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As an ancient allotetraploid species, goldfish (Carassius auratus) have two sets of subgenomes. In this study,
immunoglobulin heavy-chain (IGH) genes were cloned from the red crucian carp (Carassius auratus red var.), and
the corresponding loci were identified in the gynogenetic diploid red crucian carp (GRCC) genome as well as the
genomes of three other goldfish strains (Wakin, G-12, and CaTCV-1). Examination showed that each goldfish
strain possessed two sets of parallel IGH loci: a complete IGHA locus and a degenerated IGHB locus that was

nearly 40 x smaller. In the IGHA locus, multiple T chain loci were arranged in tandem between the p&3$ chain
locus and the variable genes, but no t-like genes were found in the IGHB locus.

1. Introduction

Immunoglobulin heavy-chain (IGH) germ-line genes include multi-
ple variable (V), diversity (D), joining (J), and constant (C) genes (Lucas
et al., 2015); the immunoglobulin (Ig) is classified based on the constant
domain (CH) of the immunoglobulin heavy-chain. Six immunoglobulin
isotypes have been identified in mammals (IgM, IgG, IgA, IgE, IgD, and
Ig0), but only three have been identified in teleosts (IgM, IgT/IgZ, and
IgD) (Bilal et al., 2021; Sun et al., 2020).

The whole genome duplication (WGD) event (Glasauer and Neu-
hauss, 2014) in the evolutionary history of teleost fish greatly enriched
the diversity and complexity of the teleost IGH genes (Bengtén and
Wilson, 2015; Fillatreau et al., 2013). Whole IGH genes are duplicated in
a tandem array on one chromosome in the three-spined stickleback
(Gasterosteus aculeatus) (Bao et al., 2010), channel catfish (Ictalurus
punctatus) (Bengtén et al., 2006), and medaka (Oryzias latipes) (Mag-
adan-Mompo et al., 2011), while whole IGH loci are duplicated on
different chromosomes in the autotetraploid Atlantic salmon (Salmo
salar) and rainbow trout (Oncorhynchus mykiss); these duplications
consist of two IGH loci (locus A and locus B; Magadan et al., 2019;
Yasuike et al., 2010). IGH locus duplication was not detected in zebra-
fish (Danio rerio) (Danilova et al., 2005), grass carp (Ctenopharyngodon
idella) (Xiao et al., 2010), or loach (Misgurnus anguillicaudatus) (Xu et al.,

Abbreviations: VH, V genes in the immunoglobulin heavy-chain loci.
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2018).

Extreme genomic volatility characterizes the evolution of the t-like
genes (Bradshaw and Valenzano, 2020; Mirete-Bachiller et al., 2021).
The t-like genes from Trematomus bernacchii (Giacomelli et al., 2015),
fugu (Fugu rubripes) (Savan et al., 2005b), torafugu (Takifugu rubripes)
(Fu et al., 2015), and the three-spined stickleback (Gambon-Deza et al.,
2010) lack one or two CH exons; the chimeric t-like genes from common
carp (Cyprinus carpio) (Ryo et al., 2010; Zhang et al., 2021) and grass
carp (Xiao et al., 2010) contain C regions composed of Cp-like and
Cr-like exons; and species such as the channel catfish (Bengten et al.,
2006) and the medaka (Magadan-Mompo et al., 2011) lack t-like genes
entirely.

It is generally believed that goldfish (Carassius auratus) and common
carp are ancient allotetraploid species (Luo et al., 2014; Ma et al., 2014),
with about twice as many chromosomes as the diploid cyprinids (Yu and
Zhou, 1989). Previous genomic studies of goldfish (Chen et al., 2019; Li
et al., 2021; Luo et al., 2020) and common carp (Xu et al., 2014, 2019)
have introduced allotetraploids derived from the fusion of two sub-
genomes. The evolutionary history of goldfish is somewhat complicated:
Wild crucian carp evolved into red/yellow crucian carp firstly. Through
long-term natural selection or artificial breeding, up to 300 different
varieties developed subsequently, including red crucian carp (Carassius
auratus red var.), grass goldfish (with a long tail), dragon-eye goldfish
(with bulging eyes), oval goldfish (lacking a dorsal fin), wen goldfish
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Abbreviations
IGH immunoglobulin heavy-chain
RCC Red crucian carp
C constant
CH constant domain of the immunoglobulin heavy-chain
™ transmembrane
HK head kidney
GU gut
Ig immunoglobulin
\ variable
D diversity
J joining
BLAST  basic local alignment search tool
RT-gPCR quantitative reverse transcription PCR
RACE rapid amplification of cDNA ends
Cys cysteine residues
Trp tryptophan residues
FR framework region
UTR untranslated region
WGD whole genome duplication

(with a forked tail), and so on (Chen, 1956). Therefore, goldfish are an
ideal model for studying IGH gene evolution in ancient allotetraploid
fish.

Most studies of the IGH gene in ancient allotetraploid fish to date
have focused on the common carp and comprehensively address the
introduction of isotypes of p-like genes (Nakao et al., 1998) and chimeric
t-like genes (Ryo et al., 2010; Savan et al., 2005a; Zhang et al., 2021).
However, no comprehensive description of all IGH isotypes and the
arrangement patterns of IGH loci in ancient allotetraploid carp are
available. In addition, the published carp genome is not as complete as
the published goldfish genome. Therefore, we employed four goldfish
strains to explore the arrangement pattern of ancient allotetraploids IGH
loci. The four goldfish strains used in this study were Wakin (Carassius
auratus), G-12 (Carassius auratus), CaTCV-1 (Carassius auratus), and
GRCC (Carassius auratus red var.). Strain Wakin is a common goldfish in
Japan; strains G-12, CaTCV-1, and GRCC originate from the Chinese
provinces Fujian, Hubei, and Hunan, respectively. In addition, strain
GRCC is a gynogenetic diploid red crucian carp. Red crucian carp from
our laboratory were used as experimental samples for molecular
verification.

2. Materials and methods
2.1. Animals

Red crucian carp (Carassius auratus red var. RCC; body weight 400 +
50 g) were obtained from an aquaculture base in Wang Cheng district,
Changsha, Hunan province, China. Fish were anesthetized in 100 mg/L
MS-222 (Sigma-Aldrich, USA) prior to dissection or blood extraction.

2.2. RNA isolation and cDNA synthesis

The head kidney (HK) and gut (GU) from three anesthetized RCC
were isolated and immediately frozen in liquid nitrogen. The phenol-
chloroform method was used to isolate total RNA with Trizol Reagent
(Invitrogen, USA). The integrity of the isolated RNA was determined
using gel electrophoresis with 1% RNase-free agarose, and RNA con-
centration was measured using a Synergy 2 Multi-Mode Microplate
Reader (BioTek2, USA). Random hexamer and Oligo (dT);s primers
were used to synthesize cDNA for quantitative reverse transcription PCR
(RT-qPCR) using the RevertAid First Strand cDNA Synthesis Kit (Thermo
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Scientific, USA) and following the manufacturer’s instructions. The
synthesis of cDNA for cloning was carried out using Oligo (dT);g primers
only.

2.3. Cloning and the expression of IGH genes

Degenerate forward primers [annealed to framework region 3 (FR3)]
and specific reverse primers were designed based on the cDNA se-
quences of Trinity-assembled transcriptome data (BioSample accession
no. SAMN17515892) to amplify the cDNA sequences of the RCC IGH
genes. Because the Trinity-assembled transcriptome sequence is not a
full-length sequence, the secretory and membrane primers of IGHMA
were annealed to the UTR region to obtain the clones; multiple pairs of
primers were used for the IGHD gene due to its long length, and 3’ rapid
amplification of cDNA ends (RACE) was used to amplify the complete 3’
UTRs of RCC IGHD, IGHT2D, IGHT4D, and IGHMB. PCR products were
amplified using LA Taq with a volume of 20 pl and 30 cycles (TaKaRa,
JP) and cleaned with a SanPrep Spin Column & Collection Tube (San-
gon, CN); then, 0.5 pl of the gel-cleaned PCR product cloned into the
pMD18-T vector (TaKaRa, JP), and eight monoclones were randomly
selected and sequenced. All primers used in this study are listed in
Supplementary Table 1. RT-qPCRs were performed using PowerUp
SYBR Green Master Mix (ThermoFisher, USA) with a volume of 20 pl and
40 cycles. gPCR results were analyzed using QuantStudio 5 (Thermo-
Fisher, USA), and the relative expression levels of the IGH genes were
calculated using the 2AAC method with B-actin gene as the internal
reference (Livak and Schmittgen, 2001).

2.4. Identifying IGH loci in goldfish genomes

First, we roughly located the IGH loci in the genomes of four goldfish
strains (strains GRCC, G-12, Wakin, and CaTCV-1) by using the V and the
C genes of the immunoglobulin heavy-chain loci of zebrafish and grass
carp to determine the total span range of the goldfish IGH loci. Then, the
boundaries of V, D, J, and C were determined as follows: the CH region
was manually checked by the cDNA sequences of the RCC IGH genes
using BLAST (Altschul et al., 1990); the V genes were detected using
IgBLAST (https://www.ncbi.nlm.nih.gov/igblast) (Ye et al., 2013) and
FGENESH (Salamov and Solovyev, 2000), and then refined using
homology-based prediction with FGENESH+ (Solovyev, 2007) and
splice site prediction with NNSPLICE (http://www.fruitfly.org/seq_t
ools/splice.html) (Reese et al., 1997); D and J genes were identified
using a pattern search with EMBOSS fuzznuc software (v.6.6.0.0) (Rice
et al., 2000), allowing a maximum of four mismatches. All complete V
genes begin with the octamer sequence ATG(C/T)AAA(G/T) followed by
two exons (first leader peptide exon and second V exon) and terminate
with the recombination signal sequence (RSS); D genes have a
3'-flanking RSS with the pattern CACAGTG-Np;.13-ACAAAAACC no
more than 40 nucleotides from the 5'-flanking RSS (we used
CACAGTG-N;1.13-ACAAAAACC and GGTTTTTGT-N71.13-CACAGTG as
the D-gene search string), while J genes not only possess a conserved
FDY motif and an ambiguous VTVSS termination motif, but also a
5’-flanking RSS (we used CACAGTG-Ng5.24-ACAAAAACC as the J-gene
search string). Using the above sequence criteria for V, D, and J genes,
which were summarized based on the sequences of these genes in other
species (Lucas et al., 2015), the goldfish V, D, and J genes were manually
checked and annotated. V genes were named following standard IMGT
nomenclature (Lefranc, 2011), requiring complete second V exon. Gene
structure was visualized using IBS software (Liu et al., 2015).

2.5. Southern blotting

Whole blood was extracted from the coccygeal veins of four RCCs
(RCC1-4), and a 1/10 volume of anticoagulant ACD solution was added.
The whole blood was washed once with 0.7% NacCl solution and three
times with D-Hanks solution to separate and purify the erythrocytes.
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Fig. 1. A schematic representation of the immunoglobulin heavy-chain genes recovered in four goldfish genomes (Carassius auratus and Carassius auratus red var.).
Bent lines above and below the gene schematic represent alternative splicing of the Ig-like exons (black), transmembrane isoforms (green), and secreted isoforms
(red). The cDNA sequences of IGHT3D, IGHMT4D, and IGHDB were not successfully cloned in the red crucian carp.

Genomic DNA was extracted from the erythrocytes using a Rapid Animal
Genomic DNA Isolation Kit (Sangon, CN). We digested 30 pug of genomic
DNA from each of the four fish (RCC1-4) to completion with 100 units of
Pstl and 100 units of EcoRI at 37 °C for 6 h. The digests were electro-
phoresed on a 0.8% agarose gel and transferred to a Hybond-N" mem-
brane (GE, USA). We fixed the nucleic acid to the membrane via cross-
linking using UV-light (Mamiatis et al., 1985). The membranes were
hybridized with probes at 42 °C using the DIG High Prime DNA Labeling
and Detection Starter Kit II (Roche, CH), following the manufacturer’s
instructions.

The genomic DNA sequences of IGHMA and IGHMB (the sequences
between the Cp2 and Cp4 exons) from RCC1 and RCC3 (in Southern
blotting results, the band patten of RCC2 was similar to that of RCC1,
and RCC4 was similar to that of RCC3, and thus only RCC1 and RCC3
were selected for molecular cloning) were cloned into the pMD18-T
vector. Eight clones were then randomly selected for sequencing.

To determine the copy numbers of the RCC IGHM genes, DIG-labeled
DNA probes specific to the IGHMA (probe MA) and IGHMB (probe MB)
were hybridized with Pstl/EcoRI digests of erythrocyte DNA from the
four individual RCC (no DIG-labeled MA or MB were selected as positive
controls). The MA probe was synthesized from the amplified products of
the RCC1_IGHMA1-containing plasmid, and the MB probe was synthe-
sized from the amplified products of the RCCI1_IGHMBI-containing
plasmid. Neither probe sequence contained a Pstl or an EcoRI site.
However, the sequence of RCC1_IGHMA2 contained a PstI site.

2.6. Sequence analysis and phylogenetic analysis

The ExPASy translate tool (https://web.expasy.org/translate/)
(Duvaud et al., 2021) was used to deduce the immunoglobulins (Igs)
amino acid sequences of RCC and zebrafish. Multiple sequence align-
ments were made with the clustalW algorithm (Ma et al., 2007). The
amino acid sequences alignment and DNA sequences alignment were
performed by BioEdit software. For genomic DNA sequences alignment
of RCC IGHM genes, GRCC_IGHMA (GenBank accession no. the reverse
complement of LGRG01000905.1: 338577-339617) and GRCC_IGHMB
(GenBank accession no. the reverse complement of LGRG01000274.1:
509764-510793) were selected as references. For amino acid sequence
alignment of RCC Igs, zebrafish Igs were selected as references (the
GenBank accession numbers of secretory and membrane isoforms of IgM
and IgZ are AY643753, AY643751, AY643752, and AY643750). The
secondary structure of the Igs amino acid sequence was predicted using

Table 1
The IGH cDNA sequences amplified from a single RCC individual.
IGH Amplified Length of Length of GenBank
gene region secretory type membrane type accession no
(bp) (bp)
IGHMA FR3 to 3'UTR 1433 1279 MZ558192;
MZ558193
IGHMB FR3 to end of 1601 / MZ558191
3'UTR
IGHT Ctl to 3'UTR 1313 / MZ558198
IGHT4D FR3 to end of 1715 1738 MZ558196;
3'UTR MZ558197
IGHT2D FR3 to end of 1128 1188 MZ558194;
3'UTR MZ558195
IGHD FR3toendof / 2977 OM104098
3'UTR

Prosite (https://prosite.expasy.org/prosite.html) (Duvaud et al., 2021),
and N-Glycosylation sites were predicted using the etNGlyc 1.0 Server
(http://www.cbs.dtu.dk/services/NetNGlyc/) (Gupta and Brunak,
2002).

The total numbers of V genes in the immunoglobulin heavy-chain
loci (VH) of G-12 and CaTCV-1 were almost completely identified. The
second exon sequences of the VH genes of the G-12 and CaTCV-1 were
used to construct separate datasets. ModelFinder (Kalyaanamoorthy
et al., 2017) predicted that the best model was GTR; two phylogenetic
trees were constructed using MrBayes (Huelsenbeck and Ronquist,
2001) as implemented in PhyloSuite (Zhang et al., 2020). Two MrBayes
runs were performed, each for 20 million generations with four chains in
parallel. The first 25% of the trees were discarded as a burnin; the
sampling frequency was 100, and the analysis was terminated after the
average standard deviation of the split frequencies fell below 0.01. For
the VH subgroup, a Bayesian phylogeny of VH genes was constructed by
requiring at least 75% nucleotide identity among VH genes within the
same subgroup. The phylogenetic tree was displayed using FIGTREE
(V1.4.4) software.

3. Results
3.1. Identification of IGH genes in goldfish genomes

We identified nine different IGH genes in the previously published
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Table 2
Difference in IGH genes among the four goldfish strains.

Goldfish IGH locus The arrangement of the conserved region of the
strain IGH genes
G-12 CtAl: IGHT2D Cpl-Ct4-TM1-TM2
CtA2: IGHT2D Cp1-Ct4-TM1-TM2
CtA3: Cpl-Cp2-Ct3-Ct4-TM1-TM2
IGHMT4D
CpA&CSA Cp1-Cp2-Cp3-Cp4-TM1-TM2-C51-(C52-C83-Cd4)
5-C85-C86-C57-TM
CuB&C3B Cp1-Cp2-Cp3-Cp4-TM1-TM2-C53-C54-Co5-Co6-
C87-TM
GRCC CtAl: IGHT Ct1-Ct2-(Ct3-Ct4)51-TM1-TM2
CtA2: IGHT2D Cpl-Crt4-gap
CtA3: IGHT2D Cp1-Ct4-TM1-TM2
CtA4: IGHT3D Cp1-Ct3-Ct4-TM1-TM2
CtA5: gap-Cp2-Ct3-Ct4-TM1-TM2
IGHMT4D
CtA6: IGHT4D Cpl-Cr2-Ct3-Ct4-TM1-TM2
CpA&CSA Cp1-Cp2-Cp3-Cp4-TM1-TM2-C51-C52-C53-Co4-
Cd5-Cd6-Cd7-TM
CpB&C8B Cp1-Cp2-Cp3-Cp4-TM1-TM2-C3-C54-C85-C56-
C87-TM
Wakin CtAl gap-(Ct3-Ct4)11-TM1-TM2
CtA2: IGHT Ct1-Ct2-(Ct3-Ct4)5-TM1-TM2
CtA3: IGHT4D Cp1-Cr2-Ct3-Ct4-TM1-TM2
CtA4: IGHT4D Cp1-Ct2-Ct3-Ct4-TM1-TM2
CtAS: IGHT4D Cpl-Cr2-Ct3-Ct4-TM1-TM2
CtA6 gap-Ct2-Ct3-Ct4-TM1-TM2
CpA1&CBA1 Cp1-Cp2-Cp3-Cp4-TM1-TM2-C51-(C52-C83-Cd4)
6-C85-C66-Co7-TM
CpA2&CBA2 Cp1-Cp2-Cp3-Cp4-TM1-TM2-C81-(C52-C83-Cd4)
6-C85-C86-C57-TM
CpuB&C3B Cp1-Cp2-Cp3-Cp4-TM1-TM2-C53-C54-Co5-Co6-
Cd7-TM
CaTCV-1 CtAl: IGHT3D Cp1-Ct3-Ct4-TM1-TM2
CtA2: IGHT4D Cpl-Ct2-Ct3-Ct4-TM1-TM2
CtA3: IGHT C11-Ct2-Ct3-Ct4
CtA4: IGHT Ct1-Ct2-(Ct3-Ct4)14-TM1-TM2
CtAS5: IGHT C11-C12-Ct3-Ct4-TM1-TM2

CtA6 Ct2- TM1-TM2

CtA7: IGHT C11-C12-(Ct3-Ct4)6-TM1-TM2

CpA1&CBA1 Cp1-Cp2-Cp3-Cp4-TM1-TM2-C51-(C52-C83-Cd4)
6-C85-C86-Cd7-TM

CpA2&C5A2 Cp1-Cp2-Cp3-Cp4-TM1-TM2-C81-(C52-C83-Cd4)
6-C85-C86-C57-TM

CpuB&C3B Cp1-Cp2-Cp3-Cp4-TM1-TM2-C53-C54-Co5-Co6-

C87-TM

Note: 1 indicates that the Ct3-Ct4 blocks were repeated more than 5 times; The
exact number of repetitions could not be determined due to gaps.

genomes of four goldfish strains: two &-like genes (IGHDA and IGHDB;
IGHDB was truncated compared to IGHDA), two p-like genes (IGHMA
and IGHMB), five t-like genes (classified based on their C region; IGHT,
IGHT2D, IGHT3D, IGHT4D, and IGHMT4D) (Fig. 1).

The cDNA sequences of the IGH genes were successfully cloned from
the RCC, except for IGHDB, IGHT3D, and IGHMT4D (Table 1). Only the
membrane isoform of IGHD and the secretory isoforms of IGHMB and
IGHT were present in RCC. Both the membrane and the secretory iso-
forms of IGHMA, IGHT2D, and IGHT4D were successfully cloned in RCC.
Cloning of IGHDB, IGHT3D, and IGHMT4D may have failed due to low
levels of expression; alternatively, these could be pseudogenes. In
addition, the t-like genes share high identity at the nucleotide level, and
thus cloning may have failed due to insufficient primer specificity.

The overall structure of the p-like genes in the IGHA and IGHB locus
was conserved across the four goldfish strains, while & and t-like genes
were structurally variable (Table 2). The p-like genes consisted of four
constant Ig-like exons and two transmembrane exons (Cpl-Cp2-Cu3-
Cp4-TM1-TM2); Cp3 was directly spliced to TM1 to form the membrane
isoform. The &-like genes in the IGHA locus consisted of multiple con-
stant Ig-like exons and one transmembrane exon (C51-(C52-C83-Cd4),,
5/6-C85-C86-C57-TM1); Cul was spliced to C51 to form the membrane
IGHD. The number of C52-C53-C84 repeats depends on the strains and
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the gene locus; G-12 IGHDA was 5; GRCC IGHDA was 1; Wakin IGHDA1,
IGHDAZ2, CaTCV-1 IGHAD1, and IGHAD2 were 6. However, IGHDB was
truncated among the four goldfish strains (C63-C64-C85-C66-C67-TM1).
Different isotypes of t-like genes have different numbers of constant Ig-
like exons plus two transmembrane exons, and the Ct4-like exon is al-
ways followed by two transmembrane exons. In combination with the
RCC cDNA sequences of IGHT2D and IGHT4D, this suggests that the one
isotype of t-like genes consisted of the same number of constant Ig do-
mains in both the membrane and the secreted isoforms, and all of the
t-like genes may share similar alternative splice modes: a cryptic splice
site near the 3’ end of the Ct4 exon connects the transmembrane exon
(UGHT2D: Cpl-Ct4-TM1-TM2; IGHT3D: Cpl-Ct3-Ct4-TM1-TM2;
IGHT4D: Cpl-Ct2-Ct3-Ct4-TM1-TM2; IGHMT4D: Cpl-Cp2-Ct3-Ct4-
TM1-TM2; IGHT: Ct1-Ct2-(Ct3-Ct4)1,5/6/14-TM1-TM2) (Fig. 1). The
number of Ct3-Ct4 repeats also differed among three goldfish strains at
the IGHT locus: GRCC IGHT had more than five (the number could not be
exactly determined due to gap sequences), Wakin IGHT had five, CaTCV-
1 IGHT of CtA3 and CtA5 had one, CaTCV-1 IGHT of CtA7 had six, and
CaTCV-1 IGHT of CtA4 had 14 (Table 2).

Multiple sequence alignment of the amino acid sequences of IgMA,
IgMB, IgT, IgT2D, and IgT4D of RCC with IgM and IgZ from zebrafish
showed that all CH domains had two conserved cysteine residues (Cys)
that formed the intradomain disulfide bridge (Supplementary Fig. 1).
This bridge is a key feature of Ig-like domains (Kabat, 1991). In the Ct3
region, the space between the two cysteine residues was much shorter
than that in the Cpu3 region. Three "extra" cysteine residues were iden-
tified in IgMA and IgMB: the first was located at the beginning of Cpu1,
forming an interdomain disulfide bridge to an immunoglobulin light
chain (IgL); the second was located at the beginning of Cp3, and the
third was located in the secretory tail, forming a bridge between the
heavy chains. IgT2D also had three extra cysteine residues, but the last
two of these residues were located in the secretory tail. However, only
two "extra" cysteine residues were identified in IgT and IgT4D. Both IgT
and IgT4D had an "extra" cysteine, which formed interchain disulfide
bonds with the light chains (H2L2), as well as an "extra" cysteine in the
secretory tail. This implied that H2L.2 monomers are held together by
covalent bonds, and IgT or IgT4D tetramers, when present, may asso-
ciate by non-covalent interactions (Yu et al., 2019). The number of
N-linked glycosylation sites differed among Igs: seven in IgMA, six in
IgMB and IgT, four in IgT4D, and three in IgT2D. The secretory tail of
IgM was longer than that of IgT, IgT2D, and IgT4D, and no N-linked
glycosylation sites were found in the Cr tail (Supplementary Fig. 1).

3.2. The arrangement of IGH genes in the four goldfish genomes

In the goldfish genomes, the IGH loci were identified on different
chromosomes (Chr) in two parallel subgenomes (Supplementary
Table 2). The IGHA locus had multiple t chain loci before the p&3 chain
locus; at the IGHB locus the t-like gene was lost and the & chain locus
was truncated, suggesting that only the p-like gene may be functional
(Fig. 2). The CtA types and copy numbers in the IGHA loci varied greatly
among the four goldfish strains (Table 2).

Using the high-quality genome assembly of strain G-12, IGHA (1.12
Mb) was located on Chr3, and IGHB (32.66 Kb) was located on Chr28.
Three 7 chain loci were arranged in tandem between clusters of V genes
and the p&3 chain locus in the IGHA locus. CtAl and CtA2 had only two
Ig-like exons encoding IGHT2D. CtA3 had four Ig-like exons encoding
IGHMTA4D (Table 2). All T chain loci and p&$ chain loci had independent
D and J genes, with up to 166 V genes in the IGHA locus. However, only
the p&3 chain locus was identified in the IGHB locus; the 51 and 82 exons
had been lost. In addition, far fewer V, D, and J genes were identified in
the IGHB locus (5, 1, and 3, respectively) as compared to the IGHA locus
(166, 18, and 13, respectively; Fig. 2A).

In the genome assembly of strain GRCC, none of the scaffolds were
anchored to chromosomes. Two p&9 chain loci were identified, one in
the IGHA locus and another in the IGHB locus. Up to six T chain loci
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encoded 5 IGH genes (CtAl: IGHT; CtA2 and CrtA3: IGT2D; CtA4:
IGHT3D; CtAS5: IGHMTA4D; CtA6: IGHT4D) (Fig. 2B and Table 2). The
GRCC CtAS5 locus had a gap sequence ahead of the Cp2 exon (gap-Cp2-
Ct3-Ct4-TM1-TM2), the same as G-12 IGHMT4D (Cpl-Cp2-Ct3-Ct4-
TM1-TM2). Therefore, we speculated that the gene type of GRCC CtA5
was IGHMT4D.

In the genome assembly of strain Wakin, three p&$ chain loci and six
7 chain loci were identified (CtA3, CtA4 and CtA5: IGHT4D; CtA2: IGT;
Fig. 2C and Table 2). The genes encoded by CtAl and CtA6 in the IGHA
locus could not be determined due to gap sequences. In addition, the
IGHA locus in the Wakin genome assembly was incomplete compared to
the IGHA locus in the G-12 genome assembly: the Wakin assembly
included fewer VH genes and the incomplete t chain loci. The configu-
ration of the IGHB locus in the Wakin assembly was identical to that in
the G-12 assembly.

In the genome assembly of strain CaTCV-1, the transcription orien-
tation of IGHA2 was the reverse of that of IGHAI; the length of the IGHA
locus was about 1.82 Mb (Fig. 2D). In the IGHA locus, most V genes were
located between IGHA1 and IGHA2. These V genes had the same tran-
scription orientation as IGHA2. In the IGHA1 locus, only two V genes
were located before the 7 chain loci; these two V genes had the same
transcription orientation as IGHAI. There were three t chain loci before
the p&3 chain locus in IGHAT and IGHA2. Of the seven t-like genes, two
were chimeric; one was truncated, and the remainder were IGHT genes
(CtA1: IGHT3D; CtA2: IGHT4D; CtA6: truncated; CtA3, CtA4, CtA5 and
CtA7: IGHT; Table 2). It was unclear whether CtA7 was linked to the
IGHA locus. The configuration of the IGHB locus in the CaTCV-1 as-
sembly was identical to that of the IGHB locus in the G-12 assembly, but
in the CaTCV-1 assembly, IGHMB in the CuB chain locus was a
pseudogene.

It remains to be determined whether the tandem duplication of
IGHA1 and IGHAZ2 in the strain CaTCV-1 and Wakin IGHA loci was the
result of intervarietal differences or incomplete genome assembly.

3.3. The V, D, and J genes in the goldfish IGH loci

In strain G-12, there were 166 V genes in the IGHA locus and 5 V
genes in the IGHB locus; 27 of the V genes were truncated (IGHA was 26
and IGHB was 1), but 11 (IGHA was 10 and IGHB was 1) of these
truncated V genes had a complete second V exon (Supplementary
Table 2). We therefore identified and named a total of 155 V sequences
across both loci (5 from IGHB and 150 from IGHA). We constructed a
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Fig. 2. Configuration of the immunoglobulin heavy-
chain loci in the genomes of four goldfish strains.
IGHB (33 kb) (A) Strain G-12 (GenBank accession no.

CuB C6B GCA_014332655.1). (B) Strain GRCC (GenBank
1D accession no. GCA_009069565.1). (C) Strain Wakin
HH=DID= (GenBank accession no. GCA_003368295.1). (D)

3 Strain CaTCV-1 (GenBank accession no.

GCA_019720715.1). Grayed out areas indicate that
the sequence in the corresponding region could not be
correctly annotated due to sequencing or assembly

C5B CuB
1D5V . - .
problems, and the relative orientation of the IGH

= E3J i genes in the region can thus not be determined. ¢
indicates that the corresponding gene is a
pseudogene.
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Fig. 3. Bayesian phylogeny of VH genes from zebrafish and goldfish strain G-
12. The tree was constructed using the second exon of the G-12 VH genes and
14 representative zebrafish VH genes (without the RSS sequence; IMGT/LIGM
accession number BX649502). The representative zebrafish sequences are
labeled in red, the G-12 IGHAV sequences are labeled in light blue, and the G-12
IGHBYV sequences are labeled in purple. Clades are shaded by VH subgroup;
subgroups 02, 12, 14, and 17 are not found in zebrafish.

phylogenetic tree based on representative sequences from the 14 VH
subgroups in zebrafish and the VH sequences from strain G-12, and we
classified the 155 VH sequences into 18 different VH subgroups; four of
these VH subgroups (02, 12, 14, and 17) were not present in zebrafish
(Fig. 3). In the G-12 genome, we identified only one copy of VH sub-
groups 12 and 14, but 8 copies of subgroup 02 and 30 copies of subgroup
17. Subgroup 17 had the greatest number of members across all VH
subgroups in the G-12 genome. The conserved tryptophan (Trp) residues
in FR2 were replaced by phenylalanine (Phe) residues in the most
members of subgroup 15, similar to the replacement of Trp residues by
Phe residues in zebrafish VH subgroup 5 (Danilova et al., 2005).
Strain CaTCV-1 had fewer VH genes than G-12: we identified a total
of 135 VH genes (IGHA had 130 and IGHB had 5), but only 103 VH
sequences (99 from IGHA and 4 from IGHB) were nominated. To
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Fig. 4. Absolute numbers and relative percentages of VH sequences from goldfish strains G-12 and CaTCV-1 classified into each VH subgroup. Only named VH genes

are included.
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Fig. 5. Relative expression of IGH genes in the head kidney (HK) and gut (GU)
of RCC. Relative mRNA expression levels were normalized against the expres-
sion of f-actin. Each value represents the mean of three replicates; data are
expressed as mean + SD of three fish, and statistical analysis between HK and
GU was performed by a t-test. *P < 0.05 to ****P < 0.0001.

evaluate the relationship among VH genes of the goldfish strains of G-12
and CaTCV-1, we constructed a phylogenetic tree of 18 representative G-
12 VH sequences and 103 CaTCV-1 VH genes. These 103 VH sequences
were classified into 17 different VH subgroups; subgroup 07 was not
identified in strain CaTCV-1 (Supplementary Fig. 2). Other than sub-
group 07, the proportion of CaTCV-1 sequences classified into each
subgroup was roughly similar to proportions in strain G-12 (Fig. 4).
However, 41.48% of the CaTCV-1 VH sequences encoded pseudogenes
(56/135), which was much higher than the proportion of pseudogenes
in strain G-12 (26.90%; 46/171).

The D and J genes in goldfish strains G-12 and CaTCV-1 are pre-
sented in Supplementary Table 3. The IGHA locus of strain G-12 had 18
D genes and 13 J genes, while the IGHA locus of strain CaTCV-1 had 27 D
genes and 19 J genes; the IGHB loci of both strains had 5V, 1 D, and 3 J

Fig. 6. Southern blots showing the hybridization patterns of RCC erythrocyte
genomic DNA digests using CH DNA probes specific for MA and MB. 1 Kb
marker was at the first panel with 1 ng. Lanes RCC1-4 corresponding to RCC
individuals. (A) Southern blot showing hybridization with probe MA. No DIG-
labeled MA and MB (each 100 pg) were used as positive controls. (B) Southern
blot showing hybridization with probe MB. No DIG-labeled MA and MB (each
300 pg) were used as positive controls.

genes. It is noteworthy that some D or J sequences were identical among
different IGH loci.

3.4. Expression of IGH genes

Comparison of IGH gene expression between the head kidney and gut
of RCC showed that IGHMA, IGHT2D, IGHT4D, and IGHD were more
strongly expressed in the head kidney, while there were no significant
differences in the expression levels of other genes (Fig. 5). In the head
kidney, IGHMA was about 20-fold more strongly expressed than IGHT2D
and about 100-fold more strongly expressed than either IGHMB or IGHD
(Fig. 5). Among these three 1-like genes, the expression of IGHT2D was
dominant in both tissues, while expression levels of IGHT and IGHT4D

Table 3
Pairwise sequence identity between IGHMA and IGHMB (genomic DNA sequence between the Cp2 and Cp4 exons) in RCC1 and RCC3.
Length (bp) Identity (%) 1 2 3 4 5 6 7 8

RCCI1_.IGHMA1 1042 1 / 97.88 99.90 99.04 78.31 79.35 79.67 79.46
RCC1_IGHMAZ2 1054 2 / 97.79 98.37 78.36 79.39 79.49 79.28
RCC3.IGHMA1 1042 3 / 98.94 79.19 79.23 79.56 79.35
RCC3.IGHMAZ2 1043 4 / 78.22 79.25 79.58 79.37
RCC1_IGHMBI 875 5 / 96.43 94.27 95.40
RCC1_IGHMB2 870 6 / 96.55 98.52
RCC3.IGHMBI 874 7 / 97.81
RCC3_ IGHMB2 870 8 /
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were extremely low in both tissues (Fig. 5).
3.5. The copy numbers of IGHM genes

The DNA sequences of IGHMA and IGHMB were cloned in RCC1 and
RCC3 (Table 3). In RCC1, IGHMA1 was 1042 bp, IGHMA2 was 1054 bp,
IGHMBI1 was 875 bp, and IGHMBZ2 was 870 bp; in RCC3, IGHMA1 was
1042 bp, IGHMA2 was 1043 bp, IGHMBI1 was 874 bp, and IGHMB2 was
870 bp. Nucleotide sequence identity among the IGHMA and IGHMB
sequences was less than 80%, but sequence identity among the IGHMA1
and IGHMA2 sequences, as well as among the IGHMBI and IGHMB2
sequences, was more than 97%. The alignment of IGHMA and IGHMB
sequences from RCC1, RCC3, and GRCC also showed the low identity
between IGHMA and IGHMB (Supplementary Fig. 3).

Southern blots of each of the IGHM probes revealed two different
band patterns across the four individual RCCs: in both the MA and MB
results, the band patten of RCC1 was similar to that of RCC2, while that
of RCC3 was similar to that of RCC4 (Fig. 6). However, the band patterns
exhibited by RCC1 and RCC2 differed from those exhibited by RCC3 and
RCC4. Cross-hybridization between the MA and MB probe was not
observed, indicating the specificity of the MA and MB probes. The MA
results showed that RCC1 and RCC2 had three bands, while RCC3 and
RCC4 had one band (nearly 8 kb) each, similar to the longest band in
RCC1 and RCC2 (Fig. 6A). The MB results showed that RCC1 and RCC2
had four bands each, while RCC3 and RCC4 had two bands (more than 5
kb and nearly 4 kb) each; these two bands were the same as the corre-
sponding bands from RCC3 and RCC4 (Fig. 6B). In addition, there was
no obvious correspondence in band patterns between the probes for any
individual (Fig. 6). Therefore, IGHMA1 and IGHMA2 or IGHMBI and
IGHMB2 might be alleles on homologous chromosomes or copies of
different IGHM loci. However, IGHMA and IGHMB represent distinct
IGHM genes. These results were consistent our analysis of IGH loci in the
four goldfish genomes, where we observed two parallel IGH loci.

4. Discussion

We compared IGH loci among four goldfish genomes. We found that
all four goldfish had two parallel IGH loci that may be inherited in a
disomic manner from two subgenomes, and we verified this hypothesis
via Southern blots of the IGHMA and IGHMB results. The findings were
consistent with what has been reported in common carp (Nakao et al.,
1998). The allotetraploid will revert to the diploid level by gene loss in
the evolutionary process, and the remaining functionally similar dupli-
cates have a dosage compensation effect (Birchler and Veitia, 2007). The
same conclusion was found for IGH loci of ancient allotetraploid gold-
fish; significant bias of the IGHA locus was observed in the number of
genes (Fig. 2) and in the expression of homologous genes (Fig. 6)
compared to the IGHB locus.

The gene numbers and configuration of the IGHB locus were
conserved among the four goldfish strains, while types and numbers of
the t-like genes in the IGHA loci were strain-specific. The IGH locus of
five t-like genes (IGHT, IGHT2D, IGHT3D, IGHT4D, and IGHMT4D) were
all found in GRCC IGHA loci; however, only two t-like genes IGHT2D
and IGHMT4D were found in G-12; two t-like genes IGHT4D and IGHT in
Wakin; and three t-like genes IGHT3D, IGHT4D and IGHT in CaTCV-1.
Several studies have demonstrated that the subclasses of t-like genes
have different immune responses to pathogen infection (Ryo et al., 2010;
Jietal, 2021), suggesting that goldfish may selectively inherit different
types of t-like genes to adapt to the local environment (Bradshaw and
Valenzano, 2020). Chimeric Igs have been widely reported in teleosts;
chimeric t-like Igs have independent corresponding genomic DNA se-
quences, unlike IgD that forms chimeras with the Cul exon by alterna-
tive splicing to C3 exons (Ohta and Flajnik, 2006). IgD/IgT chimeras in
the European sea bass (Dicentrarchus labrax L.) have also been identified
(Buonocore et al., 2020). To date, the reason for the formation of
chimeric Igs in teleost fish has not been well explained, but it must be
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related to WGD events and the high plasticity of the IGH gene structure
(large structural variants and copy number variants) (Watson et al.,
2013), and the mechanism of chimeric gene formation needs further
study. IGHT and IGHD displayed remarkable structural plasticity among
the four goldfish strains; the arrangement configuration of IGHT in the
IGHA locus possessed repeated blocks of exons encoding Ct3-Ct4 among
three goldfish stains (strain G-12 lost the IGHT gene); this repeated block
C82-C83-Cd4 has previously been reported only in the IGHD genes (Sun
et al., 2011; Edholm et al., 2011) in teleost fish, and the repeat numbers
of Ct3-Ct4 in the IGHT locus or C52-C33-C84 in the IGHDA locus also
varied among the four goldfish strains.

CaTCV-1 had two IGHA loci. The numbers of D, J, and C genes were
nearly twice that of G-12, which had only one IGHA locus, but the
number of VH genes was lower. The G-12 VH sequences included
26.90% pseudogenes (46/171), similar to the proportion of pseudogenes
in the zebrafish VH sequences (23.40%; 11/47) (Danilova et al., 2005),
but much lower than the proportion of VH pseudogenes identified in
Atlantic salmon (>68%; Yasuike et al., 2010). The total number of
CaTCV-1 VH sequences was less than in G-12, but the proportion of
pseudogenes (41.48%; 56/135) was much higher than in G-12. The
percentage of VH sequences in each subgroup did not differ significantly
between G-12 and CaTCV-1 (Fig. 4), but a small number of gene sub-
groups were permanently lost from a line. For example, subgroup 07 was
lost in the CaTCV-1 strain. Therefore, it can be speculated that differ-
ences in the number of genes in IGH loci in related species will affect the
stress resistance of the species, which is information important for car-
rying out breeding and selection.

The N-linked glycosylation sites of IgMA, IgMB, IgT2D, IgT4D, and
IgT in RCC were also predicted. The results showed that there were some
differences in the number and location between IgMA and IgMB or
among t-like Igs in N-linked glycosylation sites. Previous studies sug-
gested that N-linked glycosylation affects antibody stability (Su et al.,
2018; Zhou and Qiu, 2019); the differences in presence and numbers of
N-linked glycosylation sites in subclasses of Igs may facilitate different
effector functions. This possibility requires further investigation.

5. Conclusions

This study provides a comprehensive introduction to goldfish IGH
gene isotypes. The configuration of the parallel IGHA and IGHB loci in
GRCC and three other ancient allotetraploid goldfish are presented. Our
research results provide frameworks for studies of the evolution of IGH
genes in ancient allotetraploid fish, examinations of the immune
response modes of different IGH genes, and comparisons of the
composition and function of subclasses of IGH genes between related
species.
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