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Abstract Bony fish encode multiple multi-gene families of
membrane receptors that are comprised of immunoglobulin
(Ig) domains and are predicted to function in innate immunity.
One of these families, the diverse immunoglobulin (Ig)
domain-containing protein (DICP) genes, maps to three chro-
mosomal loci in zebrafish. Most DICPs possess one or two Ig
ectodomains and include membrane-bound and secreted
forms. Membrane-bound DICPs include putative inhibitory
and activating receptors. Recombinant DICP Ig domains bind
lipids with varying specificity, a characteristic shared with
mammalian CD300 and TREM family members. Numerous
DICP transcripts amplified from different lines of zebrafish
did not match the zebrafish reference genome sequence sug-
gesting polymorphic and haplotypic variation. The expression
of DICPs in three different lines of zebrafish has been charac-
terized employing PCR-based strategies. Certain DICPs
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exhibit restricted expression in adult tissues whereas others
are expressed ubiquitously. Transcripts of a subset of DICPs
can be detected during embryonic development suggesting
roles in embryonic immunity or other developmental process-
es. Transcripts representing 11 previously uncharacterized
DICP sequences were identified. The assignment of two of
these sequences to an unplaced genomic scaffold resulted in
the identification of an alternative DICP haplotype that is
linked to a MHC class I Z lineage haplotype on zebrafish
chromosome 3. The linkage of DICP and MHC class I genes
also is observable in the genomes of the related grass carp
(Ctenopharyngodon idellus) and common carp (Cyprinus
carpio) suggesting that this is a shared character with the last
common Cyprinidae ancestor.

Keywords Innate immunity - Immunoglobulin domain -
Haplotype - Polymorphism - Immune receptor

Introduction

Zebrafish (Danio rerio) are a well-recognized animal model in
developmental biology, immunity and infection, toxicology,
as well as cancer (Konantz et al. 2012; Novoa and Figueras
2012; Renshaw and Trede 2012; Sipes et al. 2011; Sullivan
and Kim 2008; Veldman and Lin 2008). Investigations in
many different zebrafish lines indicate high levels of genetic
variation, including copy number variants (CNVs) (Brown et
al. 2012). Sequencing of the genome of a single wild-collected
zebrafish and comparison to the reference genome revealed
5.2 million single nucleotide polymorphisms and over 1.6 mil-
lion insertion-deletion variations (Patowary et al. 2013). This
extensive genotype variation likely is reflected in phenotypic
variation (Loucks and Carvan 2004).
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Nearly one third of zebrafish genes shown to be conserved
exclusively in the teleost lineage are predicted to encode im-
mune response genes (based on software analyses of protein
features) possibly reflecting a likely expansion of immune-
related genes in teleost fish (Yang et al. 2013). Immune genes
in zebrafish and other fish species are predicted to be under
positive selection resulting in high levels of sequence varia-
tion (Aparicio et al. 2002; Patowary et al. 2013; Star et al.
2011). In addition to immunoglobulins and T-cell antigen re-
ceptors, zebrafish possess multiple gene families of immuno-
globulin (Ig)-domain containing putative innate immune re-
ceptors such as the novel immune-type receptors [NITRs
(Yoder et al. 2001, 2004, 2008, 2010)], novel
immunoglobulin-like transcripts [NILTs (Stet et al. 2005)],
leukocyte immune-type receptor [LITRs (Stafford et al.
2006)], polymeric Ig receptor (pIgR)-like proteins [PIGRLs
(Kortum et al. 2014)], and diverse immunoglobulin domain-
containing proteins [DICPs (Haire et al. 2012)]. These gene
families, of which some may be restricted to bony fish, are
recently derived, rapidly evolving, and are associated with
significant polymorphic and haplotypic variation (Haire et
al. 2012; Rodriguez-Nunez et al. 2014; Yoder et al. 2010).

The first report of a DICP transcript likely was from an
EST project of the common carp (C. carpio) (Sakai et al.
2005) in which the sequence (GenBank AB098477) errone-
ously was referred to as a NITR. A subsequent report identi-
fied similar sequences on zebrafish chromosome 16 and re-
ferred to them as “NITR-WxC” sequences to distinguish them
from NITRs (Ohashi et al. 2010); however, only a single
zebrafish “NITR-WxC” (DICP) sequence was included in this
report (GenBank XM _001345404). Recently, 27 DICP genes
and pseudogenes were described on zebrafish chromosomes
3, 14, and 16 and were recognized to constitute a single de-
rived multigene family constituting three distinctive groups
(Haire et al. 2012). The DICP family possesses two types of
Ig ectodomains, D1 and D2, and individual DICPs are pre-
dicted to possess one (D1 or D2), two (D1-D2 orientation), or
four (D1-D2-D1-D2 orientation) Ig domains. Multiple
membrane-bound DICPs possess cytoplasmic
immunoreceptor tyrosine-based inhibition motifs (ITIMs)
consistent with inhibitory function. A single DICP (dicp2.1)
lacks ITIMs but possesses a charged residue within its trans-
membrane domain indicating that it potentially could partner
with an activating adaptor protein (e.g., Dap12, FcRy, etc.).
Membrane-bound DICPs lacking these characteristic peptide
motifs and secreted DICPs also were identified.
Polymorphisms and alternative mRNA processing were
shown to contribute to DICP diversity. Recombinant DICP
Ig domains bind phospholipids, a property shared with select
Ig domains of the mammalian CD300 and TREM receptor
families (Cannon et al. 2012; Haire et al. 2012). A specific
functional role for DICPs as of yet has not been defined;
however, the overall similarities in their structure and ligand
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recognition to CD300 and TREM proteins suggests that
DICPs have a role in mediating innate immunity.

In order to better understand the transcriptional regulation
and sequence variation of the DICP family, inter-individual
variation of DICP ¢cDNA amplicons within and among three
lines of zebrafish (AB, TU, and EKW) have been character-
ized. DICP expression was evaluated from multiple tissues of
individual zebrafish, including lymphoid and myeloid cell
populations and at different stages of development. DICP
amplicons were sequenced to determine polymorphisms and
allelic variation between and within lines. Certain DICPs are
shown to display restricted tissue expression, whereas others
are expressed ubiquitously. Transcripts of several DICPs were
detected during embryonic development. Additional DICP
genes representing an alternative chromosome 3 haplotype
that is linked to a MHC class I Z gene haplotype were de-
scribed. DICP and MHC class I sequences were also found to
be linked in the genomes of the related grass carp
(Ctenopharyngodon idellus) and common carp. Collectively,
these findings highlight the sequence complexity and dynamic
nature of the DICP family and suggest that DICP and MHC
genes may be linked in all cyprinid fishes.

Materials and methods
Zebrafish

All experiments involving live zebrafish were performed in
accordance with relevant institutional and national guidelines
and regulations and were approved by the North Carolina
State University Institutional Animal Care and Use
Committee. TU and AB zebrafish were acquired from the
Zebrafish International Resource Center (http://zebrafish.
org). EKW zebrafish were purchased from EkkWill
Waterlife Resources (Ruskin, FL). Adult and embryonic
zebrafish were maintained and euthanized as described (Jima
et al. 2009).

RNA isolation and reverse transcription-PCR
for transcript detection

Tissues were dissected from three individual TU, AB, and
EKW zebrafish. Lymphoid and myeloid cell populations were
isolated from pooled kidneys of five EKW zebrafish as de-
scribed (Traver et al. 2003; Traver 2004). In brief, kidneys
from adult zebrafish were dissected and homogenized with a
40-pum nylon-mesh filter in ice-cold PBS supplemented with
5 % FBS. Propidium iodide was added to a concentration of
1 pg/ml. Myeloid and lymphoid cells were isolated from this
single-cell suspension by sorting based on propidium iodide
exclusion, forward scatter, and side scatter with a BD FACS
Aria IT SORP flow cytometer (Beckton Dickinson). Cell
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populations were sorted twice to optimize cell purity.
Zebrafish embryos were collected by natural matings, main-
tained at 28 °C as described (Westerfield 2007), and ten em-
bryos of each line were pooled at various developmental
stages for RNA isolation. Total RNA was isolated using
TRIzol (Invitrogen, Carlsbad, CA). Concentration and purity
of RNAs were determined using a Nanodrop.

cDNAs were synthesized from total RNA (1.5 pg for tis-
sues, 0.5 pug for lymphoid and myeloid cells, and 2.0 pg for
embryos) using oligo dT primers and SuperScript III Reverse
Transcriptase (Life Technologies, Carlsbad, CA). PCR primer
pairs were designed by Primer 3 software (Untergasser et al.
2012) to amplify the Ig domains of several related members of
the DICP family and to span at least one intron (Fig. 1 and
Table 1). Relative gene expression levels were determined by
PCR using Titanium™ Taq DNA polymerase (Clontech,
Mountain View, CA); annealing temperatures, extension
times, and number of cycles for each primer pair are listed in
Table 1. Despite employing various cycling parameters, at-
tempts to detect dicpl.3-4/dicpl.5-6 amplicons (primer pair
ATGGCTGATAGGAGTCCTCTGTTTCTGC and
GGATGATTCTCTGACCTGAATAGTG) and dicp2.2 (prim-
er pair ATGCTGGGACTGATCATTTTCTGC and
ATATCAGCAGCAGCTGGGGTCACTG) with the individ-
ual zebrafish in this study were unsuccessful (data not
shown). A (-actin primer pair (Yoder et al. 2010) was used
as a standard reference while a myeloperoxidase primer
pair (MPX) (Yoder et al. 2010) and a T-cell receptor alpha
primer pair (TCRa) (Wittamer et al. 2011) served as posi-
tive controls for myeloid and lymphoid cells, respectively.
Amplicons were cloned into the pPGEM®-T-Easy plasmid
(Promega) and sequenced.

Rapid amplification of cDNA ends (RACE)
for amplification of DICP transcripts

A rapid amplification of cDNA ends (RACE) strategy was
used to amplify and clone the 3’ ends of new DICP transcripts
identified in this study. Total RNA from the kidney of TU
zebrafish 1 and EKW zebrafish 2, the liver of EKW zebrafish
1, and AB zebrafish embryos at 36 h post-fertilization (hpf)
were reverse transcribed using the GeneRacer™ oligo dT
primer and Superscript™ III Reverse Transcriptase supplied
with the GeneRacer™ kit, and amplification strategies were
conducted as recommended by the manufacturer (Invitrogen).
An initial “touchdown” PCR [denaturing at 95 °C for 30 s,
touchdown annealing at 70 to 68 °C for 30 s (during which the
annealing temperature is lowered by 0.5 °C per cycle), and
extension at 72 °C for 90 s (5 cycles); immediately followed
by denaturing at 95 °C for 30 s, annealing/extension at 68 °C
for 90 s (25 cycles)] was performed with the DICP1.1/2/9/11/
16/19 and DICP1.7/8/17/22 forward primers (Table 1) in com-
bination with the GeneRacer™ 3’ primer (Invitrogen).

Subsequently, nested PCRs were performed with the PCR
products from the touchdown PCR along with gene specific
nested primers (Table 1) and the GeneRacer™ 3’ nested prim-
er (Invitrogen) with the cycling parameters listed in Table 1.
PCR products were cloned into pGEM®-T Easy (Promega)
and sequenced. Attempts to amplify the 3’ ends of dicp1.26,
dicp1.27, dicpl.28, and dicp1.29 transcripts were unsuccess-
ful (data not shown).

Reverse transcription-PCR amplification for sequence
analyses

In order to define DICP sequence variation between individ-
ual zebrafish, RT-PCR was performed from zebrafish kidney
cDNA using the high-fidelity proofreading KAPA HiFi DNA
Polymerase (Kapa Biosystems) and the DICP1.7/8/17/22,
DICP2.1, and DICP3.1 primer pairs. Primer sequences and
cycling parameters are listed in Table 1 and Fig. 1.
Amplicons were cloned into the pGEM®-T Easy plasmid
and sequenced.

Haplotype analyses

To investigate a predicted alternative DICP haplotype, PCR
was performed using genomic DNA from adult zebrafish, the
DICP1.1 and DICP1.22 primer pairs, Titanium Taq DNA po-
lymerase, and the cycling parameters described in Table 1.
Genomic DNA was obtained from fin clips of the adult
zebrafish described above using a modified HotSHOT proto-
col (Meeker etal. 2007). The linkage of MHC class I Z lineage
genes with this DICP haplotype was confirmed by genomic
PCR using the MHC class I primers and cycling conditions
described previously (Dirscherl and Yoder 2014). Genomic
DNA from zebrafish with defined MHC class I Z gene haplo-
types were kindly provided by Hayley Dirscherl (Dirscherl
and Yoder 2014). Amplicons were cloned into the pGEM®-
T-Easy plasmid and sequenced.

Sequence analyses

The sequences obtained from the DICP transcripts were trans-
lated in silico and predicted protein domains identified by
SMART software (Letunic et al. 2012). The nucleotide and
amino acid (aa) sequences encoded by the DICP transcripts
were used as queries for BLAST searches of the zebrafish
reference genome (Howe et al. 2013), the nucleotide collec-
tion, the high throughput genomic sequences (HTGS), and the
non-redundant protein sequences from the NCBIL

Sequence alignments were generated using ClustalW2
(Larkin et al. 2007). Phylogenetic trees were constructed with
the Neighbor-Joining method (Saitou and Nei 1987) and 1000
bootstrap replicates using MEGAS (Tamura et al. 2011).
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Fig. 1 Overview of the oligonucleotide primer design employed for
amplifying DICP sequences. Primer pairs are listed on the left. Genes
targeted by each primer pair and the overall genomic organization of
these genes are listed to the right of each primer pair. Families of
DICPs are defined by a number that denotes the DICP cluster (e.g.,
DICPI cluster on chromosome 3) and gene names include a second
number that denotes the order in which genes were identified (e.g.,

Data access

All new DICP sequences reported here are provided in Online
Resource | and have been deposited in the GenBank database
under accession numbers KT585285-KT585478.

Results
DICP transcript detection and nomenclature

Twenty-seven DICP genes have been identified from the
zebrafish reference genome (version Zv8) as well as from
individual genomic (BAC) clones and can be placed into three
groups, (DICP1, DICP2, and DICP3) based on sequence sim-
ilarity and chromosomal location (chromosomes 3, 14, and
16, respectively) (Haire et al. 2012). In order to define the
normal expression of various DICP genes, seven primer pairs
(DICP1.1/2/9/11/16/19, DICP1.7/8/17/22, DICP1.22,
DICP2.1, DICP3.1, DICP3.2/3, and DICP3.6) were employed
to amplify a range of different DICP transcripts (Fig. 1 and
Table 1). For example, the primer pair DICP1.1/2/9/11/16/19
was designed to amplify transcripts encoded by the dicpl.1,
dicpl.2, dicpl.9, dicpl.11, dicpl.16, and dicpl.19 genes.
Although the DICP1.7/8/17/22 primer pair was designed to
amplify transcripts of the previously described dicpl.7,
dicpl.8, and dicpl.17 genes, it also amplified transcripts of
dicp1.22, a previously uncharacterized DICP gene (see be-
low). Subsequently, a DICP1.22 primer pair was designed to
specifically amplify a 554 base pair (bp) amplicon of dicp1.22
(Fig. 1 and Table 1). RT-PCR was employed to evaluate DICP
expression in various immune-related tissues from nine indi-
vidual zebrafish from the TU, AB, and EKW lines (Fig. 2),
lymphoid and myeloid cells from the EKW line (Fig. 3), and
from various embryonic stages of development from the TU,
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dicpl.1). Gray rectangles represent exons and black arrowheads
approximate the relative location of each primer. Protein domains
associated with each exon are indicated above the genomic organization
(L peptide leader sequence, D/ Ig domain, D2 Ig domain, LC low
complexity regions, TM transmembrane domain, Cyt cytoplasmic tail).
Primer sequences are listed in Table 1

AB, and EKW lines (Fig. 4). Variable expression patterns
were observed between zebrafish lines as well as individuals
of the same line. Amplicons were cloned and sequenced to
verify that they represent DICPs. In order to distinguish
among transcript variants of the same gene, sequence identity
numbers are included as superscripts after each gene symbol
(e.g., transcript variant 5571 for dicpl.l is shown as
dicpl.1°°7"). Details of all new DICP sequences identified in
this study are provided in Online Resource 1.

DICP expression in adult zebrafish tissues

Although the sequence of several DICP1 amplicons recovered
from adult zebrafish tissues (Fig. 2) correspond with DICP1
sequences that were described previously (Haire et al. 2012),
some primer pairs produced different size amplicons in a
zebrafish line-dependent manner. For example, the DICP1.1/
2/9/11/16/19 primer pair generated amplicons of ~700-800 bp
from tissues from AB and EKW zebrafish, but TU zebrafish
gave rise to amplicons of ~950-1050 bp. Sequencing of the
smaller amplicons from AB and EKW fish revealed different
dicpl.1 transcripts from AB fish (dicpl.1°"" and dicp1.17°7%)
and EKW fish (dicpl.17°*, dicpl.1°°77, and dicpl.17°7%).
Sequencing of the larger amplicons from the TU individuals
revealed new DICP sequences, dicpl.23, dicpl1.24, dicpl.25,
and dicp1.30, which are discussed below. Similar observa-
tions were made for amplicons generated by the DICP1.7/8/
17/22 primer pair: amplicons from AB and EKW fish were
~700-800 bp and amplicons from TU fish were ~1000 bp.
Sequencing of the smaller AB and EKW amplicons revealed
dicpl.7 and dicpl.8 transcripts (dicpl.7°%%%, dicp1.8°%%?, and
dicp1.8°%°?). Sequencing of the larger TU amplicons revealed
a new DICP, dicpl.22 (dicpl.22°7°°, dicp1.22°7°7,
dicp1.22%5 diep1.22%5%, dicp1.22°%%%, and dicp1.22°579).
A primer pair designed to amplify only dicp1.22 subsequently
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Fig. 2 DICP gene expression in immune-related tissues. DICP
expression was evaluated using primer pairs listed in Table 1 and
tissues from nine individual adult zebrafish of the TU, AB, and EKW
lines. RT-PCR amplicons shown were generated with Titanium Taq DNA
polymerase and yellow rectangles indicate those products that were
cloned and sequenced to confirm their identity. Orange rectangles
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indicate amplicons that subsequently were generated with a proof-
reading DNA polymerase (KAPA HiFi) for evaluation of sequence
variation. The size and identity of recovered amplicons is listed on the
right of the gel image with red fext indicating nonfunctional transcripts.
[3-Actin expression was used as a reference for cONA quantity and quality
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Fig. 3 DICP gene expression in myeloid and lymphoid cells. Kidney
cells from five adult EKW zebrafish were pooled and lymphoid and
myeloid cells sorted by flow cytometry. DICP transcripts were
amplified by RT-PCR with Titanium Taq DNA polymerase and all
amplicons detected were cloned and sequenced to confirm their
identity. The size and identity of recovered amplicons is listed on the right
of the gel image; red text indicates nonfunctional transcripts. RT-PCR of
myeloperoxidase (mpx) provides a positive control for myeloid cells and
TCR-« provides a positive control for T lymphocytes. F-actin expression
was used as a reference for cDNA quantity and quality

generated amplicons from TU tissues, but it failed to amplify
detectable amplicons from the AB and EKW individuals in
this study (Fig. 2). The DICP1.7/8/17/22 primer pair also gen-
erated multiple dicpl.17 amplicons from the AB, EKW, and
TU individuals, which were not visualized but could be iden-
tified by cloning and sequencing [dicpl.17°%'°, dicp1.17°7%,
diepl.17°7%°, dicp1.17°%%°, dicp1.17°%%3, dicp1.17°%77,
dicpl . 17°%7  dicp1.17°°7°, and dicpl.17°%%°, as well as
amplicons reflecting two new genes, dicpl.27 and dicpl.28
(discussed below)].

Comparable overall expression of the putative activating
DICP, dicp2.1 (Haire et al. 2012), is observed in multiple
tissues from adult TU, AB, and EKW individuals. Although
some minor variation in patterns of dicp2.1 expression was

observed between individual zebrafish, expression was con-
sistently highest in kidney and spleen (Fig. 2).

The DICP3.1 primer pair generated multiple D1-D2
dicp3.1 amplicons from nearly all examined tissues from all
zebrafish lines (Fig. 2). Some of the recovered sequences were
more similar to the dicp3.1°**!" allele previously identified in
BAC CH73-34HI11 (GenBank FP929011), whereas the re-
maining dicp3.1 sequences were more similar to the
dicp3.1'%? allele from genomic scaffold 1952 (GenBank
NW_001877662.2) of the zebrafish Zv8 reference genome
(Haire et al. 2012). Although the DICP3.2/3 primer pair gen-
erated amplicons from all tissues and fish that were examined,
the only functional transcripts that were recovered were from
dicp3.3. The transcript recovered from the TU fish
(dicp3.3°%%) was most similar to dicp3.3'%? encoded in ge-
nomic scaffold 1952 (Haire et al. 2012). In contrast, the
dicp3.3 sequences recovered from the AB and EKW fish
(dicp3.3°%*, dicp3.3°%%* and dicp3.3°%*") were most similar
to the dicp3.3°??2"7 allele identified in BAC CH73-322B17
(GenBank FP015862). The DICP3.6 primer pair produced
amplicons from only six of the nine individuals examined:
one of three TU fish, two of three AB fish, and three of three
EKW fish (Fig. 2). Sequencing of the amplicons revealed only
one functional transcript, which was from an AB fish
(dicp3.6°°"%). The DICP3.6 primer pair also amplified a
dicp3.3 sequence from the spleen of a TU fish (dicp3.3%¢").
Sequencing of additional amplicons from multiple DICP3
primer pairs revealed additional new, but non-functional,
DICP gene sequences (dicp3.7 and dicp3.8), which are
discussed below.

DICP expression in zebrafish lymphoid and myeloid cells

DICP transcripts were recovered in varying relative abun-
dance from lymphoid and myeloid cells isolated from adult
EKW zebrafish (Fig. 3). The DICP1.1/2/9/11/16/19 primer
pair amplified functional transcripts of DICPs that were iden-
tified previously (Haire et al. 2012) such as dicp!. 1 transcripts
that were recovered from both myeloid and lymphoid cells
(dicpl.17°*, dicp1.1°*7, and dicp1.1°°") but were expressed
at higher levels in the lymphocyte population (Fig. 3). This
same primer pair revealed a dicpl.16 functional transcript
from myeloid cells (dicpl.16°*"%). Using the DICP1.7/8/17/
22 primer pair, multiple amplicons of different sizes were
obtained from lymphoid and myeloid cDNA (Fig. 3), includ-
ing transcripts of dicpl.8 and dicpl.17 from lymphoid cells
(dicp1.87%, dicpl.177% and dicp1.177°%) and dicpl.17
transcripts from myeloid cells (dicpl.17°%%, dicp1.177°%°,
and dicpl.17°°%%). Sequencing of the leukocyte amplicons
generated by the DICP1.7/8/17/22 primer pair revealed one
new DICP gene sequence (dicpl.29), which is discussed be-
low. The DICP1.22 primer pair produced no detectable
amplicons from leukocytes of EKW individuals (data not
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Fig. 4 DICP gene expression
during zebrafish development.
RT-PCR was employed to detect
DICP transcripts at different
developmental stages from TU,
AB, and EKW zebrafish lines.
Ten embryos were pooled for
each cDNA template. RT-PCR
was employed with Titanium Taq
DNA polymerase. Yellow
rectangles indicate amplicons that
were cloned and sequenced to
confirm their identity. The size
and identity of recovered
amplicons is listed on the right of
the gel image; red text indicates
nonfunctional transcripts. S-actin
expression was used as a
reference for cDNA quantity and
quality

DICP1.1/2/9/
11/16/19

DICP1.7/8/

17/22 AB

EKw 0"
0.5-

1.0 -
0.5 -
1.0 -

0.5 -
1.0 -

0.5 -
1.0 -
0.5 -

TU
DICP1.22 AB
EKW

TU

DICP2.1

DICP3.1

DICP3.2/3

10-

0.5 -
1.0 -
0.5 -
10-

05-

DICP3.6

B-actin

shown), which may reflect the absence of this gene from the
genomes of the fish from which leukocytes were isolated
(discussed below).

The expression of the putative activating DICP, dicp2.1,
was detected in both leukocyte lineages. The DICP2.1 primer
pair generated one predominant band of ~750 bp from
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lymphoid cell cDNA and several bands that range from 400
to 1500 bp from the myeloid cell cDNA (Fig. 3). These
amplicons include functional dicp2.1 transcripts from lym-
phoid (dicp2.1°°%° and dicp2.1°°"") and myeloid cells
(dicp2.1°°% and dicp2.1°%%); however, both lymphocyte tran-
scripts possess a deletion within the D1 or D2 domain.
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Although additional amplicons were not identified from the
myeloid cell cDNA, the ~400 bp amplicon might correspond
to a functional dicp2.1 transcript encoding a single D2 Ig
domain that was identified from AB zebrafish kidneys
(dicp2.1*"°" amplicon of 434 bp). Similarly, the ~1200 bp
amplicon might correspond to non-functional dicp2.1 tran-
scripts (described below).

The DICP3.1 primer pair generated amplicons from both
myeloid (dicp3.1???° and dicp3.17??%) and lymphoid
(dicp3.17*5%) cells (Fig. 3) that also had been recovered from
zebrafish kidneys, as well as amplicons representing new
dicp3.1 transcripts from myeloid cells (dicp3.17?7° and
dicp3.1°?7?) and lymphoid cells (dicp3.17°7, dicp3.17°%,
and dicp3.1°?%%). Transcripts from myeloid cells were more
similar to the dicp3.1°**"" allele, except for dicp3.1***, which
was more similar to the dicp3.1 932 allele (Haire et al. 2012).
All lymphoid dicp3.1 transcripts were more similar to the
dicp3.1'%? allele. The DICP3.2/3 primer pair recovered func-
tional dicp3.3 transcripts (dicp3.37°%°, dicp3.3°2%,
dicp3.37%%0, dicp3.3°%% | dicp3.37°%, and dicp3.3°%°") from
myeloid cells and one functional dicp3.3 transcript from lym-
phoid cells that included a deletion within the D1 domain
(dicp3.3°%°7). The DICP3.6 primer pair produced only non-
functional dicp3.6 transcripts from lymphocytes. Sequencing
of the leukocyte amplicons generated by the DICP3 primer
pairs revealed a functional dicp3.7 transcript and additional
non-functional dicp3.7 and dicp3.8 transcripts (see below).

Variable DICP expression during zebrafish embryo
development

Diverse expression patterns of DICP1 genes are revealed at
different stages of embryonic development (Fig. 4). The
DICP1.1/2/9/11/16/19 primer pair generated amplicons
exhibiting the same relative pattern of expression from TU,
AB, and EKW embryos; however, differences in amplicon
length are evident between different developmental stages
and genetic backgrounds. The earliest developmental stage
at which transcripts can be detected is 12 hpf, with amplicon
lengths ranging from 407 to 1020 bp. By 36 to 48 hpf, some of
these amplicons were not detectable but ~1000 bp amplicons
were detected in the three zebrafish lines. Sequence analysis
of these amplicons detected previously described DICP tran-
scripts (Haire et al. 2012), including dicpl.9 and dicpl.19
(dicp1.9°%, dicp1.19°**°, dicp1.19°%%, and dicp1.1977%?),
as well as transcripts of new DICP genes (dicpl.24, dicp1.25,
and dicpl.26; see below). Amplicons generated with the
DICP1.7/8/17/22 primer pair displayed similar relative
lengths and patterns between TU and EKW embryos
(Fig. 4); functional dicpl.8 transcripts can be detected at
6 dpf (dicpl.8°*”, dicpl.8°**%, and dicpl.8°%%°). Functional
transcripts of dicpl.17 also were recovered from 6 dpf TU
(diep1.17°*3% and dicpl.17°?%?) and EKW embryos

(dicp1.17°*%°). The most abundant functional transcripts from
AB embryos were shown to be dicpl.17 at 24 hpf
(dicpl.17°* and dicp1.17°**), including one dicpl.17 tran-
script that lacks a transmembrane domain (dicpl.17°%%%). The
DICP1.22 primer pair generated two amplicons from embryos
of all three zebrafish lines (Fig. 4). The shorter amplicon cor-
responds to a functional transcript of dicpl.22 (dicp1.22°""7,
dicp1.22°°"8 and dicp1.22°°"%); the larger amplicon, which
likely corresponds to a non-functional dicpl.22 transcript,
was not sequenced (see below). The dicpl.22 transcripts in
embryos of the three zebrafish lines contrast with the expres-
sion observed in the adult tissues where transcripts were de-
tected only in the TU line, negating the possibility that
dicp1.22 or a specific allele of this gene is present only in
the TU line. The only DICP with definitive maternal tran-
scripts in the one-cell embryo stage (0—1 hpf) was dicpl.22
from the AB line.

Expression of the putative activating receptor, dicp2.1, ap-
pears to be absent or at very low levels during embryonic
development with amplicons first being identifiable from
6 dpf TU and AB embryos (Fig. 4). Sequencing of these
amplicons revealed several functional dicp2.1 transcripts
(dicp2.1°°°7, diep2.1°7%% dicp2.1°°%°, diep2.1%°77,
dicp2.1°%7, and dicp2.1°%7%). Although dicp2.1 amplicons
were not visible in the gel from EKW embryos, multiple func-
tional dicp2.1 amplicons were recovered from 6 dpf EKW
embryos (dicp2.1°°%, dicp2.1°7°°, dicp2.1°7, dicp2.1°72,
dicp2.1°°%  dicp2.17°%°, and dicp2.17°%%), including two tran-
scripts with a deletion in the D2 domain (dicp2.1°°** and
dicp2.1°°%).

Transcripts of DICP3 genes could be detected by 6 hpf with
expression maintained throughout embryonic development
(with the exception of dicp3.6, which was not detected in
AB and EKW embryos). The DICP3.1 primer pair detected
multiple transcripts from the three genetic backgrounds
(dicp3.1°°°, dicp3.1°" | and dicp3.1°%"%); larger transcripts
with additional coding sequence between the D1 and D2 do-
mains (dicp3.17*** and dicp3.1°°"7) also were identified.
Amplicons displaying highly similar lengths and patterns
were recovered from the AB and EKW embryos with the
DICP3.2/3 primer pair, including functional dicp3.3 tran-
scripts (dicp3.3°%7 and dicp3.3°7). A dicp3.3 transcript also
was recovered from TU embryos that lacked the D1 domain
(dicp3.3°%%%). The DICP3.6 primer pair revealed only non-
functional dicp3.6 transcripts from TU embryos.

New DICP sequences

DICP transcripts possessing D1 domains that were <90 %
identical to any previously described DICP were designated
as a new gene, such as the dicpl.22 transcripts that were re-
covered from kidney cDNA of TU zebrafish (Fig. 2) and
described above. In addition, the DICP1.1/2/9/11/16/19
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primer pair generated amplicons from the TU zebrafish that
were larger than the amplicons detected in the AB and EKW
fish (Fig. 2). Although the shorter AB and EKW amplicons
represent dicp 1.1 transcripts (see above), sequence of the larg-
er amplicons from a TU zebrafish reveal two new DICPs,
dicpl.23 and dicpl.25 (dicpl.23°%7, dicpl.23°%%% and
dicp1.257°%%). Four additional DICP amplicon sequences
were identified, although they cannot be observed in Fig. 2.
The DICP1.1/2/9/11/16/19 primer pair yielded dicpl.24 and
dicp1.30 amplicons (dicpl.24>°% and dicp1.30°°%) from
EKW zebrafish liver and the DICP1.7/8/17/22 primer pair
yielded dicpl.27 and dicpl.28 amplicons (dicpl.27°% and
dicp1.28°*°") from EKW zebrafish kidney.

New DICPs also were recovered from zebrafish leukocytes
(Fig. 3) and embryos (Fig. 4). The DICP1.7/8/17/22 primer
pair from lymphocyte cDNA yielded dicpi.29, which encodes
a single D1 Ig domain transcript (dicpl.29°°"%). The DICP3.1
and DICP3.2/3 primer pairs amplified non-functional tran-
scripts of two new genes, dicp3.7 and dicp3.8 from kidney
cDNA (Online Resource 1); a functional dicp3.7 transcript
was recovered from myeloid cell cDNA that encodes two Ig
(D1-D2) domains (dicp3.7°""). Functional transcripts of
dicpl.24 and dicpl.25 as well as an additional gene dicpl.26
(dicp1.24°%°, dicpl.24°%7, diep1.24°%8, dicp1.24°*%°,
dicpl .24 dicp1.24°** dicp1.25°%7, dicp1.2577%°,
dicp1.26°*%) were recovered from embryo cDNA with the
DICP1.1/2/9/11/16/19 primer pair. The dicp1.26 amplicon en-
codes two Ig domains (D1-D2). Phylogenetic analyses of all
predicted DICP Ig domains are consistent with the classifica-
tion of these sequences as new DICP genes (Fig. 5).

DICP sequence analyses

In order to investigate the inter-individual sequence variation
of select DICP genes, a high-fidelity DNA polymerase was
used for RT-PCR with the same individual zebrafish evaluated
in Fig. 2. The cloning and sequencing of multiple DICP1.7/8/
17/22, DICP2.1, and DICP3.1 amplicons from each individu-
al revealed differences in sequences and splicing (Figs. 6 and
7; Online Resource 2—Table S2; Online Resource 3—
Sequence Variation and Figs. S1-S6). In silico translation of
the amplicons revealed that all of the amplified transcripts
encode one or two Ig domains. A phylogenetic comparison
of these DICP Ig domains with all other DICP Ig domains
demonstrated that the majority of these Ig domains grouped
with the D1 and D2 Ig domains of Dicpl.7, Dicpl.8,
Dicpl.17, Dicpl.22, Dicp2.1, and Dicp3.1, as expected
(Online Resource 3—Fig. S7).

Additional sequencing of several DICP transcripts with a
non-high-fidelity DNA polymerase also revealed evidence of
alternative splicing and allelic variation (Figs. 6 and 7 and
Online Resource 3). The exon-intron organization of these
DICPs was predicted based on the DICP genes described in
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the Zv9 zebrafish reference genome. Numerous transcripts
likely reflect alternative mRNA splicing events, including ex-
on skipping, intron retention, and alternative 3" and 5’ splice
sites, although these sequences may also reflect haplotypic
variants that have gained or lost sequences (as compared to
the reference genome). Insertions or deletions inside of an
exon also were identified that might indicate either an alterna-
tive splicing inside of the exon or these insertions/deletions
already were part of the gene. A possible instance of exon
shuffling or recombination was identified in the dicpl.8*%*
transcript, which possesses two exons from the dicpl.17 gene
(Fig. 6 and Online Resource 3—DICP exon-intron architec-
ture). Transcripts from multiple DICP genes contain a predict-
ed premature termination codon (PTC). These transcripts like-
ly correspond either to pre-messenger RNAs (pre-mRNA) that
possess a PTC by intron retention or mRNAs reflecting alter-
native splicing that results in a frameshift and a PTC. A de-
tailed description of observed polymorphisms, alternative
splicing, and PTCs are presented in Online Resource 3.

Structural features of new DICPs

By overlapping cDNA sequences obtained by RT-PCR and 3’
RACE, full-length sequences were predicted for Dicpl.22,
Dicpl.23, Dicpl.24, Dicpl.25, and Dicp1.30 (Online
Resource 3—Figs. S8-S9). Dicpl.22 possesses two Ig do-
mains, a transmembrane domain and a cytoplasmic tail that
lacks any known signaling motifs. Dicp1.23 is predicted to be
a secreted protein. Although the dicpl.23 transcripts possess
an exon that could encode a transmembrane domain, a frame-
shift 5’ of this exon results in the use of an alternative reading
frame and no transmembrane domain (Online Resource 3—
DICP exon-intron architecture). Dicpl.24 possesses a single
D1 domain and three cytoplasmic ITIMs and an ITIM-like
sequence (itim). Dicp1.25 possesses D1 and D2 ectodomains
as well as three cytoplasmic ITIMs. Dicpl.26 possesses two
Ig domains and likely a transmembrane domain; however, 3’
sequences were not recovered. Dicpl.27, Dicp1.28, Dicp1.29,
and Dicp1.30 each possess a D1 domain and a transmembrane
domain; however, 3’ sequences were recovered only for
dicp1.30 which encodes two ITIMs (Online Resource 3—
Figs. S8-S9).

Linkage of DICP and MHC class I Z haplotypes
on zebrafish chromosome 3

In order to identify genomic sequences that encode the newly
identified DICPs, the Ig domains of the 11 new DICPs were
used as queries for BLAST searches of the zebrafish reference
genome (GRCz10; Howe et al. 2013), the nucleotide collec-
tion (nt), the unfinished high throughput genomic sequence
(HTGS), and the non-redundant protein sequence (nr) data-
bases. Only dicpl.22 and dicpl.23 produced significant
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Fig. 5 Phylogenetic comparison of newly identified DICP Ig domains
with previously described sequences. New DICP sequences that group
with the DICP1 genes on chromosome 3 are in red text. New DICP
sequences that group with the DICP3 genes on chromosome 16 are in
blue text. DICP sequences encoded by the unplaced genomic scaffold
NA310 (GRCz10 reference genome) are indicated by red triangles. All
additional sequences were reported previously (Haire et al. 2012),

matches. Specifically, genomic sequences matching dicp1.22
and dicpl.23 transcripts were identified in unplaced genomic
scaffold NA310 (GenBank NW_003336703.1) (Fig. 8a).
Scaffold NA310 also encodes the mhcizka (GenBank
NM_001302245), ccdcl34l (coiled-coil domain-containing
protein 134-like; GenBank XM _003201673), and gimap4l
(GTPase IMAP family member 4-like; GenBank
XM 001920324) genes which are predicted to represent an
alternate haplotype for the mhclzja (GenBank
NM _001109718), ccdci34 (coiled-coil domain-containing
protein 134; GenBank XM _003198004), and gimap8
(GTPase IMAP family member 8; GenBank
XM_001919280) genes on chromosome 3 (Online Resource

including those predicted from genomic clones (BAC CH73-34H11 and
BAC CH73-322B17), which are indicated by blue triangles. Nitr9 Ig V
and I domains (Wei et al. 2007; Yoder 2009) were used as an outgroup
(bold characters). The percentage of replicate trees in which the
associated taxa cluster together (bootstrap values) are shown next to the
branches; values less than 50 are not shown

3—Fig. S10) (Dirscherl and Yoder 2014). Based on the link-
age of dicpl.22 and dicpl.23 to mhclzka, ccdcl341, and
gimap4l and the linkage of dicpl.1-dicpl.21 to mhclzja,
ccdcl34, and gimap8 (Fig. 8a and Online Resource 3—
Fig. S10), these sequences were predicted to represent alter-
nate haplotypes with differing gene content for both the DICP
gene cluster and the MHC class 1 Z gene cluster on chromo-
some 3.

Genomic PCR analyses were employed with individual
zebrafish predicted to be homozygous for the different haplo-
types (dicpl.1 and dicp1.22) depicted in Fig. 8a and shown to
express either dicpl.l or dicpl.22 transcripts (Fig. 2).
Genomic amplicons for dicpl.l were identified in zebrafish
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Fig. 6 Exon-intron architecture of previously identified DICPs. The
exon-intron organization of transcript variants encoding previously
described DICPs were compared with the DICP genes present in the
reference genome. Sequence identifier numbers or GenBank accession

that express dicp.1 and genomic amplicons for dicp1.22 were
identified in zebrafish that express dicp.22 (Figs. 2 and 8b).
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numbers are listed to the right of each transcript. Red text indicates
predicted non-functional transcripts. Details are provided in Online
Resource 3—DICP exon-intron architecture

Individuals encoding dicpl.1 (and not dicpl.22) also encode
mhclzja (and not mhclzka) and individuals encoding
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Fig. 7 Exon-intron architecture Dicp1.22 Dicp1.26
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dicpl.22 (and not dicpl.1) also encode mhcizka (and not
mhclzja) (Fig. 8b). These observations support the hypothesis
that dicpl.1 and dicp1.22 represent different DICP haplotypes
that are tightly linked to different MHC class I Z haplotypes
and that these individual zebrafish are homozygous for a sin-
gle haplotype. Genomic PCR analyses with DNA from
zebrafish that are heterozygous for the two MHC class [ Z
gene haplotypes depicted in Fig. 8a (Dirscherl and Yoder
2014) indicate that both dicp!.1 and dicp1.22 haplotypes are
present (Fig. 8c).

Linkage of DICP and MHC class I genes in cyprinid fishes

Data-mining available genomic sequence databases in 2012
identified definitive DICP sequences in zebrafish and com-
mon carp (Haire et al. 2012) which are both members of the
Cyprinidae family. Although DICP-like sequences were iden-
tified in Atlantic salmon (Sa/mo salar), Japanese pufferfish
(Takifugu rubripes), green spotted pufferfish (Tetraodon
nigroviridis), and Nile tilapia (Oreochromis niloticus) which
belong to the Salmonidae, Tetraodontidae, and Cichlidae fam-
ilies (Haire et al. 2012), it is unknown if they share an evolu-
tionary origin.

In order to investigate if DICP genes could be identified in
other species of fish, DICP Ig domains from zebrafish and
common carp were used as queries for tBLASTn searches of
the teleost genome sequence databases currently available in
Ensembl (v82). Definitive DICP sequences were not identifi-
able in any current genome assemblies of Amazon molly
(Poecilia formosa), cave fish (Astyanax mexicanus), cod

(Gadus morhua), Japanese pufferfish, medaka (Oryzias
latipes), platyfish (Xiphophorus maculatus), stickleback
(Gasterosteus aculeatus), green spotted pufferfish, or Nile ti-
lapia. As none of these fish are in the Cyprinidae family, it is
possible that definitive DICPs may be restricted to cyprinid
species. In order to determine if DICP and MHC genes are
linked in other cyprinids, the recently reported genomes of the
grass carp (Wang et al. 2015) and common carp (Xu et al.
2014) were searched and definitive evidence for their linkage
was established. Conserved synteny was observed between
zebrafish chromosome 3, grass carp scaffold C101000243,
and common carp Linkage Group 38 (Online Resource 3—
Fig. S11) demonstrating that DICPs are present and linked to
MHC class I Z sequences in three different subfamilies of
cyprinids. Assignment of carp sequences to the DICP family
and the MHC class I Z lineage is supported by phylogenetic
analyses (Online Resource 3—Fig. S12). As annotation has
not been performed on the carp gene models, the predicted
protein sequences referred to in Online Resource 3—Figs. S11
and S12 are provided in Online Resource 3—Fig. S13 and the
BLAST results from using each carp sequence as a query to
search the NCBI database of non-redundant (nr) zebrafish
proteins (queried November 2015) are provided in Online
Resource 3—Table S4.

Discussion

The zebrafish DICPs exhibit similarities in structure and li-
gand recognition to members of the mammalian CD300,
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Fig. 8 Alternative haplotypes for the chromosome 3 DICP gene cluster.
a Relative chromosomal positions of the DICP1 genes on chromosome 3
(scaffold CTG10218) compared to the relative positions of the DICP1
genes found on unplaced scaffold NA310. Gray triangles represent a
single DICP gene, except for dicpl.3—4 and dicpl.5—6 that are
predicted to be encoded in single genes. Predicted pseudogenes are
indicated with a “p” at the end of the gene symbol. Black triangles
represent linked non-DICP genes. The ccdci34 or ccdcl341 and the
gimap8! or gimpa4l genes along with a member of the MHC class [ Z

TREM, and FcR-like (FCRL) families (Haire et al. 2012).
Certain CD300 and TREM receptors bind specific subsets of
phospholipids which may reflect roles in differentiating path-
ogens, mediating phagocytosis of apoptotic cells and/or rec-
ognizing activated lymphocytes (Borrego 2013, Cannon et al.
2012, Pelham and Agrawal 2014). Although recombinant
forms of certain DICPs also bind specific subsets of
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lineage are present in both regions. A detailed sequence identity
comparison is provided in Online Resource 3—Fig. S10. b Genomic
PCRs for dicpl.1, dicpl.22, mhclzja, and mhclzka using genomic
DNA from individual TU, AB, and EKW zebrafish analyzed in Fig. 2
and predicted to be homozygous for one of the two haplotypes depicted in
panel (a). ¢ Genomic PCRs for dicp .1, dicpl.22, mhclzja, and mhclzka
using gDNA from individual TU zebrafish previously shown to be
heterozygous for the two MHC class I Z gene haplotypes depicted in
panel (a) (Dirscherl and Yoder 2014)

phospholipids, the overall role of DICPs in immune function
remains unknown. In order to better characterize the DICPs,
we provide a detailed examination of the expression patterns
and sequence diversity of the DICP gene family between in-
dividual zebrafish from different genetic backgrounds. The
comparison of nearly 200 new DICP transcript sequences
identified 11 new DICP gene sequences, revealed extensive
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polymorphic and haplotypic variation between DICPs of in-
dividual zebrafish, and documented transcripts that likely re-
flect alternative mRNA splicing that, in many cases, resulted
in presumably non-functional transcripts.

Each primer pair employed to detect DICP expression
yielded distinctly different patterns from adult tissues and leu-
kocytes. Although DICPs are differentially expressed in im-
mune tissues, a nearly universal feature of the DICP genes is
their expression in the hematopoietic kidney (Fig. 2). The
expression of DICPs in several immune-related tissues and
their heterogeneous expression within these tissues is reminis-
cent of the expression patterns of CD300 in mammals (Clark
et al. 2009). DICPs are expressed in both myeloid and lym-
phoid cell lineages with certain DICPs being expressed at
higher levels in one lineage (Fig. 3). By way of comparison,
expression of mammalian CD300 genes is most abundant in
monocytes, but certain CD300 transcripts also are expressed
at high levels in T or NK cells (Clark et al. 2009).

Expression of DICPs was evaluated at different develop-
mental stages and transcripts of multiple DICPs (e.g.,
dicpl.22, dicp3.1, dicp3.3) were detected as early as 6 hpf,
whereas transcripts of other DICPs (e.g., dicp2.1) were not
detected until well after embryogenesis (Fig. 4). The embry-
onic expression of certain DICPs raises the possibilities that
they may play important and early roles in innate immunity
within the developing embryo or that they may play specific
roles in embryonic development.

In-depth sequence analyses of the DICP amplicons gener-
ated from different tissues, leukocytes, and embryos and from
different zebrafish lines reveal a large number of transcript
variants that reflect the loss of exons or gain of predicted
introns which likely represent alternative splice variants, alle-
lic variants, or undefined DICP genes. A number of transcript
variants differ in the length and sequence of the stalk domains,
which are located either between the Ig domains or between
an Ig domain and the transmembrane domain. In contrast, the
Ig domains of transcript variants display high sequence con-
servation, perhaps reflecting a role for different stalk domains
to act as flexible spacers for ligand binding. Stalk domains in
some immune receptors have been implicated in ligand bind-
ing and intracellular signaling suggesting that the observed
differences may directly influence function (Berry et al.
2013; Hartmann et al. 2012; Moody et al. 2001; Xu et al.
2006). Alternative splicing, which can lead to the loss of an
Ig domain (e.g., dicp2.1 and dicp3.1), likely contributes to the
complexity of the immune receptor repertoire (Maisey and
Imarai 2011).

Multiple DICP transcript variants introduce PTCs (Online
Resource 1) that may (1) correspond to pre-mRNAs which
have not been fully processed; (2) encode truncated, secreted
DICPs; or (3) be targeted for elimination through the
nonsense-mediated mRNA decay (NMD) pathway
(Kervestin and Jacobson 2012). In addition to RNA

surveillance, the NMD pathway employs mRNA containing
PTCs to control other cellular functions (Hamid and Makeyev
2014), including the regulation of gene expression during he-
matopoiesis (Frischmeyer-Guerrerio et al. 2011; Pimentel
et al. 2014; Wong et al. 2013) as well as physiological re-
sponses to bacterial infection (Gloggnitzer et al. 2014,
Kalyna et al. 2012). Certain DICPs exhibit a higher number
of transcripts containing PTCs than functional transcripts,
such as dicpl.23, dicp3.2, dicp3.6, and dicp3.7, in contrast
to other DICPs, such as dicpl.8, dicpl.17, dicp2.1, and
dicp3.1, which present higher numbers of apparently function-
al transcripts (Online Resource 3—Fig. S14). Most DICP
transcripts encoding PTCs were identified from lymphoid
cells although a few were recovered from myeloid cells. The
source of these differences is unknown and it is recognized
that the efficiency of each PCR may influence these
observations.

Sequence analyses also identified several DICP transcripts
encoding D1 domains that were less than 90 % identical to
previously described DICP D1 domains (Haire et al. 2012).
Included in this group are 11 new DICP genes, dicpl.22—
dicp1.30, dicp3.7, and dicp3.8. These new genes encode in-
hibitory receptors (dicp1.24, dicpl.25, and dicp1.30), secreted
proteins (dicpl.23 and a dicpl.17 splicing isoform), and pro-
teins with ambiguous function (dicp1.22). Only two of these
genes, dicpl.22 and dicpl.23, could be mapped to the refer-
ence genome (GRCz10), where they are encoded in scaffold
NA310, which also encodes one MHC class I Z gene cluster
haplotype (Dirscherl and Yoder 2014). Scaffold NA310 likely
represents an alternative haplotype for both MHC class I Z
genes and DICP genes on chromosome 3. The identification
of transcripts for dicp1.24—dicp1.30 without representation in
the genomic databases suggests that they may be present on
the haplotype which encodes dicpl.22 and dicpl.23 or that
additional DICP haplotypes remain to be identified for this
locus on chromosome 3.

Definitive DICPs have been identified in three subfamilies
of the Cyprinidae family: Rasborinae (zebrafish), Leuciscinae
(grass carp), and Cyprininae (common carp). The relationship
of DICP sequences to DICP-like sequences in non-cyprinid
teleosts remains to be elucidated. Although it is possible that
DICPs may be restricted to cyprinids, DICPs more likely
share an ancient origin with DICP-like sequences from other
teleost lineages. The identification of DICPs and their linkage
to MHC class I sequences in multiple cyprinid lineages indi-
cates that the DICPs and their linkage to MHC class I has been
conserved for at least 70 million years which is the estimated
divergence time of the Cyprinidae family (Broughton et al.
2013). The linkage of Ig domain-containing innate immune
receptor genes (such as those encoding DICPs) to MHC genes
supports the model that similar genes were linked in the an-
cient “proto-MHC” (or “Ur-MHC”) (Kasahara 1999; Abi
Rached et al. 1999). This model places the primordial MHC
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genes in the same chromosomal region as Ig domain-
containing receptors, which would be precursors to modern
mammalian receptors encoded at the leukocyte receptor com-
plex (LRC) (Flajnik and Kasahara 2010). The proposal that
the precursors of the mammalian LRC and MHC were once
genetically linked is supported by their demonstrated func-
tional relationship—many receptors encoded at the LRC bind
MHC class I proteins as markers of “self” (Vivier et al. 2008).
The linkage of DICP and MHC genes in cyprinids may have
originated from the proto-MHC; however, it is not known if
they are linked functionally. In support of an ancient linkage,
DICP-like sequences from medaka (reported as “NITR-
WxC” sequences) are linked to MHC class II sequences
(Ohashi et al. 2010). The significance of this linkage remains
to be elucidated and further studies are required to investigate
the DICP-like sequences outside of cyprinid fishes.

It is likely that additional haplotypes of the DICP3 cluster
will be identified on chromosome 16 as (1) genes encoding
dicp3.7 and dicp3.8 are absent from the current reference ge-
nome, (2) the dicp3.6 gene is absent from earlier versions of the
reference genome (Zv8) but has been identified in two BAC
clones (Haire et al. 2012), and (3) dicp3.6 amplicons only have
been detected in certain individual zebrafish (Fig. 2) and only in
embryos of the TU line (Fig. 4). The possibility of multiple
DICP haplotypes is supported by the high frequency of
CNVs observed at all three DICP gene clusters (Rodriguez-
Nunez et al. 2014). CNVs provide an important evolutionary
strategy for chromosomal rearrangement as well as the creation
of novel loci and commonly occur in immune-related gene
clusters, such as the mammalian MHC and KIR loci
(Dirscherl and Yoder 2014; Traherne et al. 2010). As different
haplotypes of immune-related genes have been correlated with
resistance or susceptibility to infections and autoimmunity
(Jackson et al. 2007; Olsson and Holmdahl 2012; Pelak et al.
2011), it will be of interest to determine if different DICP hap-
lotypes influence individual fitness of zebrafish.
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