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Abstract

The genetic locus encoding immunoglobulin heavy chains (IgH) is critical for vertebrate humoral
immune responses and diverse antibody repertoires. Immunoglobulin and T cell receptor loci of
most bat species have not been annotated, despite the recurrent role of bats as viral reservoirs and
sources of zoonotic pathogens. We investigated the genetic structure and function of IgH loci
across the largest bat family, Vespertilionidae, focusing on big brown bats (Eptesicus fuscus).
We discovered that E. fuscus and ten other species within Vespertilionidae have two complete,
functional, and distinct immunoglobulin heavy chain loci on separate chromosomes. This locus
organization is previously unknown in mammals, but is reminiscent of more limited duplicated
loci in teleost fish. Single cell transcriptomic data validate functional rearrangement and
expression of immunoglobulin heavy chains of both loci in the expressed repertoire of Epfesicus
fuscus, with maintenance of allelic exclusion, bias of usage toward the smaller and more compact
IgH locus, and evidence of differential selection of antigen-experienced B cells and plasma cells
varying by IgH locus use. This represents a unique mechanism for mammalian humoral

immunity and may contribute to bat resistance to viral pathogenesis.
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Main

Bats are of immunological interest due to their unique relationship with infectious diseases.
While bats host more zoonotic viruses per species than any other mammalian order!, they often
do not experience overt pathology?. Multiple adaptations in their innate immunity which impart
tolerance to these viruses have been characterized® S, but bat adaptive immunity remains
understudied. Bats mount humoral responses to a range of viruses as evidenced by serological
studies, and serology is widely used to estimate viral prevalence in bat species across the globe’~
1 but the genetic and molecular basis for the formation and evolution of bat B cell receptor
repertoires and antibody responses is largely uncharacterized.

The genes encoding the heavy and light chains of mammalian immunoglobulin (Ig) proteins
are known to be generated via DNA recombination at a single heavy chain locus and one of the
two light chain loci in most mammals, designated kappa and lambda. Each of these loci contain
arrays of variable (IGHV/IGKV/IGLV), diversity (IGHD), joining (IGHJ/IGKJ/IGLJ), and
constant (IGHC/IGKC/IGLC) genes. The number, diversity and organization of these genes
contributes to the scale of the resulting immunoglobulin repertoire and varies across species. The
phylogenetic order comprising the bats, Chiroptera, contains over 1,400 species with diverse
biology and modes of living, and is second only to rodents in mammalian species richness.
Despite this diversity, studies characterizing immunoglobulin genes in bats have been limited to
a few species within the less-speciose suborder Yinpterochiroptera (e.g. Pteropus spp.'>!3,
Rousettus aegyptiacus'®, Rhinolophus spp.'?), leaving the vast majority of species unstudied.

We conducted comprehensive germline genetic annotation and evolutionary analysis of Ig

loci in a sampling of vespertilionid bats, and single-cell transcriptome studies of B cells and

plasma cells of the big brown bat (Eptesicus fuscus), a common North American species and
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target of infectious disease research, specifically rabies virus for which it is a main reservoir
species!® 18, We report that vespertilionid bats have dual, functional, and distinct IGH loci
located on separate chromosomes in their genomes. Our findings identify a novel organization of
immunoglobulin genes in mammals and terrestrial vertebrates, and provide initial functional
characterization of the impact of these loci on the immune system biology of a pivotal zoonotic
disease reservoir.
Two complete, functional heavy chain genomic loci in E. fuscus
We identified two immunoglobulin heavy chain loci in a recent high-quality, long-read genome
assembly of E. fuscus (NCBI genome assembly DD ASM_mEF 20220401). Rigorous
determination of locus organization was enabled by long-read DNA sequencing permitting full
assembly of the complex, repetitive loci in their correct chromosomal localization. The smaller
locus (IGH locus A, A-IGH) spans 272 kilobases on chromosome 5; the other (IGH locus B, B-
IGH) spans 918 kilobases on the telomeric end of chromosome 24. We annotated the
immunoglobulin germline genes of these two parallel immunoglobulin heavy chain loci (Fig. 1).
The overall structure and orientation of both loci are similar to humans with sequential arrays of
variable (Vn), diversity (D), and joining (Ju) gene segments followed by multi-exon constant
region genes (Cn). No flanking genes appear to have been transposed as A-IGH is flanked by
TMEM212 and CRIP1, both genes known to flank the IGH locus in other mammals, while B-
IGH is flanked by MXL.

Each locus has a single, functional copy of each of the five major mammalian constant
region isotype genes, IGHM, IGHD, IGHG, IGHE, and IGHA (Fig. 1A-B; Supplementary
Table 1 - 2). The order of the IGHCs is consistent with other mammalian species, with IGHM

immediately downstream of the IGHJ gene cluster followed by IGHD, IGHG, IGHE, and IGHA.
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84  Preliminary annotations suggest that the exonal structure of each gene is conserved within all
85  genes except for IgD. Consistent with previous work'®, the CH2 exon from IGHD is absent from
86  both gene copies and the hinge H2 exon is fused to the CH3 exon similar to IGHD structures
87  observed in rodents?’. Additionally, we identified a transmembrane domain previously thought
88  missing in the IGHD gene annotation.
89 Recombination and isotype switching is initiated by cytidine deamination mediated by
90 the activation induced cytidine deaminase enzyme (AID) which preferentially uses the 5°-
91  AGCT-3’ motif as a hotspot?* 22, Increased density of canonical mammalian switch motifs
92  immediately upstream of the CH1 domains for each IGHM, IGHG, IGHE, and IGHA in both
93 loci (Fig. 1A-B) supports functionality and conserved mechanisms for AID-dependent class
94  switching as observed in other mammalian species. Similar to humans, there is no switch region
95  observed between genes coding for IgM and IgD, consistent with alternative splicing for
96  coexpression of these isotypes®*~2°. Interestingly, B-IGH has a 17.5 kb region with increased
97  switch motif density between B-IGHG and B-IGHE that is not observed in A-IGH which might
98 affect the rate and efficiency of class-switching at this locus.
99 The IGHJ gene cluster is composed of 6 functional genes on A-IGH and 5 functional
100  genes and one ORF on B-IGH (Supplementary Table 3). The canonical di-glycine bulge
101 WGXG motif is encoded in all IGHJ segments and a 23-base pair spacer is observed in the
102  recombination signal sequence (RSS) upstream of each Ju. All inter-chromosome homologs,
103  except the ORF, share at least 90% nucleotide identity (Extended Data Fig. 1A).
104 Diversity genes were identified by homology as well as RSS searching in the
105 intergenomic space between the most 3° IGHV and the most 5’ IGHJ. We identified 10 IGHDs

106  on A-IGH and 9 on B-IGH (Supplementary Table 4). The IGHDs are more divergent than
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107  IGHJs between the loci with only two gene pairs sharing >90% homology (Extended Data Fig.
108  1B). Thus with the duplication, the effective germline IGHD diversity is only slightly smaller
109  than that of the human locus which has 27 germline IGHDs. Notably, the germline IGHDs in A-
110  IGH are longer (meana=18 nt, modea= 19 nt) than those in B-IGH (meang = 16.67 nt, modes =
111 10 nt), potentially contributing to the longer complementarity determining region 3 heavy chain
112  (CDR-H3) loops of sequences originating from this locus, as discussed further below.

113 While A-IGH encodes just 33 IGHV genes (27 functional, 5 pseudogenes, and a single
114 ORF) (Supplementary Table 5; Fig. 1A), the larger B-IGH locus encodes 99 germline IGHVs,
115  of which 48 are functional, 46 are pseudogenes, and 5 are ORFs (Supplementary Table 6; Fig.
116 1B). Interestingly, the percent of pseudogenes is much lower in A-IGH (15%) compared to B-
117  IGH (46.5%) (Fig. 1A-B). Both loci contain functional genes from the three major human IGHV
118  clans but differ in the proportions of genes from each of the seven human Vy families (Fig. 1A-
119  C). As observed with the IGHJ genes, there are highly similar IGHVs between the loci including
120 three genes that have over 90% nucleotide identity (Extended Data Fig. 1C). Within clan 111
121  (containing the IGHV3 gene family), we observe expansion of functional genes in B-IGH

122  compared to A-IGH. Proportionally, A-IGH is enriched for functional IGHV1 family genes (Fig.
123  1A) while B-IGH contains the only functional IGHV7 and IGHV6 family genes (Fig. 1B). These
124  patterns between the loci are consistent with a model in which a full ancestral IGH locus

125  duplicated, followed by separate gene retention, losses and duplications at each locus.

126  IGH duplication is common in vespertilionid bats

127  Comparison of the E. fuscus IGHM regions with other bat species revealed that this IGH locus
128  duplication is present across many vespertilionid species (though not all, e.g., Antrozous

129  pallidus, data not shown). Each IGH locus forms a separate, well supported clade. Phylogenetic
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relationships within a given IGHM locus are consistent with the phylogenetic relationships
between the species themselves, supporting a single duplication of the IGH locus in the
vespertilionid ancestor or very early in the family’s history (Fig. 2). All IGHM genes (except
Myotis brandtii NW005353568, which had too much missing data) have CH1, CH2, CH3, CH4-
S and M domains without stop codons. Additionally, all cysteine residues present in the human
IGHM are also present in the bats, suggesting the same disulfide bonds that stabilize the structure
of the immunoglobulin in humans are present in bats.

Conserved and divergent constant region features related to Fc receptor binding

The key protein features of Ig heavy chain constant regions responsible for contacting Fc
receptors to initiate effector functions are well described?®?’. To understand potential for locus
specific effector functions of IGHG, we looked for conservation of features that mediate Fc
receptor binding: (1) the conserved N-glycosylation site at Asn?’; (2) CH2 region residues near
the lower hinge found in IgG1, IgG3 and IgG4 (Leu?** Leu?*> Gly?*¢ Gly**7); (3) CH2 BC loop
Asp?%; and (4) CH2 FG loop (Ala**” Leu*® Pro’? Ala**® Pro*3!). The IGHGs from both E.
fuscus loci contain the conserved N-glycosylation site, conserved Asp?®®, and the canonical CH2

FG loop, only with an Iso*?® instead of a Leu’?8

. The cytosolic tails are also highly similar to
humans containing the canonical motifs (DYXNM and SSVV?? [SSVA in E. fuscus]) for
intracellular signaling.

The hinge length and sequence play an important role in the function of different IgG sub
isotypes in humans. We found a single hinge exon (H) for each IGHG similar to IgG1, 1gG2, and
IgG4 in humans, but the sequence differs between A-IGHG and B-IGHG and between E. fuscus

and humans. Both bat IGHG H exons encode only two cysteines similar to IGHG4 H in humans,

however the lengths of the bat IGHG H regions are more similar to IGHG1 H and IGHG3 H2-
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H4 genes. A-IGHG H possesses the run of TPPPC found in the IGHG3 H2-4 genes, while B-
IGHG H has TTTPC which is more similar to the TTHTC of IGHG3 H1 gene. Additionally, in
the human CH2/ lower hinge region, the flexibility of residues Pro*2-Pro?* is critical for Fc
receptor binding?¢; both A-IGHG and B-IGHG encode a Cys?*? instead of a Pro**? and a Thr?**
instead of a Leu?*, suggesting a modified interaction compared to human constant region
binding to Fc receptors.

E. fuscus has retained lambda and lost kappa light chains

Antibodies are made up of heavy and light chains. In mammals, light chains are of two types,
kappa (k) or lambda (). Salmon and rainbow trout, both species of fish that have a duplicated
IGH locus, also express multiple types of light chains?®%°. In contrast, birds have a single light
chain, lambda (1)**32 which is postulated to be the result of genome size restraints linked to their
high metabolic rate and adaptation to flight. In light of the IGH duplication, we asked whether E.
fuscus has two light chain loci, as do other mammals and fish, or a single light chain locus,
similar to birds. We identified a single light chain lambda locus (Fig. 3A; Supplementary Table
7-9). Neither the NCBI eukaryotic genome annotation pipeline®3, IgDetective** nor initial
BLAST? searching detected any kappa variable, joining, or constant-like genes in the current
assembly. In humans, the IGK locus is on chromosome 2 near the centromere, flanked on the
telomeric side by RPIA in reverse orientation and EIF2AK3 in forward orientation. In E. fuscus,
these genes are found in close proximity on chromosome 9. A focused search for IGK-like genes
from 3.5Mb upstream of RPIA to 1Mb downstream of EIF2AK3 revealed three IGKJ but only
one was preceded by two overlapping RSS sequences, one with a 12bp spacer and the other with
a 23bp spacer (Fig. 3B). However, no IGKC was found in between the IGKJ and RPIA genes,

nor were any IGKV genes found in the 5Mb region, suggesting loss of the IGK locus in the
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176  evolutionary history of E. fuscus. We additionally searched single cell data presented below for
177  evidence of a second light chain but found only IgL. CDR3 in 89.8% of B lymphocytes and

178  96.7% of the cells for which we have complete, productive IGH, with no evidence of kappa light
179  chains. Together, these data support that E. fuscus has no functional or expressed kappa light
180  chains, consistent with previous work?®.

181 The E. fuscus lambda locus on chromosome 23 (contig NC 072495.1) spans only 506
182  kilobases despite encoding 127 variable (VA, Table 7) genes, 12 joining (JA, Table §), and 12
183  constant (CA, Table 9) genes. The locus is compact compared to the human kappa locus that
184  encodes 116 genes but spans 1.9 megabases (Mb). The organization of JA and CA genes mirrors
185  other species, such that each CA gene is preceded by one JA gene, forming 12 J-C gene clusters
186  (Fig.3A). Each JA gene is flanked on the 5° end by an RSS with a 12-base spacer and the VA
187  genes with a 3> RSS with a 23-base spacer as is observed in other species. Notably, the locus
188  encodes nine functional VA genes downstream of the JA - CA gene cassettes in an inverted

189  orientation (Fig. 3A). This organization is also seen in the equine lambda locus®’.

190 We found VA genes from all five human clans and all V families except VA9 in E. fuscus
191  (Fig. 3C, 3E; Supplementary Table 7). Of the 127 VA genes, 118 are functional, 4 are open
192  reading frames, and 5 are pseudogenes (Fig. 3D), nearly double the number of functional genes
193  found in the human lambda and kappa light chain loci combined. In analyzing the rearranged
194  repertoire, all functional VA genes, three ORFs, and a pseudogene, IGLV1-102°, were identified
195  in productive rearrangements. Sequences using the inverted V genes comprised 6% of the total
196  repertoire, indicating that functional rearrangement does occur despite the non-canonical

197  orientation.

198  Distinct B cell phenotypes within E. fuscus spleen
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Different B cells subsets serve different functions during an immune response, as do the
antibodies they produce. To investigate E. fuscus B cell and plasma cell phenotypes, we
performed single cell RNA-seq on cryopreserved splenocytes from four individual bats using the
10x platform. After pre-processing, batch correction, and removal of low quality cells, 62,747
cells were analyzed. Using canonical transcriptional markers present in the current genome
annotation, we identified clusters corresponding major immune cell types (Fig. 4A). We
identified two B lymphocyte lineage clusters, one enriched for B cell markers (i.e., MS441 and
CD19) associated with naive and memory B cells while the other was enriched for plasma cell
markers (i.e., XBP1, MZBI1, PRDMI, SDCI and JCHAIN) (Fig. 4B).

In humans, there are well-defined subsets of B cells found in the spleen with different

t38

activation states as well as stages of development®. Many subsets described in humans have

relatively similar counterparts in mice*®, but are less well understood in other mammals.
Previous studies have identified B lymphocytes in sScRNAseq analysis in various bat species**4?
but functional B cell subsets have not been fully defined, in part due to a lack of Ig gene
annotations. Therefore, we undertook a focused analysis of B lymphocyte lineage subsets in E.
fuscus. We identified a cluster analogous to germinal center (GC) cells that express canonical
human markers such as BCL6, BACH2 and AICDA (Fig. 4D). Naive, transitional, and memory B
cells showed less distinct cluster separation. This is consistent with other single cell studies in

40-42 in which clusters were mixed or defined by non-canonical genes of

various bat species
unknown cell phenotype specificity. We found clusters enriched for memory-associated genes
(e.g., NOTCH2%, VIM , ZBTB32*, CD27), and others enriched (i.e., > 50%) for B cells with
low somatic hypermutation (SHM) frequencies (< 1.5%), and expression of IGHM/IGHD

isotypes presumed to be naive B cells (Extended Data Fig. S2).
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222 Further genome annotation curation and experimental validation will be needed to fully
223  define the gene expression patterns of naive and memory B cell populations, but we adopted a
224  functional classification of naive B cells as those expressing IGHM or IGHD without mutation
225 (SHM <1.5%). We grouped the remaining somatically mutated cells into non-class switched B
226  cells (non-csB-cells) or class switched B cells (csB-cells) based on their expression of [IGHM/D
227  or other isotypes, respectively.

228 In contrast, plasma cell phenotype clusters were relatively homogeneous with elevated
229  expression of canonical markers (i.e., IRF4, MZB1, JCHAIN, XBP1I) except for a cluster of IgA
230  class-switched plasma cells. This cluster is enriched for RUNX2, a transcription factor shown to
231 induce IgA class switching in mature B cells during BCR signaling®* %, We divided the plasma
232  cells into class-switched antibody secreting cells (csASC) and non-class switched antibody

233  secreting cells (non-csASC).

234  Rearrangement and usage of the dual IGH loci in E. fuscus

235  Having determined that numerous vespertilionid bats have dual heavy chain loci with different
236  sizes and gene segment composition, we sought to answer key questions about the use of these
237  loci in B cells and plasma cells, specifically: 1) whether there is allelic exclusion preventing each
238 B cell from making two different heavy chains; 2) whether inter-locus V-D-J rearrangements
239  occur; 3) how rearranged VDJ products of the two loci differ in gene segment and CDR-H3
240  characteristics; 4) whether locus usage is correlated with the B cell or plasma cell phenotype; 5)
241 whether class switching or SHM processes differ between the two loci; and 6) whether there is
242  evidence of selection favoring particular IGHV genes in antigen-experienced B cells and plasma

243  cells.
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244  Strong allelic exclusion of the dual IGH loci and evidence for A-IGH rearranging before B-
245 1IGH

246  Allelic exclusion is the process that ensures each B cell expresses only one heavy and one light
247  chain sequence despite having two chromosomal copies of each locus, and two different light
248  chain loci in most mammals. It is considered to be an important mechanism for controlling

249  autoreactivity that could result if B cells expressed multiple antigen receptors specifically self-
250 reactive and pathogen-specific receptors on the same cell which would allow for maturation to
251  occur resulting in a cell where response to a pathogen could trigger autoimmunity. We

252  hypothesized that allelic exclusion in bats with dual IGH loci would ensure that only a single
253  IGH locus would be functionally rearranged to give an in-frame expressed protein product in
254  each B cell or plasma cell. Using custom primers, we generated enriched and sequenced BCR
255  libraries for single cells and assembled IGH rearrangements with CDR-H3s for 9,922 (68%) of
256  the 14,618 B lymphocytes identified in the gene expression dataset. After removing low

257  confidence assemblies, we found only 198 cells appearing to have two expressed in-frame CDR-
258  H3 transcripts, or 2.0%. Given potential artifacts of single cell sequencing such as incomplete
259  removal of doublet events or RNA from lysed cells associating with the surface of other B cells,
260  we interpret these findings as most consistent with allelic exclusion acting at the dual IGH loci.
261 To address IGH locus usage in B cells of different cellular phenotype, and to assess

262  whether one locus is rearranged before the other in the formation of the naive B cell repertoire,
263  we assembled full length BCR heavy sequences from 5,010 single B cells or plasma cells. Both
264  A-IGH and B-IGH are used with productive rearrangements in all phenotypic cell subsets (Fig.
265 4E). Clusters 0, 1, 2, 5, and 10 contain predominantly naive B cells expressing IgM, while IgG

266  dominates the GC and ASC clusters (Fig. 4F; Extended Data Fig. 2). We assume that B cell
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267  precursor IGH V-D-J rearrangement attempts are successful in forming an in-frame product one-
268  third of the time because the V and J genes must be in the same reading frame in the final

269  rearrangement, and exonuclease chewback of V, D and J segment ends together with random
270  base addition by the terminal deoxynucleotidyl transferase at the V-D and D-J junctions can alter
271  the J reading frame relative to the V reading frame. Therefore, sequential attempts to rearrange
272 both copies of A-IGH and then B-IGH would result in a ratio of A-IGH: B-IGH usage in naive
273  cells of approximately 2.25, whereas random selection of loci to rearrange would result in a 1:1
274  ratio. The mean ratio of A-IGH to B-IGH locus usage we observed in naive cells is 3.41 (Fig.
275  4G). This bias supports a model of ordered rearrangement and allelic exclusion such that A-IGH
276  rearrangements are attempted first, and only if no productive V-D-J rearrangement is obtained is
277  rearrangement attempted at B-IGH, resulting in a larger percentage of naive cells with A-IGH
278  BCRs compared to B-IGH. Other possible explanations for this ratio of A-IGH to B-IGH could
279  include strong negative selection against B cells expressing the B-IGH locus in the developing B
280  cell.

281  No evidence of cross loci rearrangement.

282  We assessed whether VDI rearrangement occurs between loci by determining the chromosome
283  of origin for each BCR by looking for agreement between the origin of the V gene and the J

284  gene. The origin of the C-gene was not used due to lack of polymorphisms upstream of the

285  enrichment primers retained after library preparation. The D gene origin was also not considered
286  due to the greater uncertainties in reliably identifying sequences derived from D genes in

287  rearrangements, and the level of homology across chromosomes for certain D-genes. Over 95%
288  of sequences had a V gene and a J-gene from the same locus. We found similar patterns and no

289  evidence of cross-loci rearrangement in the sequenced bulk BCR repertoires (data not shown).
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290  Although we cannot fully rule out the possibility of inter-locus recombination, it is likely that the
291  apparent locus mismatches are due to errors in germline gene calling related to the high

292  homology between certain Vu, D, and Ju genes between the loci (Extended Data Fig. 1), and
293  our limited knowledge of allelic variation between E. fuscus individual animals. We therefore
294  used the V gene locus alignment to define the origin of each IGH sequence, as the V region is
295  longer than the J region, and therefore far more likely to have the correct locus call.

296  Differences in VDJ rearrangements from the dual IGH loci

297  As discussed above, the germline repertoire is largely similar across different loci but exhibits
298 notable differences that likely contribute to the diversity of expressed repertoires. We

299  hypothesized that rearranged VDJs from different IGH loci exhibit distinct V gene segment
300 usage and complementarity-determining region 3 (CDR-H3) features. To capture a

301  representative sample, expressed immunoglobulin rearrangements were enriched for I[gM and
302  IgG isotypes using 5’-RACE ¢cDNA from flash frozen splenic tissue of six animals yielding a

303  total of 307,312 productive BCR sequences for the following analysis.

304 Genes from the VH3 family are the most common in both the IgM and IgG repertoires
305  for both loci (Extended Data Fig. 3A-B). However, for A-IGH, VH3 family gene usage

306  significantly decreases in IgG compared to IgM (p < 0.05 by clone-wise non-paired Wilcoxon
307  rank-sum test), while VH1 family gene usage significantly increases (p < 0.05 by clone-wise
308 non-paired Wilcoxon rank-sum test). For B-IGH, there is almost no VH1 usage and heavy usage
309  of VH7 family genes which significantly increases in IgG clones compared to IgM (p < 0.05 by
310  clone-wise non-paired Wilcoxon rank-sum test). These data demonstrate differences in the V
311 gene usage during generation of the naive repertoire. Furthermore, differences in IGHG gene

312 usage support locus specific antigen-driven selection.
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313 Junctional diversity was assessed by comparing the length V-D (N1) and D-J (N2)

314  regions between chromosomes for IGHM associated sequences. The N1 region is significantly
315  shorter for A-IGH (meana-iga = 3.1 nucleotides) compared to B-IGH (meang.igu = 3.4

316  nucleotides; p < 0.05 by clone-wise non-paired Wilcoxon rank-sum test) while N2 region is not
317  significantly different (meana.igu = 1.76 nucleotides; meang-igu = 1.78 nucleotides; p = 0.5 by
318  clone-wise non-paired Wilcoxon rank-sum test; Extended Data Fig. 3C). Overall, E. fuscus

319  shows fewer N nucleotide additions compared to humans that average 7.7 and 6.5 nucleotides N1
320  and N2 respectively®. These limited nucleotide additions likely function to complete partially
321  encoded codons rather than introducing new non-templated amino acids as observed in humans.
322  Thus, the junctional diversity of these bats appears to be constrained compared to humans*

323  leading to a more germline-focused IGHM repertoire.

324 The length of CDR-H3s from A-IGH is significantly longer than B-IGH for both IGHM
325  (meana.gu = 10.2 amino acids, meang.igy =9.3 amino acids not including the initial cysteine and
326  terminal tryptophan residues; p <0.01 by clone-wise non-paired Wilcoxon rank-sum test) and
327 IGHG (meana.igu = 10.6 amino acids, meang gy =9.1 amino acids not including the initial

328  cysteine and terminal tryptophan residues; p <0.01 by clone-wise non-paired Wilcoxon rank-sum
329 test; Extended Data Fig. 3D), owing primarily to the longer IGHDs encoded by the A-IGH

330 locus.

331  Evidence of selection pressure on IGH locus usage in B cell subsets

332  To assess for selection pressures affecting A-IGH or B-IGH usage in different B cell subsets, we
333  compared the ratio of locus usage across the major B cell and plasma cell phenotypic groups,
334  compared to naive B cells. The A-IGH:B-IGH ratio in non-csB cells is lower compared to naive

335 B cells and it remains relatively unchanged in csB cells (Fig. 4G). The A-IGH bias is only lost in


https://doi.org/10.1101/2024.08.09.606892

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.09.606892; this version posted August 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

336  non-csASC, mean = 1.26, which is significantly lower than in naive cells (p = 0.05 by non-paired
337  Wilcoxon rank; Fig. 4G). A Chi-square test comparing the frequency of A-IGH and B-IGH

338  usage across the different B cell subsets showed a highly significant difference (p < 0.001),

339 indicating a strong association between B cell phenotype and locus usage.

340  Decreased class switching in the B-IGH locus

341  Notably, IgA csB cells and csASCs disproportionately used the A-IGH locus, indicating that this
342  locus may have particular importance for mucosal humoral responses dependent on IgA (Fig.
343  4F). Further, ASCs using B-IGH were more likely to be non-class switched, expressing IgM,
344  compared to those using A-IGH (Fig. 4F). Decreased class switching to IgA in the B-IGH locus
345  could be related to the unusual, oversized switch region between IGHG and IGHE compared to
346  A-IGH (Fig. 1B), but we observed relatively few IgE-expressing B cells or ASCs. Therefore,
347  despite the greater diversity of IGHV genes in the B-IGH locus, it is more often used in non-
348  csASCs such as those that are described in other mammals as being part of primary and

349  extrafollicular humoral responses®® 2. Overall, these data support a model in which the B-IGH
350 locus is less efficient at class-switching, potentially due to decreased recruitment or accessibility
351  of AID, or that B cells using the B-IGH locus are less likely to enter immunological niches

352  promoting class switching such as the germinal center.

353  Decreased somatic hypermutation in the B-IGH locus.

354  To further evaluate functional differences between the two IGH loci, we measured the frequency
355  of SHM changes in VDJ rearrangements. In mammals, SHM is due to focused recruitment of the
356  AID enzyme to the IG loci, followed by DNA repair processes triggered by initial cytidine

357  deamination, and is the basis for affinity maturation in which B cells expressing higher affinity

358 for antigen preferentially expand within the stimulated clone. To look for potential SHM
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359 differences between loci, we analyzed IGH sequences with complete VDJ assemblies (5,010 of
360 the single B lymphocytes, 34% of total B cells identified, 50% of those with a CDR3). Rates of
361  somatic hypermutation ranged up to 22.7%. As expected, we observed the lowest mean SHM in
362  IgM sequences (1.8%) and higher mean rates in IgA and IgG (4.8% and 4.1%, respectively) in
363 the B cell clusters. The SHM rates were not significantly different in ASCs compared to non-
364  naive B cells for all isotypes except IgM (p < 0.01, clone-wise non-paired Wilcoxon rank-sum
365 test).

366 For A-IGH, class-switched cells had significantly higher levels of SHM compared to
367  non-class-switched cells within ASCs (p<0.001, clone-wise Kruskal-Wallis rank sum test

368  followed by Dunn’s multiple comparisons) (Fig. SA, left panel). This is consistent with what is
369  observed in humans and suggests similar mechanisms likely result in class switching early in
370  activation resulting in low mutation IgM. However, this is not observed when comparing cs to
371 non-cs B cells for A-IGH (p=0.50 by clone-wise Kruskal-Wallis rank sum test followed by

372  Dunn’s multiple comparisons). For B-IGH, however, the SHM of non-class switched cells is
373  higher than class switched B-cells and there is no difference in ASCs (Fig. SA, right panel).
374  This supports the hypothesis that B-IGH cells remain non-class switched through multiple

375  rounds of SHM compared to class switched cells. Alternatively, once class switching has

376  occurred, the recruitment of AID is impaired. There is no significant difference in SHM rate of
377  csB-cells compared to csASCs within either locus. The level of SHM in non-csB-cells is

378  significantly higher than in non-csASCs for both B-IGH and A-IGH (p < 0.001 by clone-wise
379  Kruskal-Wallis rank sum test followed by Dunn’s multiple comparisons) conforming to

380 canonical trends in SHM.
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381 The SHM rates in csB-cells are significantly higher in A-IGH sequences compared to B-
382 IGH (p <0.001 by clone-wise non-paired Wilcoxon rank-sum test) as well as in csASCs (p <
383  0.001 by clone-wise non-paired Wilcoxon rank-sum test), but there was no significant difference
384  in non-class switched cells or GCs (Fig. 4B). These findings and statistical significances were
385  confirmed by permutation tests (Extended Data Fig. 4). Together, these results support the

386  hypothesis that the ability of AID to access each locus is different.

387  Greater evidence for selection pressure on SHM changes in A-IGH

388  Antigen experience shapes the B cell receptor repertoire through selective expansion of B cells
389  with high-affinity receptors. Positive selection for improved antigen binding occurs mainly in the
390 complementary-determining regions (CDRs) of an antibody, while negative selection against
391  destabilizing mutations acts most strongly on the intervening structural framework regions

392  (FWRs). Selection scores (sigma, X) are higher in complementary determining region (CDR)
393  compared to the framework regions for both A-IGH and B-IGH (Fig. 4C). This supports similar
394  mechanisms of affinity maturation in both loci of E. fuscus as observed in other species in which
395 the antigen contacting regions are under positive selective pressure while other regions are not.
396  However, positive selection (X > 0) only reached significance for the CDRs of A-IGH, but not B-
397 IGH (Fig. 4C). This is likely due to the overall lower levels of SHM in B-IGH sequences

398 resulting in the inability to detect positive selection above background without the aid of a

399  specialized model to detect mutational hot and cold zones as is used in humans. Furthermore,
400 this evidence of positive selection is only found in IgG and IgA, but not IgM for A-IGH

401  sequences (Fig. 4D). Lastly, the only B-IGH sequences that demonstrate positive selection are
402  associated with GC B cells. As stated above, this is likely due to the overall lower levels of

403  somatic hypermutation in B-IGH sequences, except GC B cells (Fig. 4B). One possible
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404  explanation for these data would be if A-IGH more easily engages AID compared to B-IGH. The
405  data could also suggest a propensity for B cells using A-IGH to engage in follicular responses
406  while B cells using B-IGH may participate more often in extrafollicular responses.

407 A novel strategy for mammalian humoral immunity

408  Our analysis of high-quality long-read chromosome level assemblies for E. fuscus and other
409  vespertilionid bats identified novel IGH locus duplications, highlighting the limited extent to
410  which these complex, repetitive loci have been explored in mammals and other vertebrates.

411 These bats share many common features of humoral immunity with other mammals such as
412  allelic exclusion, somatic hypermutation, evidence of antigen-driven selection, and class

413  switching, but also provide evidence for unique functional specialization of the two IGH loci.
414 The A-IGH and B-IGH germline loci differ notably in size, gene segment complexity, D
415  gene lengths, and class switch region distributions, but both have similar constant region

416  composition and can produce IgM, IgD, IgG, IgE and IgA. VDIJ rearrangements from the shorter,
417  less V gene rich A-IGH locus are more than 3-fold more common than rearrangements from B-
418 IGH in naive B cells, supporting a model in which rearrangement of A-IGH is attempted at both
419  chromosome copies in developing B cell precursors prior to attempting to rearrange the B-IGH
420  locus. A-IGH rearrangements have longer CDR-H3s than those of B-IGH, adding diversity for
421  this key protein loop that is often involved in antigen binding. The greater diversity of B-IGH V
422  segments encoding CDR-H1 and CDR-H2 loops is initially deployed in a smaller fraction of the
423  naive B cell repertoire in these bats.

424 Both IGH loci are used in antigen-experienced B cells and plasma cells whose BCRs
425  contain SHM changes with or without class-switching, but A-IGH locus rearrangements have

426  consistently higher SHM and are more often class switched. These data could indicate that B
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427  cells or plasma cells expressing A-IGH rearrangements are more likely to engage in germinal
428  center reactions in the bats, or could point to an overall deficiency in the ability of the B-IGH
429  locus to recruit the AID enzyme complexes required for both SHM and class-switching.

430  Functional consequences of these divergent loci are likely to be significant; for example, in these
431  bats most IgA, the key antibody isotype for mucosal immunity, derives from the A-IGH locus
432  with its more limited repertoire of IGHV genes. Nonetheless, usage of the B-IGH locus increases
433  in antigen-experienced B cells and plasma cells, suggesting that the greater diversity of IGHV
434  gene segments in this locus provide greater possibilities for recognition of foreign antigens and
435  potential pathogens. We speculate that in these bats the fraction of their secreted antibody

436  populations derived from B-IGH, characterized by less-frequent class-switching and lower SHM,
437  but higher gene segment diversity, could provide a broad, lower-affinity arm to their humoral
438  immune responses, complemented by A-IGH-derived antibody responses that have higher SHM
439  frequencies, greater evidence of antigen-driven selection for increased affinity, and higher rates
440  of class-switching to IgG or IgA for potentially altered effector functions.

441 The combination of these humoral immunity types could contribute, together with the
442  innate immune antiviral adaptations reported in many bat species®>4, to their greater resistance
443  to viral pathogens and their roles as vectors for asymptomatic or less-symptomatic transmission
444  of zoonotic diseases to humans. We note that the duplication and retention of two IGH loci is
445  particularly striking in bats, because flying species typically have genomes of reduced size>’;
446  consistent with this, bats have smaller genomes than most other mammals®¢. Thus, there may be
447  asignificant selective advantage to having two functional IGH loci that outweighs the pressures

448  to reduce genome size.
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449 The finding of two functional IGH loci in vespertilionid bats is the most striking example
450  of emerging themes in bat immunity research: that bats share the same molecular components of
451  immunity with their mammalian relatives but show bat-specific adaptations; and that gene family
452  evolution is critical for bat immune adaptation®”->®. It also emphasizes the differences between
453  bat species, as we found no evidence of the IGH duplication outside of the Vespertilionidae, the
454  same family in which recent work has found a duplication of an important antiviral protein,

455  protein kinase R,

456 Further testing of the functional roles of the A-IGH and B-IGH loci will benefit from
457  studies of vaccination and infectious challenges in vespertilionid bats. Analysis of the dual IGH
458 loci should provide a unique internally-controlled opportunity to elucidate the fundamental

459  genetic and epigenetic mechanisms governing the formation and evolution of B cell receptor
460 repertoires in intact primary B cells.
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508  <https://www.inaturalist.org/photos/18602149> by juancruzado is used under a CC BY-SA 4.0

509 license. We removed the background from all photos; licensors make no endorsements.


https://doi.org/10.1101/2024.08.09.606892

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.09.606892; this version posted August 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

®
4
-]
B
=
2
g
c
o
P
>

[l v-gene, ORF

[] v-gene, pseudogene

. J-gene, functional

QN OW MmN =
TON=MNM —

10kb
=1kb

A.i.

-0
TTe

MNrer-emnsm

wsoN
Al il

QL-L =———

<
Q?
-
Telomeric |

i I . Functional (27)

—
=
Ic s
e =
[
fa]
=
=
.
— 20
- — >~

w
o
<)

Pseudogenes (5)

L[ -7 e——

6E-te=e—7c—=

O - e——

98- ===
[Bp=———=

ﬂmu—.“

68 =————

06-E ==

Telomeric

Lv-€

== i

==
S~ . e

- € emmm———

Ly-re=——=
Bp-Ee———

6 - € e—
0§- ==
LG-C

Gpe=—=

£9-Ge——c=
G-/ eem———
GG-fe=——r——

9G- € emm———

LG-Pe=—=——7—=
8G-£ eomm—
[ ————]

09-=—=
L9-£ eoms———
9-£ eomsmmm—
£9-{7 s——
Po- ==

GO~ e

99-/ eomsmmm—
[9-E=m——=

Functional (48)

oogo
nowm
@y Jad baug
-~ @O
=T 2
gIE
T
= > >

VHB (3)

VH4

' Pseudogenes (46)

(12)

VH1 | Human
A-IGHV1-14
A-IGHV1-13

S6-EAHDI-8
69-EAHDI-8
6¥~EAHDI-8
URWINY | Elp

20

-IGHV3-31

A-IGHV3-9
A-IGHV3-17
A-IGHV3-33

A

510


https://doi.org/10.1101/2024.08.09.606892

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.09.606892; this version posted August 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

511  Figure 1 | Genomic annotations and analysis for both IGH loci. Genomic annotations and
512  analysis for A-IGH locus contained on contig NC 072477.1 (A) and B-IGH contained on contig
513 NC _072496.1 (B). For each locus, we present (i) a schematic of IG gene organization with an
514  inset for diversity (D) and joining (J) gene, pie charts of (ii) functionality and (iii) gene family
515  distribution for functional variable (V) genes, and (iv) graph of AID hotspot densities per

516  kilobase in the constant gene encoding regions. Nearest neighbor joining tree of functional and
517  ORF V genes for A-IGH and B-IGH with human V genes for reference (C). Created with

518 BioRender.com
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Figure 2 | IGHM duplication phylogeny mirrors species phylogeny. The phylogenetic
hypothesis on the left is the inferred relationship between the species®. The phylogenetic
hypothesis to the right is the inferred relationships between IGHM loci. Identifiers of the IGHM
phylogenetic hypothesis refer to the chromosome or scaffold on which each IGHM is found.
Lines connect the species to its IGHM sequences with blue lines going to A-IGH-like loci and
orange lines going to B-IGH-like loci. Bat profiles are A. Plecotus auritus; B. Eptesicus fuscus;

C. Lasiurus cinereus. Picture credits are in the acknowledgments.
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Figure 3 | Annotation of single lambda-like light chain locus . (A) Schematic of IG gene
organization for lambda locus contained on contig NC 072495.1 (B) Schematic of vestigial IG
kappa locus on chromosome 9 (contig NC 072481.1) with the human locus for comparison. Pie
chart of (C) functionality and (D) family distribution for lambda variable genes. (E) Nearest
neighbor joining tree of functional and open reading frame (ORF) V genes with human V genes

for reference and human clans. Created with BioRender.com
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535  Figure 4 | Splenic single cell transcrlptomlcs reveal distinct B cell phenotypes. (A) UMAP

536  representation of 62,747 single cell transcriptomes from four E. fuscus bats’ (n = 4) spleens. Cell
537  clusters were annotated and grouped according to major cell type classification based on

538  canonical marker genes. (B) Dot plot of the main marker genes used to define each cell type. Dot
539  size is proportional to the percentage of cells with detectable expression of the indicated gene
540 and dot color is indicative of the average expression value for the indicated gene, scaled across
541  all identified clusters. (C) UMAP representation of subclusters of 14,618 cells within the B

542  lymphocyte compartment after doublet exclusion. (D) Dot plot of the canonical B lymphocyte
543 lineage and activation marker genes used for phenotype classification. (E) Feature plot of log-
544  normalized expression of marker genes used to distinguish B cells from antibody secreting cell
545  phenotype cells. UMAP highlighting 5,010 single cells with full length IGH B cell receptor

546  (BCR) assemblies from A-IGH (blue) and B-IGH (orange). Density plot of cell with A-IGH

547  (blue lines) and B-IGH(orange lines). (F) Stacked bar plot of the percent of each isotype of

548 BCRs from A-IGH and B-IGH for B cells, germinal center (GC), and antibody secreting cells

549  (ASCs). (G) Box plot of ratio of A-IGH:B-IGH for each cell phenotype. Line represents the
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550  mean and ratio for each individual (n = 4) plotted with different shapes. Dashed line at ratio of 1.

551 Created with BioRender.com
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Figure 5 | Levels of SHM vary between and within IGH loci. (A) Distribution of percent
nucleotide SHM of IGHV segment for each clone grouped by phenotype and locus. (B)
Distribution of percent nucleotide SHM of IGHV segment for A-IGH (blue) and B-IGH (orange)
clones grouped by cell phenotype. (C) Density plot of selection scores (sigma, X) of the CDRs
(solid line, top panel) and FWR (dashed line, bottom panel) for IGHV segments from A-IGH
(blue) and B-IGH (orange) clones. Threshold for positive selection gray dashed line (X = 0). (D)
Plot of mean with confidence interval for the selection scores of CDR (top panel) and FWR
(bottom panel) grouped by locus for IgM (purple), IgG (green), and IgA (yellow). (E) Plot of
mean with confidence interval for selection scores of CDR (top panel) and FWR (bottom panel)

grouped by locus for each cell phenotype. Comparisons between groups were performed with the
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563  Wilcoxon rank-sum test. **p < 0.05. Graphs generated in R and figures created with

564 BioRender.com
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566 Extended Data Figure 1 | Levels of inter-locus homology varies across germline genes.

567  Heatmaps of the distance matrix of (A) joining genes, (B) diversity, and (C) variable genes from
568  A-IGH compared to B-IGH where the color and number indicate the percent nucleotide identity
569  for the given pair of V genes. MUSCLE alignment with iterations (n = 10) clustered with

570  neighbor joining and CLUSTALW sequence weighting scheme. Created with BioRender.com
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Extended Data Figure 2 | Enrichment of low mutation IGM/D expressing cells in distinct

clusters. (A) UMAP of B lymphocyte lineage subclusters. (B) Heatmap of proportion of cells

expressing each isotype within each subcluster; square color intensity and label based on the

proportion. (C) Heatmap of proportion of IGHM expressing cells with low SHM (<1.5%)

compared to high SHM (>1.5%) within the B cell subclusters; square color intensity and label

based on the proportion. Created with BioRender.com
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Extended Data Figure 3 | Analysis of Bulk IG repertoires. VH-family percentages for (A) A-

IGH and (B) B-IGH within IGHM and IGHG from productive rearrangements found in bulk

repertoire data where each point represents an individual bat (n = 6). (C) Box-and-whisker plot

of length of V-D (N1 nucleotides) and D-J junctions (N2 nucleotides) for IGHM for A-IGH

(blue) and B-IGH (orange). The horizontal line represents the median and whiskers span the

range of the data excluding the outliers (C) Box-and-whisker plot of CDR-3H amino acid lengths
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585 including cysteine and tryptophan for IGHM and IGHG for A-IGH (blue) and B-IGH (orange).
586  The horizontal line represents the median and whiskers span the range of the data excluding the

587  outliers. * p<0.005,* *p<0.000001, defined by clone wise unpaired Wilcoxon rank sum test.

588  Graphs generated in R. Post-processing and figures created with BioRender.com
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590 Extended Data Figure 4 | Permutation analysis of SHM. Top plot contains swarm plot of
591  percent SHM of V gene sequences grouped by cell type comparing A-IGH (left) and B-IGH
592  (right). Bottom plot is a main effect size plot non-paired Cliff’s delta with its 95% confidence
593 interval for permutations of the non-parametric comparisons between A-IGH and B-IGH for

594  each cell type. * p <0.001
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