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Abstract

Zebrafish (Danio rerio) are a valuable model for studying immunity, infection, and hematopoietic 

disease and have recently been employed for transplantation assays. However, the lack of 

syngeneic zebrafish creates challenges with identifying immune-matched individuals. The MHC 

class I genes, which mediate allogeneic recognition in mammals, have been grouped into three 

broad lineages in zebrafish: the classical U genes on chromosome 19, the Z genes which have 

been reported to map to chromosome 1, and the L genes that map to multiple loci. 

Transplantations between individual zebrafish that are matched at the U locus fail to consistently 

engraft suggesting that additional loci contribute to allogeneic recognition. Although two full-

length zebrafish Z transcripts have been described, the genomic organization and diversity of these 

genes have not been reported. Herein we define ten Z genes on chromosomes 1 and 3 and on an 

unplaced genomic scaffold. We report that neither of the Z transcripts previously described match 

the current genome assembly and classify these transcripts as additional gene loci. We 

characterize full-length transcripts for 9 of these 12 genes. We demonstrate a high level of 

expression variation of the Z genes between individual zebrafish suggestive of haplotypic 

variation. We report low level sequence variation for individual Z genes between individual 

zebrafish reflecting a possible nonclassical function, although these molecules may still contribute 

to allogeneic recognition. Finally, we present a gene nomenclature system for the Z genes 

consistent with MHC nomenclature in other species and with the zebrafish gene nomenclature 

guidelines.
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Introduction

Zebrafish (Danio rerio) recently have been shown to be a valuable model for studying 

human hematopoietic diseases through immune-matched hematopoietic transplantation 

assays (de Jong et al. 2011). Similar assays have historically been carried out in congenic 

mice as they are immunologically compatible. Attempts at generating congenic zebrafish 

lines have been largely unsuccessful, but the development of genotyping methods for 

identifying immune-matched donors and recipients is making it possible to take advantage 

of the many benefits of the zebrafish model (high fecundity, rapid maturation, small size, 

etc.) in transplantation assays. Genotyping methods have been and are being developed to 

differentiate between the multiple haplotypes of the zebrafish classical Major 

histocompatability complex (MHC) class I genes (de Jong and Zon 2012; Jill de Jong, 

personal communication). While the primary function of classical MHC class I molecules is 

presenting peptides to CD8+ T cells, they are also responsible for determining allograft 

compatibility. Although the MHC class I genes have been extensively characterized in 

humans and mice, the characterization of the zebrafish MHC Class I genes is incomplete and 

ongoing.

Multiple MHC class I multigene families have been identified in bony fish that form distinct 

phylogenetic lineages based on sequence alignments. The first MHC class I genes identified 

in the zebrafish are of the U lineage (Takeuchi et al. 1995; Michalova et al. 2000). The U 

lineage genes are considered classical MHC class I genes and have been identified in 

numerous teleost species. They have been mapped to chromosome 19 in zebrafish and six 

different haplotypes have been identified encoding multiple MHC class I U lineage genes 

(Sambrook et al. 2005; Jill de Jong, personal communication).

A second group of teleost MHC class I genes is designated the Z lineage. The first four Z 

lineage genes to be described, ZA, ZB, ZC, and ZD, were cloned from carp and based on 

their sequences, characterized as nonclassical MHC class I genes; however, orthologs of 

these genes have not been identified outside of carp species (Hashimoto et al. 1990; 

Okamura et al. 1993). In contrast, transcripts or genomic sequences representing a fifth Z 

lineage gene, ZE, have been identified in zebrafish, carp, salmon, flounder, medaka, barbus, 

and pufferfish (Kruiswijk et al. 2002; Srisapoome et al. 2004; Lukacs et al. 2010; Nonaka et 

al. 2011). Since the first description of the ZE genes in 2002 (Kruiswijk et al. 2002; Stet et 

al. 2003), they have been recognized for their contradictory characteristics: they have a 

historical association with the nonclassical ZA, ZB, ZC, and ZD genes in carp and relatively 

well-conserved extracellular α1 and α2 domains (which are normally polymorphic for a 

diverse peptide-binding repertoire), yet they exhibit conservation of the residues thought to 

be important for peptide binding and generally exhibit ubiquitous expression. In accordance 

with this unique display of sequence features of both classical and nonclassical MHC class I 

receptors, phylogenetic analyses place the ZE genes in a lineage related to, but distinct from, 
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the carp ZA, ZB, ZC, and ZD genes. Functional data will be necessary to classify the ZE 

genes as classical or nonclassical as they may represent a separate or intermediate functional 

category yet to be defined (Stet et al. 2003). The third group of MHC class I genes to be 

identified in zebrafish is designated the L lineage, and based on their sequences, they have 

been described as nonclassical MHC class I genes (Dijkstra et al. 2007).

As the only MHC class I Z genes identified outside of carp species are the ZE genes, in this 

manuscript, we refer to the ZE genes as “Z” unless specifically discussing this MHC class I 

lineage in carp. The Z genes have been best characterized in Atlantic salmon in which four 

unique Z loci have been mapped to two linkage groups (Lukacs et al. 2010). In salmon, as 

well as in medaka, the Z genes are linked to U genes, suggesting a common origin for the U 

and Z genes (Lukacs et al. 2010; Nonaka et al. 2011). Thus far, the characterization of the Z 

genes lacks any description of the sequence or expression variability between individuals of 

the same species. The availability of individual zebrafish representing diverse genetic 

backgrounds including well-established laboratory lines, lines derived from wild-caught 

individuals, and clonal lines makes the zebrafish ideal for investigating the intraspecific 

diversification of this recently identified multigene family.

Here we present an analysis of the zebrafish MHC class I Z genes. We investigate the 

genomic organization and sequence diversity of these genes, demonstrate their variable 

expression between individual zebrafish, and propose a nomenclature system for them. From 

the reference genome (Zv9), we have identified ten unique zebrafish Z gene loci: four on 

chromosome 1, five on chromosome 3, and one on an unplaced genomic scaffold. Two 

additional genes map to a BAC clone that account for the initial full-length zebrafish Z gene 

transcripts (Kruiswijk et al. 2002) not present in the current genome assembly. Full-length 

transcripts have been identified for 9 of the 12 Z genes with transcript variants and variable 

expression patterns detected across individual zebrafish from different genetic backgrounds. 

The identification of loci not represented in the reference genome along with evidence 

obtained from both PCR-based and Southern blot strategies supports the hypothesis that the 

Z genes are subject to haplotypic transmission. It is plausible that they play a role in 

allogeneic recognition as the success of hematopoietic transplantation is not entirely 

dependent on matching MHC class I U genes on chromosome 19 (de Jong and Zon 2012). 

The data provided herein will lead to a better understanding of the evolution of the MHC 

class I Z lineage and may lead to improved success of transplantation assays in zebrafish.

Materials and methods

Gene nomenclature

The zebrafish MHC class I Z gene nomenclature employed herein (Dare-mhc1zxa) is based 

on the guidelines proposed for all species (Klein et al. 1990), reflects the nomenclature 

system in Atlantic salmon (Lukacs et al. 2010), and includes MHC nomenclature 

conventions previously established in zebrafish. The four letter abbreviation, Dare, refers to 

the first two letters of the genus and species, Danio rerio. The “mhc1” is included as it is for 

the nomenclature of the zebrafish MHC class I U lineage loci. The letter “z” corresponds to 

the MHC class I lineage. The variable second letter “x” designates the locus (named 

alphabetically). The third letter specifies “a” for class I. Accordingly, the previously 
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described zebrafish Z transcripts (Kruiswijk et al. 2002) have been renamed Dare-mhc1zaa 

(previously Dare-ZE*0101) and Dare-mhc1zla (previously Dare-ZE*0201, see discussion 

for further clarification). Within this manuscript, we refer to individual Z genes as mhc1zxa 

with the corresponding proteins named Mhc1zxa or Zxa. Alleles are defined as having at 

least one amino acid difference from the corresponding protein predicted from the reference 

genome. Please note that Dare-mhc1zaa, Dare-mhc1zba, Dare-mhc1zca, and Dare-mhc1zda 

are not orthologous to the carp Cyca-ZA, Cyca-ZB, Cyca-ZC, and Caau-ZD genes (see 

“Phylogenetic analyses”).

Zebrafish lines

AB and TU (Tübingen) fish were obtained through the Zebrafish International Resource 

Center (ZIRC; http://zebrafish.org). Additional TU individuals were provided by John 

Rawls (University of North Carolina, Chapel Hill). EKW zebrafish were purchased from 

EkkWill Waterlife Resources (Ruskin, FL). Individual zebrafish were also employed from a 

line with low stationary behavior (LSB) which is three generations away from true wild-type 

fish from the village of Gaighata in West Bengal, India (gift of John Godwin, North 

Carolina State University; Wong et al. 2012) and a double haploid, clonal golden zebrafish 

line (CG2; gift of Sergei Revskoy, Northwestern University; Mizgirev and Revskoy 2010). 

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.

Genomic annotation and data mining

The mhc1zaa transcript mentioned above (previously named mhc1ze or Dare-ZE*0101 ; 

GenBank: NM_194425.1; Kruiswijk et al. 2002) was amplified from TU whole animal 

cDNA by RT-PCR, cloned, and sequenced by the methods described below. The predicted 

Mhc1zaa leader, α1–α3, and transmembrane domains were identified using SMART 

software (Letunic et al. 2012) in conjunction with other sources (Barclay 1997). The amino 

acid sequence for the leader and each alpha domain was then used as a query (tBLASTn) to 

search the zebrafish reference genome (Zv9). One chromosome 1 scaffold (Zv9_scaffold68; 

GenBank: NW_003334061.1), two chromosome 3 scaffolds (Zv9_scaffold307; GenBank: 

NW_003334229.1 and Zv9_scaffold312; GenBank: NW_003334232.1), and an unplaced 

scaffold (Zv9_NA257; GenBank: NW_003336703.1) were identified as encoding the Z 

genes. None of the ten genes identified from the reference genome exactly match the 

previously described mhc1zaa or mhc1zla transcripts (Kruiswijk et al. 2002).

The zebrafish Z gene alpha domains were also compared (BLASTn) to the zebrafish 

nonredundant nucleotide database as well as to the zebrafish EST database to aid in 

identifying predicted leader and transmembrane domains and in identifying genomic 

evidence of additional haplotypes. Additional comparisons (tBLASTn) were made to the de 

novo genomic assemblies from double haploid homozygous AB and Tübingen individuals. 

The assemblies were generated using Illumina GA sequencing technology by the Wellcome 

Trust Sanger Institute and are available on-line (www.sanger.ac.uk).
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Phylogenetic analyses

Protein domains were identified with SMART software (Letunic et al. 2012). Sequences 

were aligned by ClustalW (Larkin et al. 2007). Phylogenetic trees were constructed from 

pairwise Poisson correction distances with 2,000 bootstrap replications by MEGA4 software 

(Tamura et al. 2007). Phylogenetic analyses included the following sequences: Dare-Zaa 

through Dare-Zla predicted from genomic scaffold and BAC sequences depicted in Fig. 1, 

Dare-Uba (GenBank: NP_571546.1), Dare-Uca (GenBank: CAK10898.1), Dare-Uda 

(GenBank: NP_571779.1), Dare-Uea (GenBank: NP_571780.1), Dare-Ufa (GenBank: 

CAD58763.1), Dare-Uga (GenBank: NP_956879.1; formerly Dare-Uxa2, Jill de Jong, 

personal communication), Dare-Uha (GenBank: NP_001070109.1), Dare-Uia (GenBank: 

AGL92229.1), Dare-Uja (GenBank: NP_956700.1), Dare-Uka (GenBank: 

NP_001038925.1; formerly LOC751750, Jill de Jong, personal communication), Dare-L 

(GenBank: NP_001017904.1), Cyprinus carpio Cyca-ZE*0101 (GenBank: CAD12793.1), 

Cyca-ZA1 (GenBank: AAA49212.1), Cyca-ZB1 (GenBank: L10420.1), Cyca-ZC1 

(GenBank: L10421.1), Carassius auratus Caau-ZD1 (Okamura et al. 1993), and 

Oncorhynchus mykiss Onmy-LAA*0101 (GenBank: ABI21842.1).

Amplification of zebrafish cDNAs

Adult zebrafish were euthanized, frozen in liquid nitrogen, and pulverized by mortar and 

pestle. Total RNA was purified from either all or half of the individual (TRIzol® Reagent, 

Invitrogen) and reverse-transcribed into cDNA (SuperScript® III Reverse Transcriptase, 

Invitrogen). When available, genomic DNA was extracted from the other half of the 

individual (below). Forward and reverse primers were designed to amplify entire coding 

sequences based on the predicted Z gene sequences and used with a high fidelity DNA 

polymerase (KAPA HiFi HotStart ReadyMix, Kapa Biosystems) to amplify transcripts from 

a panel of single animal cDNAs (see Table 1 for primer sequences and PCR conditions). 

One primer set was used to amplify both mhc1zca and mhc1zla transcripts. Primers were 

designed to amplify mhc1zia, but failed to detect transcripts in all individuals evaluated. 

Primers were not designed to amplify mhc1zga and mhc1zha as exons 5′ and 3′ of the α1–α3 

domains were not identifiable.

The same PCR protocol was employed with a panel of cDNAs derived from spleen, kidney, 

intestine, liver, and gill tissues from different individual zebrafish. When sequencing was 

desired, PCR products were purified by phenol–chloroform extraction and ethanol 

precipitation, incubated with Taq DNA polymerase to introduce dA-overhangs (10 min 

reaction at 72 °C with GoTaq® Green Master Mix, Promega), ligated into pGEM®-T Easy 

(Promega), and sequenced (Electronic Supplementary File, Fig. S1). Sequence data have 

been deposited with GenBank under accession numbers KC607829–KC607872.

Genotyping PCR

Genomic DNA (gDNA) was purified from the same EKW, LSB, and CG2 individuals from 

which RNA was purified above. Additional TU individuals were employed for isolating 

matching RNA and gDNA samples. Forward and reverse primers were designed to amplify 

sequences spanning a single intron for mhc1zba, mhc1zja, and mhc1zka. PCRs were 

conducted with these primers on matching cDNA and gDNA samples to determine if the 
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absence of a detectable transcript corresponded to the absence of the gene from that 

individual (see Table 2 for primer sequences and PCR conditions).

Southern blot

A Southern blot was performed using genomic DNA from eight of the nine individuals of 

different genetic backgrounds used in genotyping PCR. DNA was digested with HindIII 

(New England BioLabs) according to the recommendations of Green and Sambrook (2012). 

Digested DNA (5 μg) was separated on a 0.8 % agarose gel at 30 V overnight. Following 

denaturation, DNA was transferred to a Zeta-Probe GT membrane (Bio-Rad) using the 

TurboBlotter rapid downward transfer system (Whatman) and alkaline transfer buffer. 

Probes were generated by PCR amplification of the well-conserved α1 domain from the 

most common alleles of mhc1zba (chromosome 1) and mhc1zfa (chromosome 3). A 265-bp 

mhc1zba probe was amplified from transcript 3651 with forward 

(AAACACTCCCTCTACTACATATACAC) and reverse 

(TATTGTGTCTCATTCGTTCCATCA) primers. A 260-bp mhc1zfa probe was amplified 

from transcript 3942 with forward (GAAGCACTCTTTGTATTACATCTACAC) and 

reverse (GTCTCATGCGGTCCATCAGTA) primers. Probes were independently labeled 

with an equivalent efficiency using the DIG High Prime DNA Labeling and Detection 

Starter Kit II (Roche) and mixed (1:1) for hybridization. Hybridization and detection were 

carried out using the same kit with a hybridization temperature of 42 °C and an exposure 

time of 25 min using the ChemiDoc MP imager (Bio-Rad).

Results and discussion

Identification of 12 MHC class I Z loci in zebrafish

In 2002, Kruiswijk et al. identified 2 full-length and 12 partial MHC class I Z cDNAs in 

zebrafish (Kruiswijk et al. 2002). At that time, it was unclear if these different sequences 

resulted from multiple loci or from allelic variation of a single locus. In 2005, a genome-

wide survey of zebrafish MHC loci placed one of these full-length coding sequences on an 

unplaced scaffold as well as four similar genes on chromosome 1 (Zv4) but did not provide 

sequence data (Sambrook et al. 2005). BLAST searches of the most recent assembly of the 

zebrafish genome (Zv9) with the zebrafish Z transcript mhc1zaa (see “Materials and 

methods” for a description of Z gene nomenclature) as a query identified ten loci on 

genomic scaffolds that map to chromosome 1 or chromosome 3, or are currently unplaced in 

the reference genome (Fig. 1). Four unique loci were identified on Zv9_scaffold68 mapping 

to chromosome 1. These loci are designated mhc1zba through mhc1zea and correspond to 

the four genes identified on chromosome 1 by Sambrook et al. (2005). Five unique loci were 

identified on chromosome 3, one on Zv9_scaffold307 (mhc1zfa) and four on 

Zv9_scaffold312 (mhc1zga through mhc1zja). One unique locus, mhc1zka, was identified on 

the unplaced scaffold Zv9_NA257. It is likely that scaffold NA257 represents an alternative 

haplotype for chromosome 3 as both mhc1zja and mhc1zka are flanked by the ccdc134 

(LOC100536187 ; GenBank: XM_003201673.1) and gimap8l (LOC100149190; GenBank: 

XM_001920324.3) genes in the same orientation but with different intergenic spacing. 

Similarly, a BLAST search of the zebrafish nonredundant nucleotide database identified a 

BAC clone, DKEY-28D10 (Genbank: BX005353.8), which encodes mhc1zaa and mhc1zla. 
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These loci correspond to the original zebrafish Z transcripts Dare-ZE*0101 and Dare-

ZE*0201 (Kruiswijk et al. 2002) which are not represented in the current reference genome 

(Zv9). This BAC clone likely represents an alternative haplotype for chromosome 1 as both 

mhc1zaa and mhc1zba are flanked by the cbr1 gene (NM_194406.1).

BLASTp searches of the zebrafish reference protein database identified 11 Z protein 

sequences. Phylogenetic analyses were employed to determine the relationships between the 

ten Z genes from the reference genome, the previously described Z transcripts now mapped 

to BAC DKEY-28D10 (Kruiswijk et al. 2002) and these 11 Z protein sequences (Electronic 

Supplementary File, Fig. S2). Based on these results and the new Z gene nomenclature: 

mhc1zba replaces the gene previously known as zgc:64115; zgc:136614 and zgc:111893 are 

predicted to be polymorphic variants of mhc1zca; zgc:162351 and si:ch211-287j19.6 are 

predicted to be polymorphic variants of mhc1zea; mhc1zfa replaces the predicted sequence 

LOC556263 ; mhc1zia replaces the predicted sequence LOC100150150; mhc1zja replaces 

the predicted sequence LOC571647; and mhc1zka replaces the predicted sequence 

LOC100536229 (Table 3 and Electronic Supplementary File, Fig. S2). The predicted 

transcript LOC563036 appears to encode two individual Z sequences described here as 

mhc1zga and mhc1zha. Transcripts have not been identified for either of these sequences 

and they may represent pseudogenes. To the extent of our knowledge, our mhc1zda 

transcript sequences are the first to be reported. The mhc1zga, mhc1zia, and mhc1zka 

sequences also can be equated with previously reported partial Z sequences Dare-ZE*0501, 

Dare-ZE*0701, and Dare-ZE*0601, respectively (Kruiswijk et al. 2002).

Loci encode highly similar MHC class I Z proteins

Aligning the amino acid sequences encoded by the Z genomic loci reported in Fig. 1 

revealed that these 12 sequences encode highly similar proteins (Fig. 2). The α1 and α2 

domains, which together are responsible for forming the peptide binding groove, are more 

similar than the α3 domains, suggesting that these genes may have a nonclassical function, 

i.e., a function other than antigen presentation. This trend has been reported before for the 

ZE lineage cDNAs identified in barbus and carp (Dixon and Stet 2001). Further inspection 

of the alignment, however, revealed that many important features of classical MHC class I 

genes have been conserved in the zebrafish Z proteins. Four cysteine residues that are 

important for forming the disulfide bond in an Ig fold, two in the α2 domain and two in the 

α3 domain, have been conserved in all 12 sequences. Nine residues that have been shown to 

function as anchors for the end of bound peptide (Kruiswijk et al. 2002) are also conserved 

in all sequences with just a few exceptions. A N-linked glycosylation site is present at the 

end of the α1 domain in all proteins except Mhc1zfa and Mhc1zja. The presence of acidic 

residues within a seven amino acid stretch of the α3 domains suggests that the Z proteins 

potentially associate with CD8 (Dijkstra et al. 2007). However, this interaction remains to be 

verified as the residues in this region are slightly less acidic relative to those in the proteins 

of the MHC class I U lineage. All full-length Z sequences possess a predicted 

transmembrane segment except for Mhc1zia.

The sequences comprising the transmembrane and cytoplasmic domains were investigated 

in further detail, exon by exon, in an attempt at identifying the evolutionary history of this 
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multigene family within zebrafish (Electronic Supplementary File, Fig. S3). In general, this 

region is highly variable across the zebrafish Z genes, although a phylogenetic analysis of 

the transmembrane domains was able to differentiate the genes based on the chromosome on 

which they are located (data not shown). However, a phylogenetic comparison of 

transmembrane domains encoded by Z genes from different teleost species failed to provide 

evidence for definitive orthologous Z genes (data not shown). Additionally, three 

observations can be made with regard to the four exons that encode the cytoplasmic tail of 

Mhc1zla: (1) exons 6 and 7 encode nearly identical sequences, (2) exon 8 encodes a peptide 

sequence nearly identical to the sequence encoded by exon 7 of mhc1zba, and (3) exon 9 

encodes a peptide sequence nearly identical to the sequence encoded by exon 7 of mhc1zca. 

These observations suggest that exon duplication and/or swapping has contributed to the 

sequence diversity of this multigene family.

Phylogenetic analyses

Phylogenetic analysis of the MHC class I proteins (α1 through α3 domains) of different 

lineages from zebrafish as well as other fish species (Fig. 3a) supports the inclusion of the Z 

genes encoded on zebrafish chromosome 1 and chromosome 3 within the ZE subgroup of 

the Z lineage. Representative genes of the MHC class I L lineage from zebrafish and trout 

group together and are more similar to the classical zebrafish U genes than to the Z genes. 

Analysis of the individual alpha domains from both the zebrafish U and Z genes (Fig. 3b) 

verifies that the predicted domains of the Z genes identified as α1, α2, or α3 indeed group 

with the correct alpha subgroup. Both panels a and b of Fig. 3 demonstrate that the mhc1zaa 

and mhc1zla genes encoded by BAC DKEY-28D10 group more closely with the Z genes on 

chromosome 1 while the mhc1zka gene encoded by unplaced genomic scaffold NA257 

groups more closely with the Z genes on chromosome 3. These observations support the 

classification of these three genes as belonging to alternative haplotypes of either 

chromosome 1 or chromosome 3 (Fig. 1).

Variable expression of MHC class I Z genes

Individual zebrafish from different genetic backgrounds display variable Z gene expression 

patterns (Fig. 4a) similar to the haplotypic variation reported for the MHC class I U lineage 

genes (de Jong et al. 2011). Individual animals were selected from three standard (but 

polymorphic) laboratory lines: TU (the zebrafish reference genome is based on individuals 

from this line), AB, and EKW. Individuals from the LSB line that are three generations from 

true wild-type fish were also included with the expectation that they would show greater 

sequence variability. The CG2 zebrafish was included as it represents a homozygous diploid 

clonal line (Mizgirev and Revskoy 2010). RT-PCR was employed to amplify the coding 

sequences of nine Z genes. While transcripts for all nine of the genes could be amplified 

from the TU zebrafish, only transcripts for four Z genes were amplified from the CG2 

individual, three encoded on chromosome 1 (scaffold 68 in Fig. 1) and one encoded on 

chromosome 3 (scaffold 307 in Fig. 1). Full-length mhc1zaa and mhc1zla transcripts were 

only detected in the TU individuals while transcripts from all other genes were detected 

across multiple fish lines. Expression was consistent across individuals of the same genetic 

background with only two exceptions: mhc1zja in LSB fish and mhc1zka in EKW fish.
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In addition to sequencing the nine full-length cDNAs from each genetic background in 

which they were detected, bands of unexpected sizes were cloned and sequenced as well 

(Electronic Supplementary File, Fig. S1). This revealed that many of the Z genes are subject 

to alternative splicing. For example, mhc1zca was found as three different transcript 

variants: the expected transcript resulting in three alpha domains followed by a 

transmembrane domain (Fig. 4b(i)), a secreted variant lacking the transmembrane domain 

but maintaining the reading frame (Fig. 4b(ii)), and a variant lacking the α3 domain but 

again maintaining the reading frame (Fig. 4b(iii), bands marked by an asterisk in Fig. 4a). 

Transcript variants of mhc1zja lacking both the α2 and α3 domains also were identified 

(Fig. 4b(iv), bands marked by three asterisks in Fig. 4a) with the reading frame maintained. 

Several transcripts were identified that were incompletely spliced with introns present 

between the leader and α1 domains (bands marked by two asterisks in Fig. 4a) or between 

the α2 and α3 domains (bands marked by four asterisks in Fig. 4a). All identified transcripts 

with intronic sequence had a frameshift resulting in premature stop codons. It is unclear 

whether transcript variants with intact reading frames represent functional isoforms.

Evidence for polymorphic, haplotypic, and transcriptional variation

After observing variable expression of the Z genes across zebrafish of different genetic 

backgrounds, two hypotheses were considered. The first is that different zebrafish have 

different haplotypes at these loci encoding a variable number of Z genes. The second 

hypothesis is that transcripts were not detected in some individuals due to polymorphisms at 

the primer binding sites or due to transcriptional control mechanisms yet to be discovered. 

To test these hypotheses, we performed genotyping PCR using intron-spanning primers for 

PCR on gDNA and cDNA from the same individuals (Fig. 5a). The results were intriguing 

as they supported both hypotheses. In the case of mhc1zja and mhc1zka, the presence or 

absence of transcript in the cDNA correlated with the presence or absence of the gene in the 

gDNA. The finding that expression of mhc1zka is limited to the second EKW individual 

agreed with the PCR panel of full-length transcripts from Fig. 4a. However, the presence of 

mhc1zja in the second LSB individual detected in Fig. 5a suggests that the failure to detect 

full-length transcripts in this individual (Fig. 4a) is likely due to nucleotide polymorphisms 

at the primer binding sites. Genotyping PCR was performed for the mhc1zba gene with the 

expectation that it would serve as a positive control as full-length transcripts were detected 

in all individuals evaluated in Fig. 4a. Instead mhc1zba transcripts were not detected in new 

TU individuals despite the fact that the gene was detected by genomic PCR. These results 

suggest that the zebrafish Z genes are polymorphic and likely display haplotypic variation, 

and their transcription may be variably controlled.

Data mining the de novo genomic assemblies from double haploid homozygous AB and TU 

individuals provided support for haplotypic variation of the Z loci on chromosome 3 (see 

Electronic Supplementary File, Table S1). All four chromosome 1 Z genes that are linked on 

scaffold 68 were identified in both assemblies, although not all alpha domains of mhc1zda 

could be identified in the AB individual. As for the chromosome 3 Z genes, mhc1zfa from 

scaffold 307 was found in both assemblies, but the AB individual seems to encode the 

scaffold 312 haplotype (mhc1zga, mhc1zha, mhc1zia, and mhc1zja) while the TU individual 

encodes the NA257 haplotype (mhc1zka). This suggests that the two scaffolds encoding Z 
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genes from chromosome 3 are not linked and are instead transmitted as separate haplotypes. 

This is supported by the RT-PCR data in Fig. 4a in which the second LSB fish and the CG2 

fish express mhc1zfa from scaffold 307 but not mhc1zja from scaffold 312.

In addition, a Southern blot was performed employing a mixture of probes designed to 

detect all zebrafish Z genes and genomic DNA from eight of the nine individuals used for 

PCR-based genotyping (see Electronic Supplementary File, Table S2 for predicted fragment 

sizes). The observed differences in hybridization patterns indicate gene copy number 

variation across different genetic backgrounds. While in general, it is difficult to resolve 

bands correlating to specific Z genes, the presence of ~5.2 kb fragment (marked by an 

asterisk in Fig. 5b) in TU individuals 6 and 7 and EKW individual 2 matches the predicted 

size of the HindIII genomic fragment containing mhc1zka and confirms the genotyping 

result reported in Fig. 5a. There are also bands around 3 kb (marked by two asterisks in Fig. 

5b) found only in the same three individuals suggesting that there may be an additional Z 

gene associated with the mhc1zka haplotype.

In analyzing the Southern blot, special attention was given to the hybridization pattern of the 

CG2 individual as this individual is homozygous for its Z gene haplotype. While the RT-

PCR analysis (Fig. 4) showed the CG2 individual to express four Z genes (mhc1zba, 

mhc1zca, mhc1zda, and mhc1zfa), the Southern blot shows five distinct bands in the CG2 

lane. There is a ~4-kb band that is unique to the CG2 line. While this could represent 

mhc1zla, there is no other evidence of this transcript being encoded by CG2 fish. It is likely 

that the CG2 individual represents a unique haplotype not present in other laboratory lines. 

The founder fish for the golden line, and thus the CG2 line, came from a private dealer and 

the fish have been inbred to maintain the mutant allele causing the golden phenotype for 

over 30 years (Chakrabarti et al. 1983). This may explain why multiple bands observed in 

the CG2 lane of the Southern blot do not match the predicted fragment sizes and why the Z 

gene alleles identified in the CG2 line have anywhere from 5 to 33 amino acid changes 

compared to the reference genome (see below).

Zebrafish Z genes primarily show ubiquitous expression

As mentioned previously, a hallmark of classical MHC class I genes is that they are 

expressed ubiquitously on all nucleated cells while nonclassical genes typically exhibit 

tissue-specific expression. Seven of the zebrafish Z genes were successfully amplified from 

a panel of tissue-specific cDNA, and nearly all of them showed ubiquitous expression in the 

five tissue types tested (Fig. 6). The tissue-specific expression of mhc1zaa was unable to be 

assessed as transcripts of the gene were only ever identified in whole animal cDNA from 

two individuals of the TU background. Only two Z genes were identified that displayed 

tissue-specific expression. Our data demonstrate that mhc1zca is expressed strongly in the 

gills while only faintly expressed or absent in the other tissues. The same pattern was 

observed for mhc1zca in four other individuals of the AB and EKW backgrounds (data not 

shown). In contrast, mhc1zfa transcripts were detected in all tissues evaluated except for the 

intestine of one of the TU individuals. This result was not observed in additional zebrafish 

and no consistent pattern of mhc1zfa expression was identified. This data further supports 
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the ambiguous classification of the zebrafish Z genes as classical or nonclassical as most but 

not all Z genes display ubiquitous expression.

Z gene polymorphism and genetic background

Sequencing transcripts of the nine Z genes amplified from five individual zebrafish from 

different genetic backgrounds revealed that the level of polymorphism ranges from 0 to 44 

amino acid changes as compared to the genomic sequences reported in Fig. 1 (Fig. 7). The 

overall trend is that alleles with no or few amino acid changes were identified in the 

standard laboratory lines (AB, TU, EKW) while the more polymorphic alleles were 

predominately found in the LSB and CG2 zebrafish. The TU zebrafish express alleles of all 

nine Z genes that exactly match the reference sequence. This is as expected as the zebrafish 

reference genome (Zv9) and the BAC clone encoding the mhc1zaa and mhc1zla genes 

(DKEY-28D10) are derived from animals of the TU background. As diploid animals, the 

AB, TU, EKW, and LSB fish all express either one or two alleles for each gene while the 

clonal CG2 individual only expresses one allele per gene. Although the secreted isoform of 

mhc1zca was only identified in a LSB zebrafish and the isoform lacking the α3 domain was 

only detected in TU and CG2 zebrafish, it is likely that these splice variants are present in 

the fish of other genetic backgrounds, based on the bands observed in the PCR panel of Fig. 

4a, and would be identified with sequencing of additional transcripts. In contrast, the band 

representing the mhc1zja isoform lacking both the α2 and α3 domains was only observed in 

AB zebrafish (Fig. 4a) which was also the only genetic background in which a transcript of 

the isoform was identified.

Transcripts of mhc1zfa with mutations causing unproductive frameshifts were recovered 

from all genetic backgrounds. In fact, nonfunctional mhc1zfa transcripts were more common 

in AB zebrafish than functional transcripts. Observed mutations included a consistent 

insertion of a single A nucleotide within a stretch of nine A’s, a consistent deletion of four 

nucleotides, and the inclusion of the intron between the leader and α1 domain.

The correlation between genetic background and polymorphism may help to explain the 

variable intensity of the PCR bands observed in Fig. 4a. For example, the bands for mhc1zba 

are much stronger in the AB, TU, and EKW fish than in LSB and CG2 fish. Accordingly, 

the sequencing results shown in Fig. 7 indicate that the mhc1zba transcripts from AB, TU, 

and EKW fish all had zero or one amino acid change while the transcripts from LSB and 

CG2 fish all had five amino acid changes. These more divergent transcripts from the LSB 

and CG2 fish suggest the possibility of polymorphism at the primer binding sites in these 

animals leading to less efficient amplification of the transcripts by PCR.

Transcripts 3701 and 3703 were isolated from a wild-derived LSB zebrafish using primers 

designed to amplify mhc1zja; however, based on the following observations, it is plausible 

that these transcripts represent an additional Z gene and a third chromosome 3 haplotype. 

First, when compared to all other characterized Z gene transcripts, the proteins encoded by 

transcripts 3701 and 3703 are two of the most divergent from the reference genome 

(Electronic Supplementary File, Fig. S2) differing by up to 11 % on the amino acid level 

(Fig. 7), suggesting that they may not be encoded by mhc1zja. Second, both of these 

transcripts include a cytoplasmic exon that is not present in mhc1zja (scaffold 312); 
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however, a sequence highly similar to this novel exon can be identified within an intron of 

mhc1zka (scaffold NA257). These observations, along with the previous observation that 

exon swapping may have contributed to the sequence diversity of the Z gene family 

(Electronic Supplementary File, Fig. S3), suggest that transcripts 3701 and 3703 represent 

an additional Z gene that shares similarity to both mhc1zja and mhc1zka. It is predicted that 

these transcripts are encoded by a third chromosome 3 haplotype that is present in a subset 

of zebrafish in the wild, but not yet detected from laboratory lines.

Concluding remarks

Altered levels of Z gene expression have been reported in response to different immune 

stimuli and disease states. The gene zgc:64115 which has herein been reclassified as 

mhc1zba was reported to undergo a 12-fold decrease in expression in response to siRNA 

silencing of the zebrafish peptidoglycan recognition protein (zfPGRP-SC), a protein thought 

to function as a bacterial recognition molecule (Chang et al. 2009). In studying the 

metastatic properties of osteosarcoma, it was discovered that transformed mesenchymal 

stem cells (MSCs) capable of forming osteosarcoma in mice induced a host response when 

injected into zebrafish embryos that included decreased expression of a Z gene as compared 

to the injection of nontransformed MSCs (Mohseny et al. 2012). However, this data is 

confounding as the sequence of the probes used in the microarray analysis were specific to 

the locus defined here as mhc1zaa while the primers used in the qRT-PCR analysis were 

specific to mhc1zja. It has also been reported that immunization of zebrafish with 

Edwardsiella tarda live attenuated vaccine causes a 3-fold increase in levels of 

si:ch211-187j19.6, or mhc1zea, transcripts in the liver (Yang et al. 2012). While incomplete, 

these data suggest that the Z genes do play a role in zebrafish immune function.

The Z genes are an interesting gene family as they are not easily classified into either the 

classical or nonclassical MHC class I subgroups, but seem to fit into a separate or 

intermediate classification. This is based on their characterization as having low level 

polymorphism primarily concentrated in the α3 domain, their exhibition of primarily 

ubiquitous expression, and their maintenance of important peptide binding motifs. In order 

to better understand the function of this unique class of molecules, it remains to be 

determined if they bind and present peptide, associate with β2-microglobulin at the cell 

surface, and interact with CD8+ T cells. While polymorphism has proven to play a role in 

the ability to detect transcripts of Z genes, haplotypic variation is likely involved in 

diversifying the Z gene repertoire across different individual zebrafish. This is supported by 

genomic sequence data, genotyping PCR, and Southern blot analyses indicating variable Z 

gene copy number across different genetic backgrounds. Efforts to accurately identify the 

haplotypes that exist within this species will rely on genomic sequencing of numerous 

individual zebrafish from a variety of genetic backgrounds. This knowledge would aid in the 

ability to identify zebrafish that are immune-matched at multiple MHC class I loci for 

improved success in hematopoietic and other transplantation experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Genomic organization of zebrafish Z genes. The relative chromosomal positions of the Z 

genes are shown. The entire coding sequence is indicated for all genes except for mhc1zga 

and mhc1zha (alpha domains only) which lack identifiable start and stop codons. Exons are 

represented as rectangles while introns are represented as arrows pointing in the direction of 

transcription. Exons encoding α1, α2, and α3 domains are shown in green, orange, and 

purple, respectively. Predicted alternative haplotypes encoded on BAC clone DKEY-28D10 

and unplaced genomic scaffold NA257 are shown below each chromosome along with their 

common flanking genes. Note that the Z genes on chromosome 3 are encoded by 

nonconsecutive scaffolds
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Fig. 2. 
Z protein sequences. The Z proteins predicted from the genomic loci described in Fig. 1 

were organized into domains and aligned. The leader and alpha domains derive from single 

exons while the transmembrane and cytoplasmic domains derive from one to five exons 

(Electronic Supplementary File, Fig. S3). Numbering of amino acids is based on the 

Mhc1zaa sequence starting with the first residue of α1. Positions that are at least 50 % 

identical are shaded in black and similar residues are shaded in gray. Conserved cysteine 

residues likely involved in the Ig-fold are shaded in yellow. Nine residues implicated in 

peptide binding are shaded in red. A conserved N-linked glycosylation site at the end of the 

α1 domain is boxed in blue. A green box indicates a stretch of seven acidic residues that 

binds CD8 in mammals. The putative transmembrane segments are boxed in purple
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Fig. 3. 
Phylogenetic analyses of MHC class I Z genes. a A neighbor-joining tree was constructed 

from the alignment of the α1 through α3 protein sequences from the different MHC class I 

lineages of zebrafish and other fish species. The consensus tree was based on 2,000 

bootstrap replications. Bootstrap values below 50 % are not shown. Species indicators 

include Dare (Danio rerio, zebrafish), Cyca (Cyprinus carpio, common carp), Caau 

(Carassius auratus, goldfish), and Onmy (Oncorhynchus mykiss, rainbow trout). b A 

neighbor-joining tree was constructed from the amino acid alignment of individual alpha 

domains from all identified zebrafish Z and U genes. MHC genes from chromosomes 1, 3, 

and 19 are shown in green, orange, and purple, respectively
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Fig. 4. 
Variable expression of Z genes across individual zebrafish. a RT-PCR was performed to 

detect expression of individual Z genes from individual zebrafish representing five different 

genetic backgrounds: AB, Tübingen (TU), EkkWill (EKW), wild type with low stationary 

behavior (LSB), and clonal golden (CG2). A negative control with no cDNA (NC) was 

included for each primer set. Full-length sequences were successfully amplified for 9 of the 

12 Z genes (one primer set amplifies both mhc1zca and mhc1zla). β actin serves as a positive 

control for the quality of the cDNA. Bands of expected and unexpected sizes were cloned 

and sequenced revealing that some genes are subject to alternative splicing: one asterisk 

represents mhc1zca transcripts without an α3 domain (reading frame maintained), two 

asterisks represent mhc1zda or mhc1zfa transcripts with intronic sequence between the 

leader and α1 domains (reading frame not maintained), three asterisks represent mhc1zja 

transcripts without an α2 or α3 domain (reading frame maintained), and four asterisks 

represent mhc1zka transcripts with intronic sequence between the α2 and α3 domains 

(reading frame not maintained). b The predicted protein structures for a traditional MHC 

class I transcript (i) as well as for the nontraditional MHC class I transcripts resulting from 

alternative splicing (ii through iv) are shown. A secreted isoform of mhc1zca (ii) was 

identified but is not distinguishable from the regular isoform by standard gel electrophoresis 

shown in a. The structures shown in (iii) and (iv) correspond to the bands in a marked by 

one asterisk and three asterisks, respectively
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Fig. 5. 
Genotyping PCR and Southern blot analysis. a RT-PCR was performed on a panel of 

matching cDNA and gDNA samples from four additional TU individuals as well as the 

same EKW, LSB, and CG2 individuals as in Fig. 4a. Primers were designed to amplify a 

portion of each gene across a single intron. The faint, larger bands detected in the cDNA 

PCR panel all correspond to the size of the band from the gDNA PCR panel due to the 

presence of introns in the transcripts. b Southern blot analysis was performed on HindIII-

digested genomic DNA from eight of the nine individuals used in a with a 1:1 mix of two 

probes designed to detect all Z genes (α1 domains of mhc1zba and mhc1zfa). The ~5.2-kb 

band marked by one asterisk correlates to the predicted size of the fragment containing 

mhc1zka and confirms the genotyping result observed in a. The ~3-kb band marked by two 

asterisks is likely associated with the mhc1zka haplotype
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Fig. 6. 
Z gene expression. The same primers used in Fig. 4a were used to detect full-length Z 

transcripts from cDNA derived from the tissues of two TU or EKW individuals (different 

individuals than those used in Fig. 4). A negative control with no cDNA was included for 

each gene (−). Splice variants are labeled as in Fig. 4: one asterisk represents mhc1zca 

without an α3 domain (reading frame maintained), two asterisks represent mhc1zda with 

intronic sequence between the leader and α1 domains (reading frame not maintained), and 

four asterisks represent mhc1zka with intronic sequence between the α2 and α3 domains 

(reading frame not maintained)
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Fig. 7. 
Allelic variation of Z genes. Full-length Z transcripts amplified from individual zebrafish 

from different genetic backgrounds were cloned and sequenced (Electronic Supplementary 

File, Fig. S1). Each sequenced transcript is represented by a square. Transcripts are grouped 

by gene and within each grouping they are classified into alleles based on the number of 

amino acid differences between its predicted protein sequence and the protein sequence 

predicted by the genomic loci described in Fig. 1 (Electronic Supplementary File, Fig. S4). 

Each allele is assigned a four digit number. The squares are color coded to indicate from 

which genetic background the transcript was identified. Different symbols are overlaid on 

squares representing transcript variants. The symbols are grouped by those that maintain the 

reading frame and those that cause an unproductive frameshift. *Note: mhc1zca and mhc1zla 

transcripts were amplified by the same primers
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Table 3

Zebrafish Z gene information and accession numbers

Gene Genomic location Aliases Alias accession nos. This report’s acc. nos.

mhc1zaa DKEY-28D10 Dare-ZE*0101a

mhc1ze
AJ420953
NM_194425.1

KC607829–KC607830

mhc1zba Chr1, scaffold 68 zgc:64115 NM_001110118.1 KC607831–KC607834

mhc1zca Chr1, scaffold 68 zgc:136614
zgc:111893

NM_001083545.1
NM_001039986.1

KC607835–KC607842

mhc1zda Chr1, scaffold 68 – – KC607843–KC607849

mhc1zea Chr1, scaffold 68 si:ch211-287j19.6
zgc:162351

NM_001045563.1
NM_001089550.1

KC607850–KC607854

mhc1zfa Chr3, scaffold 307 LOC556263 XM_003197994.1 KC607855–KC607865

mhc1zga Chr3, scaffold 312 Dare-ZE*0501a

mhc1zel-002b

LOC563036

AJ420975
XM_001919256.3

mhc1zha Chr3, scaffold 312 LOC563036 XM_001919256.3

mhc1zia Chr3, scaffold 312 Dare-ZE*0701a

mhc1zel-001b

LOC100150150

AJ420977
XM_001919268.3

mhc1zja Chr3, scaffold 312 LOC571647
mhc1ze-001 (tv1)b

mhc1ze-002 (tv2)b

NM_001109718.1 KC607866–KC607869

mhc1zka Scaffold NA257 Dare-ZE*0601a

LOC100536229
AJ420976
XM_003201674.1

KC607870

mhc1zla DKEY-28D10 Dare-ZE*0201a AJ420954 KC607871–KC607872

a
Sequences from Kruiswijk et al. (2002)

b
From the Zebrafish Model Organism Database (ZFIN.org)
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