; Baker

et al., 2010; Elemento andLefranc, 2003). ERB IGHVsaresimilar in

length to other mammals (Data S1; Lefranc et al., 2005) and

contain downstream recombination signal sequences (RSSs),

with the exception of pseudogene VH1-2.1 (Figure 2B). Intrigu-

ingly, we observed that several of the ERB IGHV genes present,

and in some cases, expanded, at the IGH locus were associated

with protective responses against viruses in humans (Table S1).

Using IMGT/LIGMotif, we annotated 8 IGHD and 9 IGHJ genes

in RaegypIGH3.0. ERB IGHD genes comprise the IGHD1,

IGHD2, IGHD3, and IGHD6 families, are similar in length to the

human genes (Data S1; Lefranc et al., 2005), and contain flanking

RSSs (Figure 2C). The IGHJ genes identified make up the IGHJ2,

IGHJ4, and IGHJ5 families, are slightly smaller than human

genes (Data S1; Lefranc et al., 2005), and contain functional

RSSs, with the exception of the 2 IGHJ2 genes, which lack the

conserved 50-GAGCGTG-30 observed in human IGHJ gene hep-

tamers (Figure 2D). All IGHJ4 and IGHJ5 genes retain the highly

conserved WGXG amino acid (aa) motif, while IGHJ2 genes do

not (Figure 2E), suggesting they are not functional (Tsakou

et al., 2012). One intriguing observation was the IGHD-IGHJ-

IGHD-IGHJ organization within the IGH locus.

We determined the IGHV, IGHD, and IGHJ gene expression

pattern by mining previously published transcriptomic data

(Lee et al., 2015). Recovered reads were annotated by IMGT (Le-

franc et al., 2015) and remapped to RaegpyIGH3.0 to confirm

location and expression of annotated genes. The expression of

themajority of the functional IGHV geneswas confirmed. Limited
transcriptome support was detected for the pseudogenes and

the truncated IGHV6-1.1. Transcripts mapped to all IGHJ genes

(data not shown), however, >30-fold fewer to the two IGHJ2 and

IGHJ4.1, suggesting that these genes are likely not used.

IGHJ2.1 and IGHJ4.1 are the genes in the first IGHJ cluster in

the locus. Due to short IGHD length, we annotated IGHD using

IMGT-HighVQuest in reads in which an IGHJ gene was found.

This method was able to further confirm the functionality and

expression of all eight IGHD genes.

Annotation and description of IGHC genes
To identify IGHC genes, we BLAST NCBI annotated Raegyp2.0

IGHC sequences against RaegypIGH3.0. Like other pteropid

bats, we were unable to identify an IGHD (Baker et al., 2010).

We identified five IGHEs in RaegypIGH3.0. The first three IGHEs

contain indels resulting in premature stop codons and are likely

unprocessed pseudogenes (Data S1). Two IGHEs contain com-

plete open reading frames (ORFs) and are putatively functional.

This finding makes ERBs the only mammalian species identified

that contains more than one putatively functional IGHE (Sun

et al., 2012). We identified four IGHGs containing complete

ORFs and these are likely functional (Data S1). IGHEs and IGHGs

are numbered based on their 50–30 position, with the telomeric

end representing the 50 end (Figure 1C). We determined

sequence identity among IGHEs and IGHGs using ClustalW

(Data S1). Consistent with previous observations, the majority

of the IGHG sequence heterogeneity is clustered at the hinge

and CH2 domains (Vidarsson et al., 2014).

Transcriptomic data (Lee et al., 2015) was used to verify IGHC

gene expression. Using BLAST, we queried the coding se-

quences of each IGHC and mapped reads to unique Ig isotype

or subclass sequence-specific motifs, further validating our as-

sembly and annotation (Data S2). Finally, we performed mass

spectrometry on protein A/G purified total sera collected from

wild-caught ERBs to verify protein expression (data not shown;

Table S2). We detected unique peptides to IgG1, IgG2, IgG4,

IgM, and IgA, and a shared IgE peptide, demonstrating that

mRNAs derived from the identified genes are translated.

IGHC evolutionary relationship
Our data bolster previous reports of IGHC genes clustering

within Chiropteran suborders (Figure S1A; Agnarsson et al.,

2011). Our molecular data demonstrate that multiple character-

istics of the IHC loci unique to ERB occurred after speciation

and recapitulate other taxonomic data demonstrating ERB clus-

ters within Yinpterochiroptera.

Functional characteristics of the ERB IGHC genes
IGHC motifs associated with Ig structure/function have been

widely described for mammals (Table S2). The hinge domain of

IGHG is variable at both inter- and intra-species levels and

crucial for forming disulfide bonds between IGHs (Dard et al.,

1997). ERB IGHG1 contains a single 50-CPRCP-30 motif, which

is repeated 4 times in human IGHG3 (Figure S1E). Neither ERB

IGHG2, IGHG3, nor IGHG4 contain the canonical CXXC domain

at the hinge. ERB IGHG2 and IGHG3 lack both cysteines in that

domain, with the secondCys109 replaced by a serine (Figure S1E;

Table S2). Nevertheless, we cannot rule out dimerization, since
Cell Reports 35, 109140, May 18, 2021 3



Figure 2. Annotation and description of IGHV, IGHD, and IGHJ genes

(A) Phylogeny of functional non-truncated IGHV genes. Amino acids were aligned with ClustalW Bayesian analysis to generate the tree; bootstrap values shown.

Genes cluster within defined clans I, II, and III.

(B–D) IGHV, IGHD, and IGHJ recombination signal sequences for all genes, respectively.

(E) Amino acid alignment of IGHJ genes with conserved WGXG motif (boxed) and residues that could impair functional products (underlined) indicated.
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all IGHG genes contain at least one cysteine in the hinge that

could allow disulfide bonding.

N-glycosylation modulates Ig effector functions. We compared

the N-glycosylation pattern between ERB and human IGH and

summarized them in Figure S1. In brief, ERB IGHE1 and IGHE2

have the highly conserved N-glycosylation site (Asn287) in the

CH3 domain associated with protein structure and folding (Fig-

ure S1C; Arnold et al., 2004; Vernersson et al., 2004). All human
4 Cell Reports 35, 109140, May 18, 2021
and ERB IGHGs contain the conserved, single N-glycosylation

site at Asn297 (Figure S1E; Plomp et al., 2017). In addition, the

ERB IGHG1 contains the longest hinge domain and a putative

N-glycosylation sitenot present in theother ERBorhuman IGHGs.

The region of the IGHC responsible for making contact with

the FcgRI has been well characterized (Kiyoshi et al., 2015; Lu

et al., 2015). In addition to the N-glycosylation site at Asn297,

3 critical contacts have been identified: (1) the lower hinge region



Figure 3. Tissue expression and predicted

function of ERB Igs

(A) Expression of immunoglobulins in transcriptomic

data from 10 tissues in ERBs. Rows are ordered by

highest average expression. Expression is reported

as log2(TPM) (transcripts per million) and was

normalized to glyceraldehyde 3-phosphate dehy-

drogenase (GAPDH).

(B) Correlated gene ontologies between human

and ERBs IGHG subclasses based on confidence

score. Biological process (BP): GO: 0006958, GO:

0006910/GO: 0006911, GO: 0051707. Cellular

component (CC): GO: 0044425, GO: 0044459, GO:

0042571.

(C) Correlated gene ontologies for IGHE genes be-

tween species. BP: GO: 0006958, GO: 0006910,

GO: 0051249, GO: 0009617, GO: 005085. CC: GO:

0016021, GO: 0042571.
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(Leu233Leu234Gly235Gly236); (2) the CHg2 BC loop Asp265; and (3)

the CHg2 FG loop (Ala327Leu328Pro329Ala330Pro331). All ERB

IgGs contain the conserved Asp265 and the CHg2 FG loop. How-

ever, Leu233Leu 234 is only present in ERB IGHG1, while the other

subclasses present a Leu233Pro234. The leucine to alanine muta-

tion (LALA mutation) is associated with the inability of the human

IgG to bind to FcgRs (Arduin et al., 2015; Wines et al., 2000).

Ig cytosolic tails (CTs) are evolutionarily conserved among

mammals and interact with the a and b B cell receptor hetero-

dimer to modulate and enhance signaling (Table S3; Chen et al.,

2015). Two motifs are associated with Ig CT signaling: (1) a tyro-

sine at a DYXNMmotif and (2) a SSVV domain (Chen et al., 2015).

When comparing both functional IGHEs, we observed an unusual

internal deletion of the IgE1 transmembrane (TM) and CT region

(Figure S1C). Human IgE and ERB IgE2 present the DYXNMmotif

19 aas downstream of the TM (DYANV for ERB IgE2); however,

the deletion on ERB IgE1 positions the motif 5 aas closer to the

plasma membrane and may affect the function.

Tissue expression of Ig constant genes
We used transcriptomic data again to determine the level of

expression of each IGHC per tissue (Figure 3A). IGHM is ex-

pressed in all tissues andmost highly expressed in bonemarrow,

lymph node (LN), blood, spleen, and lung. Consistent with other

mammals, the highest expression of IGHA is observed in lungs

(Cerutti et al., 2011). Each IGHG subclass showed differential

expression (Vidarsson et al., 2014). We observed that IGHG1

had the highest expression in most tissues, followed by

IGHG4, IGHG2, and lastly IGHG3. Expression of IGHE2 was pre-

sent in LN, blood, spleen, and testes, whereas IGHE1 was ex-

pressed in those tissues as well as bone marrow and lung. The
differential expression of IGHE genes is

indicative of a differentiation of function.

Gene Ontology (GO) suggests IgE
and IgG subclasses serve unique
functions
COFACTOR (Roy et al., 2012) was used to

determine putative functional differences
of IGHGs and IGHEs. The four ERB IGHGs likely perform

different effector functions from their human counterparts, with

no clear statistically significant functional equivalency (Fig-

ure 3B). Both ERB IGHE1 and IGHE2 are predicted to be impor-

tant for immune response to other organisms, a key feature of

IGHE in other mammals (Hellman et al., 2017). However, ERB

IGHE1 and IGHE2 also exhibit differences that support a

possible diversification of function (Figure 3C), although these

predictions require further functional validation. Finally, we

examined ERB IGHA and IGHM and found that their predicted

functions are broadly similar to their human homologs (Data S3).

Identification and expression of ERB FcRs
The number and composition of FcRs vary between species

(Akula et al., 2014; Koenderman, 2019). We identified 13 FcRs

in Raegyp2.0, the orthologs for human FCERI, FCERII, FCGRI,

FCGRIIB, FCGRIIIA, FCMR, FCAMR, FCGRT, FCRL4, FCRL5,

PIGR, and TRIM21, and a receptor with no-ortholog annotated

as FCGRII-like. Fc signaling-associated chains were also found

in Raegyp2.0 (FCεR1b and FCεR1g). No orthologs were found

for human FCaR, FCGRIIA, FCGRIIC, and FCGRIIIB. Among

the four ERB FCGRs, we identified the canonical inhibitor

FCGRIIB containing the immunoreceptor tyrosine-based inhibi-

tion motifs (ITIMs) at the CT, but none contain immunoreceptor

tyrosine-based activation motifs (ITAMs) (Figure 4A). Further-

more, in the activating ERB FCGRI and FCGRII-like, Asn306 re-

verted to Asp306 (Figure 4B). This substitution still allows for

association with the signaling g chain, but it is reliant on co-

expression for cell surface expression (Ernst et al., 1993; Scholl

and Geha, 1993). Moreover, the ERB FCGRI contains a longer

FG loop associated with lower affinity for IgG (Figure 4C; Lu
Cell Reports 35, 109140, May 18, 2021 5



Figure 4. FcR comparison between ERB and other mammals

(A) Alignments of FcR cytosolic domains using ClustalW. ITIM and ITAM motifs are boxed.

(B) FcR transmembrane residues for g-chain association and surface expression. Residues important for interaction boxed and bolded.

(C) Alignment of F and G loop of FcRs showing additional residues in the ERB loop.

(D) FcR expression in transcriptomic data from 10 ERB tissues. Rows ordered by highest average expression, which is reported as log2(TPM) and is normalized to

GAPDH.
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et al., 2011). The specific expression profiles of ERB FcRs show

that all are expressed in at least one tissue. Similar to humans,

FCGRT was the most ubiquitously expressed (Figure 4D; Pyzik

et al., 2019).

Complement proteins and expression levels
Complement interacts with Ig Fc and participates in several of

the Ig effector functions (Merle et al., 2015a, 2015b). The three

subunits of the C1q complex, C1qA, C1qB, and C1qC, in Rae-
6 Cell Reports 35, 109140, May 18, 2021
gyp2.0 are putatively functional. C1qA, C1qB, C1qC, and C3

are ubiquitously expressed in ERB tissues (Figure S2). While

C3 is mainly expressed at the liver and lung, the C1q proteins

are mainly expressed in the spleen, LNs, liver, and lung.

Identification and expression of ERB pentraxins
No evidence of functional short pentraxins (C-reactive protein

[CRP] and serum amyloid P component [SAP]) was found in Rae-

gyp2.0. A SAP pseudogene was identified but contained
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numerous premature stop codons. At published bat genomes

(Pteropus alecto, Desmodus rotundus, Phyllostomus discolor,

Miniopterus natalensis), annotated SAP sequences also con-

tained numerous stop codons, suggesting the gene inactivation

well before the emergence of the genus (data not shown). Long

pentraxins were annotated in Raegyp2.0: pentraxin 3 (PTX3) and

PTX4, neuronal pentraxin 1 (NP1) and NP2, as well as the

neuronal pentraxin receptor (NPTXR). We also identified DC-

SIGN and the mucosal pentraxin (MPTX), which is annotated

as a pseudogene in ERBs and humans. NPTXR1, NPTX2, and

NPTXR expression was highest in brain, PTX3 in lung, PTX4 in

testes, and DC-SIGN in LN (Figure S2).

DISCUSSION

Although some bat antiviral mechanism(s) have been described

(Baker et al., 2013), a comprehensive understanding of bat im-

munity remains elusive. It has been proposed that some bat spe-

cies evolved a potent innate antiviral response, allowing for early

control of virus replication (Zhang et al., 2013; Zhou et al., 2016).

For other species, like ERBs, it was proposed that disease toler-

ance rather than enhanced viral defense plays a primary role

(Ahn et al., 2019; Arnold et al., 2018; Jebb et al., 2020; Mandl

et al., 2018; Pavlovich et al., 2018). This model of viral tolerance

is supported by experimental studies in ERBs demonstrating

limited inflammation, protracted incubation, and sustained

viremia/shedding for up to 3 weeks post-MARV infection (Am-

man et al., 2015a; Schuh et al., 2017a). ERBs mount humoral re-

sponses to MARV infection and become refractory to future

infection (Schuh et al., 2017b); however, no neutralizing activity

was detected when tested in vitro (Schuh et al., 2019). Here,

we investigated components of the humoral immune response

of ERBs and evaluated whether the features found would sup-

port the enhanced tolerance model.

Distinct features found on the IGH locus
The IGHV germline of ERBs contains numerous gene expansions

relative to human orthologs (Figure 1). We observed that several

of the ERB IGHV genes present, and, in some cases, expanded,

were associated with V(D)J rearrangement signatures for spe-

cific pathogens (Table S1; Cohen-Dvashi et al., 2020; Watson

et al., 2017), suggesting that the ERB may be equipped with an

IGHV repertoire prone to generating antibodies that can bind

to zoonotic viruses. The expansion of the IGHJ4 genes in

ERBs may reflect its important role in V(D)J recombination; how-

ever, its impact in B cell diversity and antibody specificity is still

unknown (Arnaout et al., 2011). Despite humans containing only

a single IGHJ4, it is the most commonly used J segment (Shi

et al., 2020).

Since the duplication of the ancient IgY gene resulting in IgG

and IgE, these two Ig isotypes have diversified their functions

(Hellman et al., 2017).While IgGs functionmainly via complement

activation, immunecomplex clearance, and antibody-dependent

cellular functions, IgEs primarily function via interaction with the

FcεR on mast cells and basophils. It is possible that the IGHE-

IGHG cassette contains sequences suited for unequal crossing

over (Reams and Roth, 2015) generating the IGHE-IGHG tandem

gene duplications observed in the locus. However, selective
pressure may inactivate the newly duplicated IGHE. The tightly

regulated IGHE copy number may reflect a balance of a cost-

benefit between IgE function and expression level (Oettgen,

2016). The three IgEpseudogenesobserved in theERB IGH locus

may be a direct reflection of tightly regulated IGHE copy number.

To our knowledge, the ERB is the first mammalian species

demonstrated to contain more than one functional IGHE.

Although humans contain two copies of IGHE, one is a non-func-

tional pseudogene (Max et al., 1982). Diversification of function

between IgE1 and IgE2 in ERBs likely explains the retention of

two functional IgE copies. We found that IGHE2 is expressed in

lung and bone marrow, while both IGHE1 and IGHE2 transcripts

are detected in the periphery (blood) and secondary lymphoid or-

gans (LN and spleen) (Figure 3A). Therefore, IgE2may perform an

important role in the lung microenvironment, acting as a sensing

antibody to modulate the IgG response, similar to that seen with

many other virus infections (Kelly and Grayson, 2016). Using GO

term analysis, we observed that IGHE1 appears tomimic thema-

jority of described IGHEs, while a distinct predicted functionality

was observed for IGHE2 (Figure 3C). Moreover, a residue known

to be important for CD23 (FcεRII) binding, Glu414 (Sutton and Da-

vies, 2015), is present in IGHE2 but not IGHE1, which may sug-

gest less effective or ablated binding capacity, further supporting

a diversification of IgE function in ERBs. Finally, in other mam-

mals, the a-bB cell antigen receptor (BCR) heterodimer interacts

with the DYXN domain at the Ig CT, phosphorylating the tyrosine

and amplifying the B cell signaling. The predicted displacement

of the IgE1 DYXN domain due to the 5-aa deletion at the TM-CT

interface may affect the efficiency of phosphorylation of the tyro-

sine and the ability of IgE1 to enhance the a-b BCR heterodimer

signaling. Functional data are required to determine the impact of

the TM-CT deletion on IgE1 function.

ERBs, humans, and mice contain four IgG subclasses; how-

ever, they are not functionally equivalent across species (Collins,

2016). The structure-based protein function predictions as-

signed each of the ERB IgG subclasses a specialized function

that could not be directly correlated with either a human or

mouse IgG subclass. Transcriptomic data suggests that ERB

IgG1 is the highest expressed subclass (Figure 3A). ERB IgG1

contains the longest hinge and a single CPRCP domain that is

also present, although expanded, in human IgG3. The long hinge

of human IgG3 likely provides more flexibility to the two Fabs,

and reduces the half-life of the Ig due to increased susceptibility

to protease degradation. If this is also the case for ERB IgG1, it

may explain the rapid decline in MARV antibody response in vivo

(Schuh et al., 2017b). Moreover, ERB IgG1 has a putative

N-glycosylation site at the hinge, not observed in any of the other

ERB nor the human IgG subclasses, which may have a profound

impact on the IgG structure and dimerization kinetics. ERB IgG2,

IgG3, and IgG4 lack the CXXC hinge domain (Figure S3E), asso-

ciated with the ability of human IgGs to form disulfide bonds be-

tween IGH chains. Interestingly, human IgG4 contains a CPSC

motif in that region and was shown to undergo Fab-arm ex-

change to create ‘‘half molecules,’’ in which the IGH:IGL dimers

are associated by non-covalent interaction (Bloom et al., 1997).

Thus, human IgG4 does not crosslink antigen and may be bispe-

cificity (Schuurman et al., 1999; van der Zee et al., 1986). The fact

that ERB IgG2, IgG3, and IgG4 lack the hinge CXXC domain
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suggests these IgGs may lack inter-chain disulfide bonds be-

tween IGHs, and potentially form bispecific half-molecules.

This hypothesis, if confirmed experimentally, would likely affect

how ERB humoral immunity functions. Human IgG4 contributes

to anti-inflammatory properties, limiting its ability to form immu-

nocomplexes and activate complement, and it is also involved in

the regulation of IgE function (James and Till, 2016). If recapitu-

lated for ERB IgGs, except IgG1, then this would represent

another mechanism by which ERBs effectively control infection

while minimizing inflammation.

FcR repertoire, characteristics, and theoretical
functions
ERB FcRs resemble those found in mice, lacking the expansion

observed in primates and specifically in humans (Bruhns and

Jönsson, 2015; Nimmerjahn and Ravetch, 2006).While the inhib-

itory receptor FcgRIIB is well conserved, ERBs do not contain

the expanded human activation FcRs (FcgRIIA and FCgIIC) or

the glycophosphatidylinositol (GPI)-linked FcgRIIIB highly ex-

pressed in human neutrophils (Treffers et al., 2019). The ERBs

FcgRs found can only transduce an activating signal through

the accessory signaling molecules (g and b chains). Moreover,

the high-affinity ERB FcgRI has a particular feature in its TM

sequence (Figures 4A and 4B). While human, cynomolgus,

rhesus macaques, and mouse FcgRIs have a conserved TM

motif with an Asn306 (in human: LAVGIMFLVNTVL), the ERB

FcgRI TM motif contains an aspartic acid in that position

(LMVVTMFLVDTVF), a change that closely resembles the human

FcgRIIIA and FcεRI motifs (Figure 4B). Asn306 has been shown to

be crucial for the association with g chain signaling and

rendering FcR membrane expression independent of g chain

expression (Ernst et al., 1993; Scholl and Geha, 1993; Stockner

et al., 2004). Therefore, Asp306 likely mandates interaction with

the signaling g chain, resulting in receptor membrane expression

dependent on g chain expression (Chenoweth et al., 2015).

FcgRI is the high-affinity IgG receptor (Allen and Seed, 1989).

The D2 domain FG loop in human FcgRI (171MGKHRY176) is 1

aa shorter than the low-affinity FcgRII and FcgRIII equivalent

regions. A valine insertion in this structure (e.g., FcgRIII:
171MVGKHRY177) is sufficient to decrease FcgRI affinity 15-

fold for IgG (Lu et al., 2011). A statistical analysis of this loop

in different species showed that additional aas drastically

decrease affinity for the IgG (Lu et al., 2011). ERB FcgRI has

8 aas at the D2 domain FG loop (171VGTSRRTF178) instead of

the six observed in human, non-human primate (NHP), and

mouse (Figure 4C). Moreover, although all ERB IgGs conserve

the N-glycosylation site at Asn297, the CHg2 BC loop Asp265,

and the CHg2 FG loop, ERB IgG2, IgG3, and IgG4 contain a

leucine-proline substitution (Leu233Pro234Gly235Gly236), associ-

ated with the inability of the IgG to bind FcgRs (Arduin et al.,

2015; Wines et al., 2000). The L234P substitution, together

with the ERB FcgRI D2 domain FG loop structure, strongly sug-

gests that the FcgR affinity for the different ERB IgGs may be

negatively affected. Since FcgRI has been implicated in inflam-

mation in human and mouse (Barnes et al., 2002; Mancardi

et al., 2013), the distinct features observed in ERB FcgRI may

imply that inflammation regulated by this receptor requires a

higher threshold of activation.
8 Cell Reports 35, 109140, May 18, 2021
ERBs lack the short pentraxins involved in the acute-
phase responses
The fact that we could not identify functional short pentraxins is

without known precedent in mammals. Pentraxins are a super-

family of conserved proteins that play an important role as hu-

moral components of innate immunity that stimulate the com-

plement system (Bottazzi et al., 2010). Pentraxins appeared

early in the evolution of metazoans and have been found in ver-

tebrates, non-vertebrate chordates, arthropods, and mollusks.

The fact that these different phyla have preserved pentraxins

throughout evolution is indicative of their important role in im-

munity. Within this superfamily, the short pentraxins (CRP and

SAP) are the prototypic acute-phase response proteins (Lu

et al., 2018). They are produced in the liver and promote com-

plement activation, phagocytosis, and inflammation. Pentraxins

interact with different ligands, including complement and FcRs.

To our knowledge, the complete absence of both types of short

pentraxins in a mammal has never been reported and may be

indicative of the evolutionary pressure to reduce acute

inflammation.

Overall, we have identified a suite of features specific to

ERBs that may aid in their ability to overcome infection,

reduce inflammation, and remain largely asymptomatic to

acute infection with MARV. Although the genetic and predic-

tive observations presented here need to be confirmed by

functional assays before we can arrive at definitive conclu-

sions, it is striking to identify so many distinctive genomic fea-

tures in ERB immunity. While there is more to learn about the

bat immune system, all of our findings support previous

claims that ERBs are biased to tolerate viral infection with

reduced inflammation.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mariano

Sanchez-Lockhart (mariano.sanchez-lockhart.civ@mail.mil).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The annotated sequence of RaegypIGH3.0 (variable, diveristy, joining and constant genes) is available at GenBank accession num-

ber: BankIt2442758 Seq0, MW800879

This study generate a unique script to parse sequenced BACs from PacBio reads and is available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Genomic DNA was isolated from the liver tissue of a wild-caught healthy male Egyptian rousette bat from a captive colony

at Friedrich-Loeffler-Institut, Germany. This individual bat was a descendant of the bats brought to Europe in the 1960s.

Research was conducted under an IACUC approved protocol in compliance with the Animal Welfare Act, PHS Policy,

and other Federal statutes and regulations relating to animals and experiments involving animals. The facility where this

research was conducted is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, In-

ternational and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals, National Research

Council, 2011.
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METHOD DETAILS

BAC identification and growth
The Rousettus aegyptiacus genome (Raegyp2.0; GCA_001466805.2) has been archived since the inception of this work. As such

when performing BLAST the contigs indicated below will have to be manually entered when performing search functions. Bacterial

artificial chromosome (BAC) libraries were created from ERB liver tissue (male, 13 months old, captive colony at Friedrich-Loeffler-

Institut, Germany from ancestor individuals that were brought to Europe in the 1960s) supplied to a commercial vendor (AMplicon

Express). To isolate BACs of interest we screened BAC libraries using a polymerase chain reaction (PCR) scheme. Forward and

reverse primer pairs unique to single contigs that would result in �1100-1600bp amplicons were created. Primers were developed

to amplify regions at distal ends of contigs NW_015493306.1, NW_015494929.1, NW_015493824.1, and NW_015493956.1 (Fig-

ure 1A). Pools of BACs were screened using these primer pairs resulting in the identification of a single BAC. Due to the overlap

of some BACs a single primer pair could identify more than one BAC clone, in these cases both BACs were used.

Once identified, BACs were picked from 384-well plates and grown in 250mL of 2X YT broth in the presence of 12.5ug/mL Chlor-

amphenicol for 18-24 hours. BACs were isolated from cultures using the QIAGEN Plasmid Maxi kit following the manufacturer’s rec-

ommendations. Purified nucleic acids were then subject to Pacific Biosciences library preparation and sequencing.

PacBio BAC sequencing
Isolated BACDNAwas sheared to�20kb average size using needle shearing. After shearing, DNA damage repair and end repair was

performed, followed by ligation of hairpin adapters resulting in a SMRTBell template. SMRTBell templates were subject to ExoIII and

ExoVII treatment to remove unligated products. Size selection was performed on Blue Pippin system (Sage Sciences, Beverly, MA)

using 0.75% dye-free agarose gel cassette, marker S1 and Hi-Pass protocol; low cut was set on 4000 bp. Final library assessment

was obtained by Qubit dsDNA BR assay. Individual BACs were barcoded using 7bp barcodes and sequenced using the Sequel

sequencing kit v2.1. Annealing of sequencing primer and binding polymerase 2.0 to the SMRTbell template was performed according

to PacBio calculator and polymerase/template complexeswere loaded onto SMRT cells (SMRTCell 1M v3 Tray) via diffusion at a final

concentration of 8pM. Libraries were sequencedwith 600minmovies on PacBio Sequel instrument (Pacific Biosciences,Menlo Park,

CA). BACIg4 was sequenced as described except we used a SMRT Cell 1M v3 LR Tray and sequenced with 1200 minute movies.

Assembly of PacBio BAC reads
Upon completion of sequencing fastq files from each individual BAC were downloaded from SMRT Link and assembled using the

long read assembler Canu v1.8 (Koren et al., 2017) and an in house script for BACIg1, BACIg2, BACIg3. For BACIg4 we used the

HGAP4 assembler which is embedded within the SMRT Link suite using default settings except the ‘‘Genome Length’’ was set to

250kb and the ‘Minimum Subread length’ was set to 8kb. Each assembled BAC was subsequently uploaded to SMRT Link and sub-

ject to ‘polishing’ using the embedded ‘Resequencing’ program. After assembly all sequences were subject to the ‘Resequencing’

function of SMRTLink which uses all of the reads from a sequencing run to correct errors present in the final assembly. Sequences

were subject to ‘Resequencing’ until they reached a sequence concordance of 99.95% or greater. Resequencing also indicates the

average read depth of each assembly. BACIg1 was sequenced with an average coverage of 524x and a concordance of 99.99%,

BACIg2 at 501x average coverage and a concordance of 99.98%, BACIg3 at 485x average coverage and a concordance of

99.98%, and BACIg4 at 370x average coverage and a concordance of 99.99%.

Geneious sequence manipulation and assemblies
Upon completion of sequencing fastq files from each individual BAC were downloaded from SMRT Link and assembled using the

long read assembler Canu (Koren et al., 2017) for BACs BACIg1, BACIg2, and BACIg3. For BACIg4 we used the HGAP4 assembler

which is embedded within the SMRT Link suite. Each assembled BACwas subsequently uploaded to SMRT Link and subject to ‘pol-

ishing’ using the embedded ‘Resequencing’ program. Completed BAC sequences were uploaded to Geneious. BACIg1-3 were

assembled using the ‘De Novo Assembly’ function. BACIg3 and BACIg2 overlapped by �18,000bp and BACIg2 and BACIg1 over-

lapped by�50,000bp. BACIg1/4 were assembled using the ‘Map to Reference’ function using BACIg1 as a reference sequence. The

final assembly is represented as complete sequences from BACIg3, BACIg2, and a partial sequence of BACIg1 (Figure 1B). The near

perfect alignment (99.99% pairwise identity) among these three BACs likely represents a single haplotype. For the overlap sequence

between BACIg1 and BACIg4 (�60,000bp, 96.5% pairwise identity) all BACIg1 sequence (Figure 1B, dotted line) was replaced with

BACIg4 sequence. These two BACs likely represent alternative haplotypes and thus the completed ERB IGH locus is a hybrid where

all constant genes are representative of one haplotype and all V(D)J genes are representative of the alternative haplotype.

Annotations of constant genes
All annotated IGH constant genes were downloaded from Raegyp2.0 using the NCBI genome browser. Coding sequences (CDS)

were extracted andmapped against the completed IGH locus using the annotate function of Geneious. Complete coding sequences

were renamed for ease of discussion; for example, the annotated IgE on contig NW_0145493306.1 is labeled as ‘Ig epsilon chain C

region-like’ and bears the locus tag ‘LOC107506273’ and was subsequently renamed to ‘IgE_3306’ (bearing the gene name and final

four numbers of the contig designation number).
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IgE Annotations
NCBI annotated four genes as IgE in Raegyp2.0 and all sequences contained one, or two misannotated exons upstream of the

canonical constant heavy 1 (CH1) exon. These misannotated exons were discarded when determining IGH constant gene anno-

tation. Only IgE_4929 CDS contained a complete open reading frame with no premature stop codons, however, it did not

contain the final two exons constituting the transmembrane (TM) domains. IgE_3306/3956/3824 contained only minor mutations

(< 3 indels per sequence) that resulted in premature stop codons, however, they did contain annotated TM domain exons. Given

these minor changes we were confident that the usage of all four sequences for annotating the CDS in RaegypIGH3.0 would

yield accurate results. Sequences were uploaded to Geneious and aligned to RaegypIGH3.0 using the ‘Annotate from function’

with a mapping requirement of 75% identity. Five IgE genes were identified. Annotated exons for each IgE gene were inspected

in the context of RaegypIGH3.0 to ensure that exon/intron sequence rules were maintained. No adjustments to exon/intron

lengths were necessary. Exon sequences from each gene were then extracted and concatenated to form the final CDS.

pIgE1, 2, 3, all contained indels introducing stop codons into the sequence, whereas the CDS for IgE1, 2 were complete

and contained no premature stops.

IgG Annotations
NCBI annotated five genes as IgG in Raegyp2.0. Two annotated IgG (IgG_3824_TM, IgG_4929) were only partial genes as they

resided at the end of contigs. Complete IgG genes all contained missannotated exons upstream of the CH1 exon. These misanno-

tated exons were discarded when determining IGH constant gene annotation. Only IgG_3306 CDS contained a complete open

reading framewith no premature stop codons. The remaining IgGs containedminor mutations (2-6 indels per sequence) that resulted

in premature stop codons. Given these minor changes we were confident that the usage of all five sequences for annotating the CDS

in RaegypIGH3.0 would yield accurate results. Sequences were uploaded to Geneious and aligned to RaegypIGH3.0 the ‘Annotate

from function’ with a mapping requirement of 75% identity. Four IgG genes were identified. Annotated exons for each IgG gene were

inspected in the context of RaegypIGH3.0 to ensure that exon/intron sequence rules weremaintained. No adjustments to exon/intron

lengths were necessary. Exon sequences from each gene were then extracted and concatenated to form the final CDS. All four IgG

genes contained complete open reading frames.

IGHM/A Annotation
NCBI annotated a single IgA and IGHM in Raegyp2.0. Both sequences contained missannotated exons upstream of the CH1 exon,

however both CDS contained complete open reading frames with no premature stop codons. Sequences were uploaded to Gene-

ious and aligned to RaegypIGH3.0 using the ‘Annotate from function’ with a mapping requirement of 75% identity. Annotated exons

for each IgE gene were inspected in the context of RaegypIGH3.0 to ensure that exon/intron sequence rules were maintained. No

adjustments to exon/intron lengths were necessary. Exon sequences from each gene were then extracted and concatenated to

form the final CDS. Both IGHM and IGHA contained complete open reading frames.

Multiple sequence alignments and phylogenetic analyses
Annotated ERB sequences and those downloaded from NCBI were aligned using either ClustalW (nucleotides) or MUSCLE (amino

acids). A multi-species alignment of all ERB coding IGH amino acid sequences as well as the indicated bat species (Figure S3) were

aligned with all coding human IGH sequences using MUSCLE. Amaximum parsimony phylogenetic tree was inferred from that align-

ment using MrBayes with the human IGHM set as the outgroup.

Annotation of IGHV, IGHD, and IGHJ genes
Raegyp2.0 scaffolds containing IGHV genes (NW_015493306.1, NW_015493547.1, NW_015493575.1, NW_015493590.1,

NW_015493682.1, NW_015493749.1, NW_015493769.1, NW_015493770.1, NW_015493822.1, NW_015493830.1, NW_015493970.1,

NW_015494112.1,NW_015494214.1,NW_015494338.1,NW_015494352.1,NW_015494409.1,NW_015494440.1) and the final Raegy-

pIGH3.0 assembly were annotated using IMGT-LIGMotif using all databases. Annotations were manually inspected to confirm RSS el-

ements reported. Finally, sequences were extracted and BLAST against the transcriptomic read set described above to confirm unique

expression. Reads that mapped to an IGHV or IGHJ gene were then annotatedwith IMGT-HighVQuest to confirm IGHD annotations, as

they may be missed in BLAST due to their small size.

Gene Ontology for function prediction
COFACTOR is an in silico protein function prediction algorithm that employs three complementary approaches to surmise protein

features (Zhang et al., 2017). The protein sequence is analyzed through three pipelines: 1) structure-function database (BioLiP) where

gene ontology GO is predicted by structure, enzyme commission prediction, and ligand binding site prediction, 2) Sequence-function

database (Uni-Prot-GOA) where GO is predicted by sequence, 3) protein-protein interaction function database (STRING) where GO

is predicted by PPI. COFACTOR requires a pdb structure and so we generated homologymodels using Phyre2. For IgA, IgM, and IgE

composite models were used and for all IgGs the template with the highest confidence (in this case all 100%), and the highest percent

identity was selected.
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Tissue expression and visualization
Transcriptomic reads from ERBs (Lee et al., 2015) were aligned to genes of interest using the pseudo aligner Kalisto v0.43.0 (Bray

et al., 2016). Transcript counts at a gene-level were calculatied by summing the transcript per million (TPM) values for all transcripts

of a particular gene. The resulting TPMs were log transformed and normalized toGAPDH. Heatmaps were created using the R pack-

age pheatmap (Kolde et al., 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance reported in figures and legends when appropriate. R-package pheatmap was used for transcript expression

and functional prediction scores. Gene ontology (GO) terms listed in figure legends and confident predictions with Cscorego R

0.5displayed. Data shown as Cscorego 0-1 where 1 is high confidence and 0 is no confidence.
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