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Abstract

Immunoglobulins, a class of globulins with antibody properties, play a crucial role in the body’s defense against
pathogens. In this study, we analyzed the gene loci structure of Silver-black fox using a comparative genomics
approach. The mechanisms of expression diversity and its preferences were investigated through Next-generation
sequencing (NGS). The results revealed 32 potentially functional VH genes, 9 Vk genes, 17 VA genes, 9 DH genes,

3 JH genes, 6 Jk genes, and 11 JA genes, located on different scaffolds. Subsequently, 5’RACE and PE300 bipartite
sequencing were used to obtain the reads of the expressed antibody repertoire of Silver-black foxes gene
rearrangement events. The analysis indicated a strong preference in the use of V genes, DH genes and J genes by
Silver-black fox. The main ways of expression diversity were V(D)J recombination and somatic hypermutation (SHM).
The hypermutated region of SHM was not only concentrated in the CDR region but also had higher mutation rate
in the FR region. The main types of SHM were G>A, C>T,T>C, and A>G. The findings of this study could serve

as a theoretical foundation for a deeper understanding of Silver-black fox immunoglobulins, which is significant for
enriching knowledge in immunogenetics and providing theoretical support for future studies on vaccine design for
the Silver-black fox.
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Introduction

Immunoglobulin (Ig) functions as a key molecular
marker for adaptive immunity in jawed vertebrates, play-
ing a pivotal role in the immune defense mechanisms
of these species, including humans [1]. The classical Ig
monomer molecule is a symmetric structure consisting
of two identical heavy chains (H chains) of high relative
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heavy chain generally comprises 4-5 structural domains
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with molecular weights ranging from 50-75 kDa. The
variable regions originate from a series of complex gene
rearrangement events. Each variable domain can be
divided into four relatively constant sequence regions,
commonly referred to as framework regions (FRs) [6].
Additionally, there are three sequence regions prone
to mutations, known as complementarity-determining
regions (CDRs). The variable region of the Ig heavy chain
is coded by three distinct gene segments, namely variable
(V), diversity (D), and joining (J) genes, while the vari-
able region of the light chain is coded by two gene seg-
ments: V and ] [7]. The V gene segment corresponds to
the CDR1 and CDR2 of the complementary determining
regions; the D gene segment primarily encodes the cen-
tral portion of CDR3 in the heavy chain variable region;
and the J gene is located at the 3’ end of the DH gene,
corresponding to the remaining part of the variable
region CDR3 and FR4 [8]. The carboxyl-terminal (C-ter-
minal) regions of the H and L chains are referred to as the
constant region (C region), which is a crucial part for the
Ig molecule to exert its effector functions. Among them,
the constant region of the heavy chain is designated as
CH, and that of the light chain as CL. According to the
differences in the physicochemical properties and anti-
genic epitopes of CH, most mammalian heavy chains can
be classified into five types, namely y, §, y, €, and «, and
the corresponding Igs are IgM, IgD, IgG, IgE, and IgA,
respectively [9]. Moreover, Igs of the same class across
different species can differentiate into distinct subclasses
based on subtle structural differences in the CH region,
such as the number of disulfide bonds, spatial distribu-
tion, and antigen specificity [10, 11]. The heavy chain
comprises several constant regions, which are designated
as CH1, CH2, CH3, and so on [12]. The heavy chain of
the Ig molecule contains a hinge region between the CH1
and CH2 regions, which enhances its spatial and struc-
tural flexibility. The amino acid sequences in the constant
region are relatively conserved and primarily responsible
for binding to specific receptors, which in turn regulate
the activity of various immune cells and mediate diverse
immune responses [13].

It has been shown that the germline antibody reper-
toire and the (auto) antigen recognition of an individual
is determined by recombination between segments of the
Ig gene [14]. It has been demonstrated that there are four
primary mechanisms for generating Ig diversity: V(D)]
recombination, gene conversion (GCV), somatic hyper-
mutation (SHM), and class switch recombination (CSR)
[15-17]. With the exception of CSR, all of these mech-
anisms contribute to the diversity of variable regions
[18-22]. The V(D)] recombination process is initiated by
the recombinase encoded by the recombination activat-
ing genes (RAG1-RAG2) at specific recombination sig-
nal sequences (RSS), resulting in double-strand breaks
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(DSBs). RSS typically consist of a highly conserved
heptamer (consensus sequence 5'-CACAGTG-3’) and
a conserved nonamer sequence (consensus sequence
5'-ACAAAAACC-3’'), separated by a less conserved
spacer sequence of 12 or 23 nucleotides. During V(D)
J recombination, the addition of nontemplated nucleo-
tides (N-nucleotides) at coding joints and signal joints
is almost mediated by terminal deoxynucleotidyl trans-
ferase (TdT) [23, 24]. TdT is an enzyme that plays a cru-
cial role during lymphocyte development, where it adds
nucleotide residues in a template-independent manner at
the ends of DNA breaks, thereby increasing the diversity
of antibodies and T cell receptors [25, 26]. The activity of
TdT is essential for the generation of a diverse immune
receptor repertoire during V(D)] recombination [27]. The
formation of palindromic nucleotides (P-nucleotides)
occurs due to asymmetric cleavage and filling of the DNA
hairpin structure during the repair process, resulting in
symmetric nucleotide sequences at the junctions [28],
specifically when the RAG1 and RAG2 enzyme com-
plex opens the DNA hairpin structure. The addition of N
and P nucleotides contributes to the diversification of Ig
gene expression to some extent, enabling the organism to
effectively recognize and respond to various pathogenic
challenges.

Following V(D)J recombination, B cells undergo two
subsequent genetic modifications: SHM and CSR. These
alterations, which occur mainly in the germinal center,
aim to enhance the affinity and modulate the biological
properties of Igs with specificity towards the antigen.
Notably, in some species (e.g., chickens), the Ig repertoire
is limited by a finite number of potential functional V and
J genes, making the generation of Ig diversity through
V(D)J recombination highly restricted. However, their Igs
can compensate for this limitation by utilizing GCV as an
alternative mechanism [29]. The molecular mechanisms
underlying SHM, CSR, and GCV exhibit numerous par-
allels and involve activation induced enzymatic pathways.
Among them, activation-induced cytidine deaminase
(AID) is considered to be a key factor indispensable for
the processes of SHM and CSR [30]. Organisms utilize
the aforementioned mechanisms to enhance the diversity
of the antibody repertoire. Based on current knowledge,
the human antibody repertoire consists of approximately
3x10715 Igs, a number significantly surpassing the
count of human germline genes [31-33]. This abundance
serves as the foundation for human defense against the
onslaught of myriad antigenic challenges.

Previous research has extensively explored the Ig locus
in various mammals, including yaks [34], goats [35, 36],
horses [37], cows [38], and others. Notably, the domestic
dog (Canis lupus familiaris), which belongs to the family
of Canidae, was found to have a total of 80 VH gene frag-
ments, 6 DH gene fragments and 3 JH gene fragments
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identified in its IGH loci. Based on their nucleotide iden-
tity, the 80 canine VH genes were classified into three
families. The first family consisted of 76 sequences,
whereas the other four VH genes, VH51, VH64, and
VH66, had greater than 80% nucleotide similarity and
were classified as the second canine family. For VHS80,
its nucleotide identity was less than 70% in all other
sequences, indicating that it belongs to a single member
family [39]. A recent study in dogs identified nine J-C
pairs, 162 IGLV, 19 IGKYV, 5 IGK], and one IGKC gene in
the IGL. In addition, three novel IGH] genes were also
identified [40].

The Silver-black fox (Vulpes vulpes), like domestic
dogs, belongs to the family Canidae of the order Carniv-
ora within the class Mammalia. It is a recessive mutant
variant of the wild red fox that occurs under natural
conditions. Characterized by a relatively large and com-
pact body, well-proportioned physique, unique fur col-
oration, and high-quality pelt, the Silver-black fox is a
valuable fur-bearing species [41]. Ig serves as key media-
tors of humoral immune responses, and elucidating their
genetic structure is crucial for understanding immune
regulatory mechanisms and advancing disease-resistance
breeding strategies. However, research on the germline Ig
genes and their diversified expression in the Silver-black
fox remains in its early stages. This study aims to com-
prehensively analyze the loci structure and expression
diversity of Ig genes in the Silver-black fox, providing a
theoretical foundation for the development of disease-
resistant breeding programs and contributing to the
establishment of a scientific health management system
for farmed populations.

Materials and methods

Animals, RNA isolations

The experiment utilized three Silver-black foxes (8
months old) obtained from the Jiao Agricultural Feeding
Farm fox breeding facility (Changli, Hebei, China). These
foxes were inoculated with the same doses of the water
ferret parvovirus enteritis inactivated vaccine (MEVB
strain) and the ferret canine distemper live vaccine
(CDV3-CL strain), and were maintained under identical
husbandry conditions. In order to minimize the animal’s
physical and psychological suffering, these Silver-black
foxes were first anesthetized with halothane (5% con-
centration) and bled to death while unconscious. Spleen
samples were collected from all three foxes, preserved
in liquid nitrogen and stored at -80 ‘C. Total RNA from
the spleen tissues was extracted using the Trizol method
(Takara, Dalian). The RNA quality was assessed, and the
RNA concentration was measured using Nanodrop1000
(Thermo Fisher Scientific, USA). The total RNA samples
were stored in an ultra-low temperature freezer at -80°C.
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Analysis of the immunoglobulin gene loci in silver-black
fox

This study was based on the genome data of the Silver-
black fox (GCF_003160815.1) publicly available in the
NCBI database (http://www.ncbi.nlm.nih.gov), as well as
sequences from other species including humans, mice,
pigs, cattle, and dogs, encompassing VH, DH, JH, VA, JA,
VK, Jk genes, and constant region genes 1, §, a, y, €, A, and
K. Initially, the positions of VH, DH, JH, VA, JA, Vk, Jx, W,
5, o, v, & A, and « genes in the Silver-black fox genome
were determined through BLAST analysis. Subsequently,
FUZZNUC website (www-archbac.u-psud.fr/genom-
ics/patternSearch.html) was utilized to retrieve RSS
sequences conforming to the 12/23 rule, while consider-
ing 5 base mismatches, followed by the identification of
potential D genes and ] genes. According to the IMGT
rules, all retrieved V genes were categorized into poten-
tial functional genes, pseudogenes, and open reading
frames [42]. Finally, a physical map of the IgH, Ig\, and
Igk gene positions was constructed based on the identi-
fied gene locations.

Phylogenetic analysis

The nucleotide similarity of the searched Silver-black fox
VH gene sequences was analyzed using DNAMAN 6.0.
Sequences with more than 75% identity were classified
into the same gene family, those with less than 70% iden-
tity were classified into different gene families, and those
with 70-75% identity were categorized based on addi-
tional factors, such as phylogenetic analysis, functional
motifs. Furthermore, the homology of the FR1~FR3
region of the Silver-black fox VH gene was analyzed
using MEGA11.0 software, comparing it with reference
sequences from human, mouse, cow, sheep, horse, frog,
chicken, African clawed frog, zebrafish and nurse shark.
The reference names and numbering of the V and ORF
genes for the species involved in the construction of the
phylogenetic tree, excluding the Silver-black fox, are pro-
vided in Supplementary File A.

Silver-black Fox 5’-RACE-ready cDNA synthesis and rapid
amplification of cDNA ends

The 5-RACE-Ready cDNA synthesis was performed
using the SMARTer™ RACE 5/3’ Kit (Takara Dalian).
For target gene amplification, the Universal Primer Mix
(UPM: 5-AAGCAGTGGTATCAACGCAGAGT-3’) pro-
vided in the kit served as the forward primer. Reverse
gene-specific primers (GSP) were designed as follows: the
heavy chain primer (GSP-H: 5-GACAGGGAGTTCTCA
CAGGTGAT-3’) targeted the Cp domain, while the light
chain primers (GSP-\: 5-GAGGGCGGGAAGAGAGAG
TGACCGA-3’; GSP-x: 5-TAGACGGCTGGCTGGGCA
TCATT-3’) were derived from the CL and Ck domains,
respectively. PCR amplification was conducted using the
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high-fidelity DNA polymerase included in the SMART™
5 RACE Kit (Takara, Dalian). The amplification products
were separated by electrophoresis on 1.5% agarose gels
for 30 min and then validated by Sanger sequencing. All
reactions were performed in triplicate to ensure technical
reproducibility.

DNA library Preparation and illumina miseq PE300
platform sequencing

The specific amplification products were used to con-
struct libraries, and qualified libraries were subjected to
paired-end 300 bp (PE300) sequencing on the Illumina
MiSeq PE300 platform (Sangon Biotech, China). After
high-throughput sequencing data were generated, the
first step was to perform data quality control. The main
process is that the Cutadapt software (v1.2.1) was used
with default parameters to remove adapter sequences.
The Pear software (v0.9.6) was then employed to merge
forward and reverse reads of the same sequence into
a single chain. Pinseq-lite software (v0.19.5) was uti-
lized to remove low-quality bases and sequences.
Chimera sequences were eliminated using Usearch soft-
ware (v11.0.667) in de novo mode. Subsequently, target
sequences were identified based on specific forward and
reverse primer sequences.

Bioinformatics analysis

The IMGT (ImMunoGeneTics) database classifies Ig
genes into different subgroups based on their function
and structure. According to the IG nomenclature rules,
sequencing-derived valid sequences (excluding exces-
sively short or truncated sequences) are assigned to
specific subgroups. The “NGS High-Throughput Analy-
sis”  function  (https://www.imgt.org/HighV-QUEST
/) in IMGT was utilized for the analysis of these valid
sequences. This study conducted an in-depth investiga-
tion of V(D)] recombination, junctional diversity, and
SHM in the Silver-black fox. For V(D)]J recombination,
the V, D, and ] genes were first classified into subgroups,
followed by an analysis of subgroup usage frequency and
V(D)J combination patterns. In the analysis of junctional
diversity, we examined the insertion of N and P nucleo-
tides, the deletion of 3'V-Region and 5'J-Region genes,
and the characteristics of the CDR3 sequences. The SHM
analysis focused on the types of nucleotide mutations and
their occurrence sites. For data visualization, this study
primarily employed the Lianchuan Bio Cloud Platform (h
ttps://www.omicstudio.cn/tool) and GraphPad Prism 9.5.

Results

Structure of the genomic organization and phylogenetic
analysis of silver-black Fox IgH

We found that Silver-black fox VH genes were distrib-
uted over 32 scaffolds, including 32 potentially functional
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VH genes and 24 pseudogenes, with the pseudogenes
included some incomplete gene fragments (Fig. 1A). Spe-
cifically, all potentially functional genes had a complete
V region structure, as well as the conserved amino acid
sequences 23-Cys, 41-Trp, and 104-Cys. In addition, we
identified 3 potentially functional JH genes, 9 potentially
functional DH genes, and structurally complete g, §, v,
g, and a genes, which were located on the same scaffold
and they were all arranged in reverse order, which may
be caused by the reverse placement of the scaffold dur-
ing genome assembly (Fig. 1A). All three JH genes have
the conserved amino acid structure of WGXG and end
with the conserved amino acid structure of TVSS. Sub-
sequently, we classified all VH genes into families based
on nucleotide identity and found that all VH genes could
be classified into three families and potentially functional
VH genes were distributed in all four family species
(Fig. 1B). Further, we performed an evolutionary analy-
sis of the relationship between potentially functional VH
genes and VH genes of representative mammals, and
found that Silver-black fox VH genes were more closely
related to humans and dogs (Fig. 1C).

Analysis of the use of the VH, DH, and JH genes in the
silver-black Fox

To analyze the VDJ gene usage after Silver-black fox
recombination, we named all valid reads obtained by
sequencing according to IMGT-subgroup, and then ana-
lyzed the gene usage of each type, as shown in Fig. 2.
Frequency analysis of VH gene usage revealed that the
three samples performed consistently, with IGHV3 being
used more than 96.35% and only about 1% using IGHV1
(Fig. 2A). Similarly, we analyzed the frequency of use of
DH and JH genes, with the most used DH gene being
IGHD2 (>27%) (Fig. 2B) and the most used JH gene
being IGHJ4 (>68%) (Fig. 2C). In terms of the number of
VDJ genes used, the expression trend was also consistent
across the three samples (Fig. 2D-F).

Analysis of VDJ recombination diversity and junction
diversity in the silver-black Fox IgH

As shown in Figure S1A, only IGHV3 was predomi-
nantly expressed by the VH gene of Silver-black fox
IgH, whereas five DH and JH genes were expressed. The
overall usage of the three samples tended to be con-
sistent, but there were some differences in the combi-
nations. Specifically, the most used combinations in
Sample 1 were IGHV3-IGHD2-IGHJ4 (25.2%), IGHV3-
IGHD4-IGHJ4 (22.1%) and IGHV3-IGHD3-IGHJ4
(10.2%), the more used combination in Sample 2 were
IGHV3-IGHD4-IGHJ4 (26.2%), IGHV3-IGHD2-IGHJ4
(22.8%) and IGHV3-IGHD1-IGHJ4 (9.7%), and the most
used combinations in Sample 3 were IGHV3-IGHD2-
IGHJ4 (20.5%), IGHV3-IGHD1-IGHJ4 (17.9%) and
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IGHV3-IGHD4-IGHJ4 (17.3%). In addition, we ana-
lyzed the length distribution of the CDR3 region and the
insertion of N/P nucleotides. As shown in Figure S1B,
random deletions of VH genes were mainly distributed
in 0—6 bp, with the majority of 0 bp and 6 bp, indicat-
ing that most random deletions of VH genes do not pro-
duce shifted-code mutations. Random deletions of JH
genes were distributed in 0-11 bp, with the majority of
2 bp and 5 bp, which may lead to shifted-code mutations
of recombinant sequences after deletion (Figure S1C).
Insertions of N/P nucleotides were mainly distributed
at 0 bp, indicating that the insertion of NP nucleotides
contributed less to the length diversity of CDR3 (Figure
S1G-H). Finally, we analyzed the lengths of the DH gene,
JH gene and CDR3 and found that the lengths of the DH
gene were mainly distributed in 4—19 bp and up to 31 bp,

the lengths of the JH gene were mainly distributed in
3-15 bp and up to 23 bp, and the lengths of the CDR3
were mainly distributed in 18—54 bp (Figure S1D-F).

We further analyzed the length distribution and amino
acid composition of Silver-black fox CDR3H, revealing
a high degree of similarity in amino acid usage between
Silver-black fox and Ussuri raccoon CDR3H (unpub-
lished data from our laboratory). Both Silver-black fox
and Ussuri raccoon belong to the Canidae family, and
their CDR3H exhibit highly similar amino acid com-
positions, suggesting potential convergent evolution
in certain immune system features possibly stemming
from a shared ancestor. It is noteworthy that the cyste-
ine (Cys) content in Silver-black fox CDRH3 is extremely
low, approximately 1% (Fig. 3). Additionally, we exam-
ined the length distribution curves of CDR3H for each
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Silver-black fox sample (Figure S4A), along with changes
in amino acid type composition and Shannon entropy
values, revealing consistent patterns across all three sam-
ples (Figure S5A-C).

Analysis of SHM in the silver-black Fox IgH (FR1-FR3)

Since the germline sequences have high nucleotide simi-
larity in the same family, we therefore analyzed the map-
ping of mutation distribution in the FR1-FR3 region
of the VH1, VH3, VH9, and VH19 genes, as shown in
Fig. 4A-D. As we already know, the mutations in all V
genes are mainly concentrated in the CDR region (CDR1
and CDR?2), in addition to that, there were some high-
frequency mutation regions at the end of the FR3 region,
such as VH1 and VH3, and there were a few positions in
the FR1 region with high-frequency mutations, such as
VH19, which indicates that SHM could occur at a higher
frequency outside of the high mutation regions. Next, we
counted the mutation types of SHM and found that the
mutation types of all samples were concentrated in G> A
and A > G (Fig. 4E-H).

FR1 LCDR1, FR2  ,CDR2,
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Structure of the genomic organization and phylogenetic
analysis of silver-black Fox Igk

Consistent with the IgH method, we searched the Sil-
ver-black fox genome for the Vk and Jk genes of Igk.
The results showed that Silver-black fox Vi genes were
located on 5 scaffolds (Fig. 5A). We identified a total of
17 Vk genes, of which 9 were potentially functional and
8 pseudogenes. We also identified 6 Jk genes, 2 of which
were potentially functional ] genes, and they all possessed
FGXG conserved structures (Fig. 5B). In addition, we
identified one Ck gene with a full length of approximately
320 bp (Fig. 5A). Immediately after that, we analyzed the
Vk genes into families based on nucleotide identity and
found that the Vi« genes could be divided into three fami-
lies (Fig. 5C). And the analysis revealed that the Vk of the
Silver-black fox was more closely related to the dog, fol-
lowed by other mammals (Fig. 5D).

Analysis of the use of silver-black Fox Vk and Jk gene

The use of Vi and Jk is shown in Fig. 6, which is basically

the similar for the three samples. Specifically, the use of

IGKV2 was dominant (>99%), and the use of other types

of V genes was minimal (Fig. 6A). Regarding the Jk genes
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expression, the use of IgkJl was dominant, utilization
rate in the three samples were 50.03%, 41.6%, and 47.47%
(Fig. 6B). In terms of the number of V] genes used, the
three samples showed a consistent trend in expression
after recombination (Fig. 6C-D).

Analysis of V(D)J recombination diversity and junction
diversity in the silver-black Fox Igk
As shown in Figure S2A, we analyzed the recombina-
tion of Silver-black fox Vk-Jk. The expression of the three
samples were basically consistent, the most expressed
combinations were IGKV2-IGKJ1 and IGKV2-IGK]3,
and the expression share of these two combinations was
more than 91.9% in all three samples, including 99.8% in
sample 1. Subsequently, we found that random deletions
of Vk and Jk genes were mainly distributed in 0-3 bp,
where deletions of 0 bp and 3 bp do not affect post-
recombination translation, suggesting that random dele-
tions of Vi and Jk genes contribute relatively little to the
diversity of Ig expression but affect the length of CDR3
(Figure S2B-C). N/P nucleotide insertions were mainly
distributed at 0 bp, indicating that CDR3 length diversity
was not related to the insertion of N/P nucleotides (Fig-
ure S2E-G). In addition, the length of Jk gene was mainly
distributed at 5-11 bp (Figure S2D), and the length of
CDR3« was mainly distributed at 24—30 bp (Figure S2H).
Analysis of the amino acid composition of Silver-black
fox CDR3k revealed that it was almost identical to rac-
coon CDR3k as in previous findings, with only aromatic
amino acids significantly higher than those of raccoon
dog (unpublished data), which may be conducive to the
further enrichment of the Silver-black fox antibody rep-
ertoire (Fig. 7). Further, we analyzed the length distribu-
tion curves of CDR3k for each sample of Silver-black fox
(Figure S4C), as well as the change in amino acid type
composition and Shannon entropy values, and found that
the three samples behaved consistently (Figure S5G-I).
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Analysis of SHM in the silver-black Fox Igk (FR1-FR3)

After comparison with the germline gene, we analyzed
the SHM mutation distribution pattern of Vk in a man-
ner consistent with the SHM analysis of IgH. In addi-
tion to the CDR region with high-frequency mutation
regions, there were a small number of high-frequency
mutation regions in front of FR1 as well as at the end
of FR3 (Fig. 8A-E). Immediately following this, we ana-
lyzed the SHM mutation types in Silver-black fox Igk. As
shown in Fig. 8F-I, the mutation types in all samples were
clustered in G>A,C>T, T>Cand A>G.

Structure of the genomic organization and phylogenetic
analysis of silver-black Fox IgA

As shown in Fig. 9A, the Silver-black fox VA was dis-
tributed on 9 scaffolds, and a total of 21 V\ genes were
identified, of which 17 were potentially functional. We
also identified 11 JA genes, all with “FGXG” conserved
sequence, which were located on a single scaffold in a
JA-CA-JA-CA sequence with 8 CAs (Fig. 9A-B). Subse-
quently, we found that the VA of the Silver-black fox
could be classified into three families (Fig. 9C), and was
more closely related to the V\ gene in dog, followed by
other mammals.

Analysis of the use of silver-black Fox VA and JA gene

In order to know the proportion of VA and J\ genes
used in the recombinantly expressed Igh of Silver-black
fox, we first classified the reads obtained from sequenc-
ing into IMGT-subgroups, and then analyzed the use of
each type of gene. Specifically, IGLV1 was used in the
largest proportion (>55%), and regarding J\ gene use,
the most expressed genes were IGLJ6 (>24%) and IGLJ4
(>18%) (Fig. 10A&B). In terms of the number of V] genes
used, the trend of VA and J\ gene use was consistent
(Fig. 10C&D).
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Fig. 7 Frequency of various amino acids used in CDR3k of Silver-black Fox. A: Frequency of hydrophobic amino acids in CDR3k of Silver-black Fox; B:
Frequency of small molecular functional group amino acids in CDR3k of Silver-black Fox; C: Frequency of use of aromatic amino acids in CDR3k of Silver-
black Fox; D: Frequency of use of charged amino acids in CDR3k of Silver-black Fox
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Fig. 8 The somatic hypermutation (SHM) of Silver-black Fox Igk. A-E: The distribution of SHM in Silver-black Fox Igk; F-I: The base mutation types of SHM

in Silver-black Fox Igk

Analysis of V(D)J recombination diversity and junction
diversity in the silver-black Fox IgA

Similarly, we analyzed the V] recombination of IgA and
showed that the more used combinations in sample 1
were IGLV1-IGLJ4 (22.0%), IGLV1-IGLJ6 (19.7%), the
more used combinations in sample 2 were IGLV1-IGLJ4
(19.0%), IGLV1-1GLJ6 (18.9%), and in sample 3 the more
used combinations were IGLV1-IGLJ6 (19.7%), IGLV1-
IGLJ4 (13.8%), and all three samples had essentially the
same expression (Figure S3A). Subsequently, we analyzed
the length diversity distribution of CDR3A. As shown
in Figure S3B-C, random deletions of the V gene were
mainly distributed in 0-7 bp and up to 31 bp in length,
indicating that random deletions of the V gene had a
greater impact on the length of CDR3 (Figure S3B). Ran-
dom deletions of the J\ gene were mainly distributed in
0-3 bp (Figure S3C). The insertion of the N/P nucleotide,
which was mainly distributed in 0 bp, indicated that the
insertion of the N/P nucleotide contributed to the length
of CDR diversity contributed less (Figure S3E-G). Finally,
we found that the length of JA gene was mainly distrib-
uted in 6-10 bp (Figure S3D) and the length of CDR3 was
mainly distributed in 27-33 bp (Figure S3H).

Analysis of the amino acid composition of Silver-black
fox CDR3) revealed that it was almost identical to Silver-
black fox CDR3k, with a lower frequency of Cys and a
relatively high frequency of aromatic amino acid usage
(Fig. 11). Further, we analyzed the length distribution
curves of Silver-black fox CDR3A\ for each sample (Figure
S4B), as well as the changes in amino acid type compo-
sition and Shannon entropy values, and found that the
three individuals behaved consistently (Figure S5D-F).

Analysis of SHM in the silver-black Fox Igh (FR1-FR3)

The distribution of SHM mutations in the FR1-FR3
region of the VA gene was analyzed, and as shown in
Fig. 12A-D, the high-frequency mutation regions were
mainly concentrated in the CDR region, and in the FR1
region, higher mutation frequency also appeared, which
was similar to the results of IgH and Igk. Subsequently,
we counted the major mutation types in SHM and found
that the mutation types in all samples were concentrated
inG>A,C>T, T>Cand A>G, with G>A and A>G pre-
dominating (Fig. 12E-H).
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Fig. 9 Structure of the Genomic Organization and Phylogenetic Analysis of Silver-black Fox IgA. A: Schematic structure of thegenomic organization of
Silver-black Fox Igh; B: The structural variation of Silver-black Fox JA; C: The phylogenetic tree of Silver-black Fox VA; D: The phylogenetic tree of VA in Silver-
black Fox and representative vertebrate species. Note: Fig. 9A: The 10 scaffolds of the IgA gene are labeled with their corresponding ID sequence numbers.
The start and end positions of each scaffold are labeled in the figure. Red arrows represent functional VA genes, yellow arrows represent pseudogenes,
and the head of each arrow indicates the orientation of the gene in the genome. Figure 9B: shows the conserved amino acid structure of JA

Discussion sequencing data revealed the expression of genes from

In this study, we firstly identified the V genes, D genes,
] genes and constant region genes that conform to the
IMGT rules by a comparative genomics method using the
published Silver-black fox genome [43], and constructed
the Silver-black fox Ig gene loci maps (Figs. 1A and 5A,
and Fig. 9A). Among them, the number of potentially
functional VH genes was 32, Vk genes was 9, VA genes
was 17, DH genes was 9, JH genes was 3, Jk genes was
6, and J\ genes was 11, all located on different scaffolds
of the genome. It is important to note that the number
of germline genes identified in this study may be fewer
than the actual number. This assumption is based on the
observation that all germline genes retrieved in this study
were classified under the IGLV1 subgroup. However, our

the IGLV2, IGLV3, IGLV5, and IGLV8 subgroups. We
attribute this discrepancy to the fact that the assembly
level of the Silver-black fox genome (GCF_003160815.1)
is at the scaffold level, which likely resulted in numerous
genomic fragments remaining unassembled. As a result,
the exploration of potential functional genes may have
been insufficient. Additionally, the IgH loci in the Silver-
black fox exhibit an inverse complementary arrangement,
which may be due to the reversed placement of genomic
scaffolds. In the Igx, the J\ and C\ segments exist in clus-
ters, an arrangement that is similarly expressed in mink,
arctic fox, goats, horses and yaks [34, 36, 37, 44—46].
Furthermore, the domestic dog and the Silver-black
fox both belong to the class Mammalia, order Carnivora,
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and family Canidae, but they are classified under dif-
ferent genera, Canis and Vulpes, respectively. Despite
the significant taxonomic differences at the genus level,
phylogenetic studies indicate that the Ig genes of the two
species share specific phylogenetic relatedness in their
evolutionary context. Notably, a portion of the VH genes
in the Silver-black fox, along with the majority of VA and
Vk genes, exhibit a high degree of clustering with those
of the dog. This molecular evidence suggests a potential
common evolutionary foundation for the Ig gene struc-
tures between the Silver-black fox and other canid spe-
cies. However, most of the V genes in the Silver-black fox
do not cluster with those of humans on the phylogenetic
tree, indicating a significant divergence in the evolution
of the immune system between the Silver-black fox and
humans. Furthermore, some of the VH genes in the Sil-
ver-black fox form a distinct cluster, separate from that of
the dog, thus reflecting systematic differences in the evo-
lutionary dynamics of Ig genes between the dog and the
Silver-black fox [14].

Immunocomplexes captured by NGS can give us
more insight into B-cell immunogenetics and the abun-
dance of recombinant post-antibody expression [47].

Regarding the ways in which Silver-black fox Ig diversity
is expressed, our results suggest that VD] recombination
and SHM are the two most dominant mechanisms. GCV
is typically observed in animals with a relatively simple
subgroup classification of potentially functional V genes,
serving to enhance the diversity of Ig expression. This
mechanism has been reported in species such as chickens
[48], Beijing ducks [49], and rabbits [50], among others.
In addition, the length of CDR3 provides more possi-
bilities for its diverse expression. Specifically, when V(D)
] is recombined, Silver-black fox IgH, Ig\, and Igk show
significant selective preferences for the V gene, the ]
gene, and similarly, IgH for the DH gene. This enriches
the types of V(D)J recombination, one of the important
components of Ig diversity. It is well known that the ran-
dom deletion of V and | genes and the insertion of N
and P nucleotides are important factors constituting the
diversity of the length of the CDR3, which determines the
richness of the type of protein conformation it expresses.
Based on this, we analyzed the lengths of random dele-
tion fragments at the 3’ end of the V gene and at the 5
end of the ] gene, as well as the lengths of random inser-
tions of N and P nucleotides [51]. The contribution of the
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Fig. 12 The somatic hypermutation (SHM) of Silver-black Fox Ig\. A-D: The distribution of SHM in Silver-black Fox Ig\; E-H: The base mutation types of

SHM in Silver-black Fox IgA

3'VH to the length of the CDR3H in Silver-black foxes
was comparable to that of human (6.5+1.7 bp), mouse
(5.8+£1.7 bp) and domestic cattle (8.8+3.7 bp) [38, 52,
53]. It has been confirmed that bovine antibody reper-
toires are characterized by unusually long CDR3H, which
form elaborate “knob-on-stalk” architectures rich in cys-
teine residues [54]. The pairing of Cys residues in differ-
ent combinations forms disulfide bonds, which stabilize
the structure of CDR3H and contribute to spatial diver-
sity [55]. In contrast, in the Silver-black fox antibody rep-
ertoire, the frequency of Cys residues in CDR3H is only
0.7 +0.3%, significantly lower than that in dogs [56]. The
utilization of Cys in the light chain CDR3\ and CDR3k is
even lower, at 0.2+0% and 0.1+0.2%, respectively. Stud-
ies have shown that, similar to human and mouse reper-
toires, the composition of dog CDR3H is predominantly
characterized by tyrosine, serine, and glycine [56]. The
amino acid composition of Silver-black fox CDR3H also
exhibits these characteristics, suggesting that the Silver-
black fox may rely on amino acid residues other than Cys
to compensate for structural stability.

SHM is an important mechanism for the genera-
tion of antibody diversity after recombination of V(D)
J, and amino acid changes induced by the mutation can
increase the affinity of antibodies [15, 57, 58]. The muta-
tion pattern of SHM in the IgH of the Silver-black fox
is similar to that observed in yaks, domestic cattle, and
mice, characterized by a high frequency of A-to-G and
G-to-A mutations, suggesting that the mutation pattern
of SHM is relatively conserved across species [38, 59].
Interestingly, our results showed that mutations in A and
G were greater than mutations in T and C, this result was
also verified in a recent study [58].

The study of Ig genes is not only a core component of
immunological basic theory, but also an important bridge
connecting basic research and clinical applications. Pre-
vious studies, based on the limited diversity of horse
IgV, have successfully developed an efficient, rapid, and
high-throughput monoclonal antibody screening plat-
form [60]. As a fur-bearing animal, the Silver-black fox
has long been threatened by viral diseases such as canine
distemper virus (CDV) [61] and rabies virus (RV) [62].
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Therefore, a deeper understanding of the selective usage
and diversity characteristics of its IgV genes will not only
help clarify its innate immune response mechanisms but
also provide critical genetic resources for the develop-
ment of specific antibodies, laying the foundation for the
design of novel vaccines and immunotherapy strategies.

Conclusions

In conclusion, this study constructed a physical map
of the Ig gene loci in the Silver-black fox genome and
elucidated the factors contributing to the complexity
of its expressed Igs repertoire using NGS. These find-
ings enhance our understanding of Ig gene structure
and expression diversity, complement immunologi-
cal research on the Silver-black fox, and contribute to
the conservation of its genetic resources and antibody
development.
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