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An Atlantic herring major histocompatibility class II A (Clha-DAA) cDNA sequence has been
characterized and was shown to encode a leader peptide, alpha-1 domain, alpha-2 domain,
connecting peptide, transmembrane and cytoplasmic region. The Clha-DAA protein sequence
has all the characteristics of a teleost class II A protein with conserved cysteines in both the
alpha-1 and the alpha-2 domains and two potential N-linked glycosylation sites. Exon 2
sequences encoding the polymorphic alpha-1 domain from different individuals were analysed
and revealed the presence of at least two loci. The Clha-DAA gene consists of four exons and
three short introns. Four unique intron 3 sequences from multiple individuals were obtained
and were shown to contain a (TG), microsatellite sequence. Primers were optimized such that
only a single microsatellite locus designated Clha-DAA-INTR3 was amplified. Four herring
populations from the North Sea and the Baltic Sea were genotyped for Clha-DAA-INTR3. In
total, 16 Clha-DAA-INTR3 alleles were detected; the distribution of the alleles showed no
deviation from Hardy—Weinberg expectation. Levels of genetic differentiation among samples
were of similar magnitude as have been reported earlier for neutral microsatellite loci between
northern North Sea and Baltic Sea herring populations. © 2008 The Authors
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INTRODUCTION

The major histocompatibility complex (MHC) genes are found in a complex of
tightly linked genes encoding class I and class II cell-surface proteins (Marsh
et al., 2000). In addition to the MHC genes proper, the complex also contains
class III genes, a number of which are involved in immune responses, e.g.
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368 R. J. M. STET ET AL.

complement factors and cytokines. The classical class I and class II proteins
present self and non-self peptides to T lymphocytes and thereby initiate adap-
tive immune responses. An important hallmark of the classical MHC genes is
that they encode highly polymorphic MHC class 1 and class II proteins.
Humans are by far the best-studied species with 1839 and 875 alleles for the
combined class 1 (HLA-A, -B, -C, -E, -F and -G) and combined class II A
and B genes (HLA-DR, -DQ, -DP, -DO and -DM), respectively (http://www.
ebi.ac.uk/imgt/hla/stats.html).

The first major histocompatibility (MH) genes identified in teleost fish were
those in the common carp Cyprinus carpio L. (Hashimoto et al., 1990). This
was soon followed by many reports on MH class I and class II genes in a variety
of fish species (Dixon et al., 1995). In several species, MH class I and class II B
genes have been studied in much detail, while class II A has received far less
attention (Dixon et al., 1996; Landry & Bernatchez, 2001; Miller et al., 2001;
Kruiswijk et al., 2005). This is probably because of the fact that in mammals
the class II A genes are less polymorphic than the class II B genes. The best
example is the HLA-DR locus in humans with 577 HLA-DRB alleles and only three
HLA-DRA alleles. MH class II A genes and cDNA sequences have been reported
in a number of fish species such as zebrafish Danio rerio (Hamilton) (Sultmann
et al., 1993), common carp (van Erp er al, 1996), cichlids (Murray et al.,
1999), striped bass Morone saxatilis (Walbaum) (Hardee et al., 1995) channel cat-
fish Ictalurus punctatus (Rafinesque) (Godwin et al., 2000), large African barbs
(Kruiswijk er al., 2004), stickleback Gasterosteus aculeatus aculeatus L. (Reusch
et al., 2004) and in rainbow trout Oncorhynchus mykiss (Walbaum) and Atlantic
salmon Salmo salar L. (Grimholt et al., 2000). In Atlantic salmon, the MH class
II A (Sasa-DAA) has been studied in great detail and was shown to be almost as
polymorphic as the MH class B (Sasa-DAB) gene (Stet et al., 2002; Consuegra
et al., 2005; Wynne et al., 2007).

Unlike all other jawed vertebrates that have the MHC genes located in a
single chromosomal region of 4 Mb, teleost fish have class 1 and class II
genes located on different chromosomes. This was reported first in zebrafish
(Bingulac-Popovic et al., 1997; Takami et al., 1997) and subsequently confirmed
in other species, e.g. Atlantic salmon (Grimholt et al., 2002). The unlinked
nature of the MH genes in teleost fish has led to the proposal to designate these
genes as MH genes (Stet et al., 2003). There are several hypotheses that attempt
to explain the unlinked nature of MH genes in teleost fish. Kasahara (1999)
suggested that this was because of genome duplications that resulted in the
identification of at least three paralogous regions in the genome of jawed ver-
tebrates. Inactivation of either class I genes or class II genes in one of the
paralogous region could lead to the unlinked nature of MH genes in teleost
fish. This has been substantiated by analyses of class I genes in cyprinid fishes
(Stet et al., 2003). The alternative explanation assumes that class Il genes have
been expelled from the primordial MHC by translocation (Kuroda et al., 2002).

Pathogen-mediated selection has been hypothesized to be the driving force
for maintaining MHC polymorphism within populations (Prugnolle et al.,
2005). However, few empirical studies underpin this notion (Sommer, 2005).
Empirical studies have been performed in Atlantic salmon in both farmed
(Grimholt et al., 2003; Kjoglum et al., 2006) and wild populations (De Eyto
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et al., 2007). The unlinked nature of the MH genes in teleost fishes has made it
possible to investigate the role of each class of MH genes in disease resistance
or susceptibility independently. Large-scale experiments using bacterial (Aeromonas
salmonicida) and viral (infectious salmon anaemia virus) challenges in farmed
Atlantic salmon have shown statistically significant correlations between disease
resistance and particular MH class 1 and class II alleles (Grimholt et al., 2003;
Kjoglum et al., 2006). De Eyto et al. (2007), however, performed a field experi-
ment and compared observed MH genotype frequencies of Atlantic salmon
surviving in a river 6 months after their introduction as eggs with frequencies
expected from parental crosses. Significant differences were observed for the
class II locus but not for the class I locus. Analysis of the data showed that
survival was associated with additive allelic effects at the MH class II A locus.
No differences were observed at the class I locus or at seven non-MH-linked
microsatellite loci. Collectively, the data from the Atlantic salmon studies sug-
gest that the MH class I and class II loci are under selection. In both studies,
MH class I and class II genotyping were facilitated by the presence of a minis-
atellite marker in the 3’ untranslated region (UTR) of the MH class IT A locus
and a microsatellite marker in the 3" UTR of the class I locus.

In the present study, the MH class II A locus was characterized in Atlantic
herring Clupea harengus L., a highly abundant and migratory pelagic marine
fish, and a microsatellite marker embedded in this locus was determined. Fur-
thermore, the differentiation was investigated in the microsatellite marker
among four field samples from the North Sea—Baltic Sea region.

MATERIALS AND METHODS

SAMPLE COLLECTION

Atlantic herring were collected on board research vessels and a commercial trawler.
Tissue samples from the liver, spleen, muscle and fins were dissected from fresh fish and
stored in RNAlater (Ambion, Austin, TX, U.S.A.) at 4° C for future use. Fish were
targeted in spawning condition (maturity stage six), and in total, 336 individuals were
obtained from their spawning grounds in the year 2002 at four geographically distinct
locations: Berwick (56°18" N 0°58" W), Karmey (59°14" N 05°10" E), Tjeme (59°35’
N 10°55" E) and Riigen (54°23" N 13°43’ E). These sample locations cover the North
Sea, Skagerrak and the low-salinity western Baltic Sea.

DNA AND RNA ISOLATION

Genomic DNA was isolated from the liver of selected individuals using the Wizard
Genomic DNA purification kit according to the manufacturer’s specification (Promega,
Madison, WI, U.S.A.). Genomic DNA from all the sample collection individuals was
prepared by the hotshot DNA isolation method (Truett er al, 2000) using fin clips
or muscle. Subsequently, the DNA was purified over S-400 spin columns (Amersham
Pharmacia Biotech, Little Chalfont, U.K.). RNA was isolated from liver and spleen
samples using the method described by Dixon et al. (1996). DNA and RNA concentra-
tions were determined with the GeneQuant system (Amersham Pharmacia Biotech).

cDNA LIBRARY CONSTRUCTION

A cDNA library was constructed with mRNA isolated from the liver of a single fish.
An mRNA was converted into cDNA using the SMART c¢cDNA library kit and ligated
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into the Triplex Lambda vector following the manufacturer’s specification (Clontech,
Mountain View, CA, U.S.A.). The primary library with a titre of 1-5 x 10° PFU
was amplified to 10° PFU ml . The library was stored at 4° C for further use.

RAPID AMPLIFICATION OF cDNA ENDS

Overlapping 5’ and 3’ cDNA ends of the Atlantic herring class IT A gene sequences
were obtained by rapid amplification of cDNA ends (RACE) using the GeneRacer kit
according to the manufacturer’s specifications (Invitrogen, Carlsbad, CA, U.S.A.). The
template RNA used was isolated from the same individual that was used to construct
the ¢cDNA library. The resulting cDNA fragments were cloned and sequenced as
described below.

POLYMERASE CHAIN REACTION AMPLIFICATIONS OF
MucCraa-DAA SEQUENCES

Herring sequences were obtained by anchored polymerase chain reaction (PCR)
using aliquots of cDNA library as template. Degenerate primers were designed based
on alignments of MHC class I and class II sequences or were available from other stud-
ies (Hashimoto et al., 1990) and combined with Triplex reverse and forward primers in
an anchored PCR (Table I). The reactions were performed in Taq buffer using 1 unit of
Taq polymerase (Eurogentec, Herstal, Belgium) supplemented with 1-5 mM MgCl,, 200
uM dNTPs and 0-:2 uM each of the forward and reverse primers under the following
PCR conditions: denaturation at 94° C for 4 min followed by 30 cycles consisting of
denaturation at 94° C for 30 s, annealing at 50-55° C (depending on the type of ampli-
fication) for 30 s, followed by polymerization at 72° C for 60 s and final single step
of polymerization at 72° C for 10 min. Templates consisted of genomic DNA, cDNA
or aliquots of the cDNA library. The PCRs were performed using the GeneAmp PCR
system 9700 (Applied Biosystems, Foster City, CA, U.S.A.).

TaBLE I. Polymerase chain reaction (PCR) primers

Primers Sequence 5'-3’

1. TLAR AGR CTK GKR TGC TCC ACI TGR CA

2. Triplex5 CTC GGG AAG CGC GCC ATT GTG TTG GT
3. Triplex3 ATA CGA CTC ACT ATA GGG CGA ATT GGC C
4. Clha-DA267F GAA GTT AGC AGC AGT CAG CTC CGC

5. Clha-DA307R CCT CTC CTG AGG GGT GAA CTT CAG

6. Clha-DALP1 CTT ACT GGG ATT ATC TGC ACA GAG

7. Clha-DA-3uR CAG AGG GTT TAT TGT GAA GTT TCA

8. Clha-DAalFI CAG ATG TGG ATA TTG CTC TG

9. Clha-DAalR1 CTG CTT CTG CTG GAC TTT TGT A

10. Clha-DAalR2 ATC TGA GTC TGT GCA CCC GAC CAG

11. Clha-DAalF2 AGG TGA AGG TGG GCA CTG TCA ACA CG
12. Clha-DAa2F TGC ACT GTG GAG CAC CAG GCA CTG

13. Clha-DAa2R7 GAT GTA GCA GAT GAG CGT GTT GA

14. ClhaDA-TmR AGC CAC TCC CAG CAG TCC CAG AGT

15. Clha-DAinR1 GCA CAA GAC TGG GCT CTG AC

16. Clha-DAinF10 GTA CTG GTA GGT TTG TCT ATA A
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CLONING AND SEQUENCING

Single PCR fragments were cloned directly into pGEMT-easy according to the man-
ufacturer’s instructions (Promega). Alternatively, when multiple fragment sizes were
obtained, bands of the expected sizes were excised from the agarose gel and DNA
was isolated using the Qiagen Quick Gel Extraction kit (Qiagen, Valencia, CA,
U.S.A.). Fragments obtained were ligated into pGEMT-easy and transformed into com-
petent JM109 bacteria using standard protocols. Plasmid DNA was isolated from single
colonies grown overnight using the QIAprep Spin Miniprep kit (Qiagen). Sequences
were determined for both the DNA strands with the BigDye Terminator Cycle Sequenc-
ing kit (Applied Biosystems) on an ABI 377 automated sequencer. Ten individual clones
were sequenced for each amplicon. Sequences were further analysed with Sequencher
software (Gene Codes, Ann Arbor, MI, U.S.A.). Identity to database sequences was as-
sessed by basic local alignment search tool (BLAST); National Center for Biotechnology
Information, MD, U.S.A. and sequences were aligned using CLUSTAL X. A neigh-
bour-joining tree was constructed using MEGA 2.1 and confidence in individual nodes
was assessed by 1000 bootstrap replications (Kumar et al., 2001).

Crua-DAA-INTR3 EMBEDDED MICROSATELLITE MARKER

Primers were designed based on the available Clha-DAA cDNA sequence with each
primer pair spanning a putative intron. Resulting single PCR fragments were cloned
and sequenced. Individual bands obtained from intron 3 amplifications from multiple
individuals were excised from agarose gels and subjected to cloning and sequence anal-
yses. Multiple alignments of the intron 3 sequences were constructed and used to design
primers that only amplify a single intron 3 sequence containing the informative micro-
satellite repeat sequence.

The optimized primers (forward primer Clha-DAinF10 and reverse primer Clha-
DAinRI1; Table I) were used to genotype the four populations. PCR amplifications were
performed using hotshot isolated DNA that was purified over Sephacryl-400 spin col-
umns using the standard cycling conditions as described above with the annealing tem-
perature set at 50° C. PCR products were analysed with an ABI 377 automated
sequencer (GMI, Ramsey, MN, U.S.A.) and fragment sizes were assessed by Genotyper
software (Applied Biosystems).

POPULATION GENETIC ANALYSIS

Amounts of genetic variation within herring samples were estimated as expected and
observed heterozygosity. Departure from Hardy—Weinberg expectation (HWE) was exam-
ined with exact tests using the software GENEPOP 3.4. (Rousset & Raymond, 1995).
Population differentiation, Fsr, was estimated per sample pair and overall using the unbi-
ased estimator 6 (Weir & Cockerham, 1984). Statistical significance of Fgr was examined
using a permutation test (10 000 randomizations) implemented in FSTAT (Goudet, 2001).
The presence of null alleles and scoring errors because of stuttering and large allele drop-out
was assessed by MICRO-CHECKER (Van Oosterhout er al., 2004).

RESULTS

CHARACTERIZATION OF MHC CLASS II ALPHA GENE

A highly degenerate primer designed around the conserved second cysteine in
the MHC class I alpha-3 and MHC class II beta-2 domains of genes of human,
mouse and chicken (Hashimoto ef al, 1990) was combined with a Triplex5
primer in an anchored PCR with the herring cDNA library as template (Table
I: primers 1 and 2). Bands of the expected size (c. 600 bp) were excised from
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agarose gel, cloned and sequenced. One of the clones had a high score with
teleost MH class II A sequences when analysed using BLAST. The sequence en-
coded the 5’ end of a herring class II A cDNA and was used to design specific
primers (Table I: primers 4 and 5), allowing the amplification of overlapping 5'-
and 3’-ends encoding the complete cDNA sequence using 5" and 3' RACE. Sub-
sequently, primers were designed in the leader peptide and 3’ UTR (Table I:
primers 6 and 7) to obtain the full-length cDNA sequence. A single sequence
was obtained encoding the complete MHC class II A chain and was designated
Clha-DAA*0101, according to standard nomenclature (Ellis et al., 2006). The
Clha-DAA*0101 cDNA sequence has been deposited in the EMBL database
and assigned the accession number AM492999. The cDNA sequence encodes
the 5" UTR, leader peptide, alpha-1 and alpha-2 domains, connecting peptide,

5’ UT
-60
acatggactgaaggagtagaaaattcaacactgagaccccttcggttcctgcatccaaag

Leader Peptide

ATG ACT TTA ACA TGG ATT TTA CTG CTC CTT ACT GGG ATT ATC TGC ACA GAG ACT 54
M T L T W I L L L L T G I I C T E T 18

Alpha-1 domain

AAG ATT GTA CAT GTG GAT ATT GCT CTG GTC GGG TGC ACA GAC TCA GAT GGA GAG AAG ATG TTT 117
K I \Y% H v D I A L v G c T D S D G E K M F 39

GGA CTG GAT GGG GAA GAG AAG GGC CAC GCA GAC TTC ACC AAG GGC AAA TTC ATT ATG ACA CTG 180
G L D G E E K G H A D F T K G K F I M T L 60

CCT GAG TTT GCT GAT CCG TTT AAA TAT GAG GAA GGC GCA TAT GAG GGT GCA GTT CGT GAC AAG 243
P E F A D P F K Y E E G A Y E G A \Y% R D K 81

GAG GTC TGC AAA CAG AAC TTG CAA GTA GCC ATA CAA GCA TAC AAA AGT CCA GCA GAA GCA GAG 306
E \% c K Q N L Q \% A I Q A Y K S P A E A E 102

Alpha-2 domain

GCC CCC CCC ATG AGC TCC ATC TAC CCC AGA CAT GAG GTG AAG GTG GGC ACT GTC AAC ACG CTC 369
A P P M S S I Y P R H E v K v G T v N T L 123

ATC TGC TAC ATC GCT GGG TTC TAC CCT CCC CGG CTC ACC GTG AGG TGG ACC AGG AAC AAC AAG 432
I (o} Y I A G F Y P P R L T v R U T R N N K 144

AAC GTG ACC CAG GGA GTG AGC AGC AGT CAG TTG CGC TTG AAT GTT AAT GAC CTC TCC TTC AAC 495
Vv Tl o ¢ v s s s @ L R L N V N D L S F N 165

CAG TTC TTC ACC CTG AAT TTC ACC CCT CAG GAG GGG GAC ATG TAC ACC TGC ACT GTG GAG CAC 558
@ F F T L[N F T] P Q E G D M Y T € T V E H 176

CAG GCA CTG GAG GGG CCC ATG ACA AGA GAG TTT GAT 594
Q A L E G P M T R E F D 198
< Connecting peptide >< Transmembrane region

GTT GAG GTG TCA GAG CCC AGT CTT GGT CCC TCA GTG TTC TGT GGA GTG GGT CTG ACT CTG GGA 657
v E v S E P S L G P S v F C G v G L T L G 219

>< Cytoplasmic region >

CTG CTG GGA GTG GCT ACT GGA ACA TTC TTC CTC GTC AAG GGA AAC CAG TGC AAC TGA 714
L L G v A T G T F F L v K G N Q C N * 237
3’ UT

cattctctgtctctctgectcagectttatgttgaaagtttaatggaaga

atgaaacttcacaataaaccctctgtaaatc(a), 795

FiG. 1. Complete cDNA sequence of the Atlantic herring major histocompatibility class II A gene (Clha-
AA*0101). Conserved cysteines in the alpha-1 and alpha-2 domains are highlighted in bold. Potential
N-linked glycosylation sites are boxed and the polyadenylation site is underlined.
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Leader peptide Alpha-1 domain

1 19 102
Clha-DAA MTLTWILLLLTGIICT ETKIVHVDIALVGCTDSDGEKMFGLDGEEKGHADFTKGKFIMTLPEFADPFKYEEGAYEGAVRDKEVCKQNLQVAIQAYKSPAEAE
Sasa-DAA -KTSV-V-I-CWQVYA -H-VL-I-LVIT--S-===-LD=Y=-=====MWY-==-N-QEGVVA-=P====- TFP*=-F--Q--GNQG-~--G--AKC-K. N-E-KI
Onmy-DAA -KTSM-V-I-CCQVYA -D-VL-T--YIS--S-=-=VD-Y-===e-LWY---N-KEGVVA--P---QISFP*-F--Q--G-L-IL-G--AKC-K N-P-TI
Cyca-DXA MYGV--M-AL-VS- -S5QV--R-SEF---S-TEE-FL--F----LF-S—-IRKEAVA-A-D----LSFP*-F--LG-ANI-——————, ALY-K-N---D-QL

Alpha-2 domain
198
Clha-DAA APPMSSIYPRHEVKVGTVNTLICYIAGFYPPRLTVRWTRNNKNVTQGVSSSQLRLNVNDLSFNQFFTLNFTPQEGDMYTCTVEHQALEG*PMTREFD

Sasa-DAA D--H DD-DL-VE HVS--F-APVR Q-L-E--RL-TPYP-A*-FTL S-P I KG-AE*-L--IWE
Onmy-DAA D--H-————-! DD-ELEVK-———- HVS--F--PVR-——————f Q-—-E-GRI-TPYP-T*-VT E I KG-TE*-L--IWE
Cyca-DXA ---DA-V-SKDD-VL-VQ---—--LVT-LF--AVN-S--K--QI--ED--L--Y-RKN*-GT--I-SS-K---A---I-S---Y-K---SRFI-KTW-

Connecting peptide/transmembrane/cytoplasmic
209

Clha-DAA VEVSEPSLGP SVFCGVGLTLGLLGVATGTFFLV KGNQCN

Sasa-DAA P--IQ--V-- D-———mmmmmmmmmm y N— I —mmomm
Onmy-DAA P———Q--VA- A-——————mm e I -
Cyca-DXA -D-AV-GV-- A-—————=§-——ooo-BAomoool ———N—o

FiG. 2. Multiple alignment of Atlantic herring major histocompatibility class II A protein (Clha-DAA,
accession number AM492999) with Atlantic salmon (Sasa-DAA, accession number L77086), rainbow
trout (Onmy-DAA, accession number AJ251432) and common carp (Cyca-DXA, accession number
X95432) class II A proteins. Potential N-linked glycosylation sites are underlined.

transmembrane and cytoplasmic regions (Fig. 1). The 5 UTR is 60 bp in
length, and the 3" UTR is very short with only 85 bp but contains the canon-
ical polyadenylation site and poly-A tail. The 3" UTR of Clha-DAA*0101 does
not contain any minisatellite or microsatellite repeat sequences.

The deduced protein sequence [237 amino acids (aa)] contains all known fea-
tures of a teleost MHC class II alpha chain (Fig. 2). The alpha-1 domain has
the characteristic additional cysteines, at positions 30 and 84, not found in
other vertebrate species (Stet er al., 1996). The alpha-2 domain contains two
putative N-linked glycosylation sites at positions 145-147 and 171-173. The
remainder of the alpha chain consists of the connecting peptide, transmem-
brane region and cytoplasmic region. The transmembrane and cytoplasmic re-
gions are highly conserved and almost identical to those of carp, rainbow trout
and Atlantic salmon (Fig. 2). The percentage identity and similarity between
the herring class I A aa sequence and those of other teleost species ranges from
39 to 51% identity and 58 to 68% similarity, with the highest scores with
Atlantic salmon Sasa-DAA.

GENOMIC ORGANIZATION

To investigate the presence of embedded repeat sequences, i.e. polymorphic
microsatellite or minisatellite, the intron sequences were amplified using primers
based on the available cDNA sequence (Table I: primers 6, 8-14). The organi-
zation of the class IT A genes in teleost fish is highly conserved and based on
the high identity and similarity of the Clha-DAA sequence with that of Atlantic
salmon (Sasa-DAA) the authors were able to predict accurately the position of
these introns (Dixon et al., 1995; Stet et al., 2002). Genomic DNA of the same
individual used to construct the cDNA library was used as template in PCR
amplification with primers spanning each putative intron. The PCRs resulted
in a single sequence when amplifying intron 1 and intron 2 but revealed multiple
sequences for intron 3 (data not shown). Sequence analyses of the fragment-
spanning intron 1 showed that exon 1 encodes the leader peptide and 3 aa of
the alpha-1 domain (Fig. 3). Intron 1 is 516 bp long and does not contain
any repeat sequences. Similar analysis of the fragment-spanning intron 2 showed
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Clha-DAA*0101

Exon 1 Intron 1 Exon 2 Intron 2 Exon 3 Intron 3 Exon 4
3'UTR

516 bp 669 bp == | CP
LP alpha-1 domain alpha-2 domain —|£'I;G_)n_ ™
CYT

Fic. 3. Genomic organization of the Atlantic herring major histocompatibility class A gene Clha-
DAA*0101 determined by sequence analysis of sequential polymerase chain reaction (PCR) products
derived from multiple clones. Exons encoding leader peptide (LP) and four amino acids of the alpha-
1 domain, remainder of the alpha-1 domain, alpha-2 domain, connecting peptide (CP), trans-
membrane (TM), cytoplasmic (CYT) region and 3" untranslated region (3 UTR).

that this intron is 669 bp long and also has no repeat sequences. Intron 3 anal-
yses were more complicated as four fragments were obtained after amplification
using primers located in the exons encoding the alpha-2 domain and connecting
peptide (Table I: primers 12 and 15). Single PCR fragments were excised from
the agarose gel and cloned and sequenced. Sequence analyses revealed four
unique intron 3 sequences, which all contained a dinucleotide repeat (TG),
sequence (data not shown). The introns differed in sequence, presence of indels
and length of the repeat. This potentially interesting intron 3 was chosen for fur-
ther investigations because of the presence of the (TG), repeat.

VALIDATION OF THE MICROSATELLITE REPEATS IN
INTRON 3 OF Ciua-DAA

Genomic DNA from eight randomly chosen individuals from the Karmeoy
and Berwick samples was used to analyse intron 3 sequences in more detail. Pri-
mers were designed in conserved regions of the intron 3 and connecting peptide,
and Clha-DAA intron 3 was amplified from different individuals. The PCR am-
plifications resulted in multiple bands per individual. In total, 25 bands were
excised from agarose gel and cloned and sequenced. The sequence analyses re-
vealed the presence of four different intron sequences. Multiple alignments of all
the available intron 3 sequences allowed to design specific forward primers that
would amplify intron 3 sequences containing one or two alleles of the (TG), mi-
crosatellite marker embedded in the Clha-DAA locus. The reverse primer was the
same in each combination and was designed in the region encoding the connect-
ing peptide (Table I: primer 15). Each primer set was tested on multiple individ-
uals from the different geographical regions. Only the primer combination Clha-
DAIinF10 and Clha-DAinR1 (Table I: primers 15 and 16) consistently amplified
a fragment around 100 bp from all individuals tested as visualized on agarose
gels. The optimal annealing temperature was 50° C, and the genomic DNA tem-
plate isolated by the hotshot method was purified over a Sephacryl S-400 spin
column for consistent results. This new microsatellite marker has been desig-
nated Clha-DAA-INTR3 to reflect the fact that the marker is located in intron
3 of the Atlantic herring C. harengus MH class 11 A gene (Clha-DAA).

MICROSATELLITE ANALYSES

Clha-DAA-INTR3 microsatellite genotypes of 336 Atlantic herring from four
different locations (Berwick, Karmey, Tjeme and Riigen) were determined.
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TasLE II. Genetic variation within samples of herring

Sample n A A, H, H, P

Berwick 89 11 10-4 0725 0-809 0-073
Karmey 81 12 11-3 0-764 0-741 0-239
Tjeme 98 14 129 0-780 0-714 0-184
Riigen 68 11 11-0 0775 0-794 0-473

A, number of alleles; A,, allelic richness; H., expected heterozygosity; H,, observed heterozygosity;
n, number of individuals; P, probability of departure from Hardy—Weinberg expectations.

The number of alleles varied from 11 to 14 among samples (Table II); there
were in total 16 alleles ranging in size from 109 to 139 bp and forming a perfect
2 bp ladder (Table III). Allelic richness was similar in the four samples (Table
II). Allele frequencies in all samples agreed with HWEs (Table I1), and there
were no indications of scoring errors or null alleles. There was an overall
genetic heterogeneity among samples (Fsy = 0:0060; P = 0:020), and the
pair-wise Fst values indicate that Baltic herring from Riigen may be genetically
distinct from North Sea herring (Table IV).

Craa-DAA SEQUENCES

The analyses of intron 3 sequences suggested that there could be more than
one MHC class II A locus in Atlantic herring. To further analyse the class II A
locus, primers were designed at the beginning and end of exon 2, encoding the
alpha-1 domain (Table I: primers 8 and 9). The region on which the primers
were designed does not contain polymorphic peptide-binding residues (PBRs)
and allows amplification of all class II A sequences (Stet et al., 2002). The
PCR resulted in a single band of the expected size, which was cloned and

TasLe III. Clha-DAA-INTR3 allele frequencies per sample

Allele (bp) Berwick Karmey Tjome Riigen
109 0-62

111 0-74
113 1-12 0-62 1-02 0-74
115 23-60 17-90 28-57 30-15
117 7-87 14-20 8:66 11:76
119 112 2-47 3-57

121 44-38 41-36 34-69 33-09
123 13-48 11-11 8:67 662
125 3-37 4-94 7-14 9-:56
127 1-12 432 2:04 5-15
129 1-23 1-53 0-74
131 2-81 2:04 0-74
133 0-62 1-02

135 0-56 0-62

137 0-56 0-51

139 0-51 0-74
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10 76
DAA*0101 VGCTDSDGEK MFGLDGEEKG HADFTKGKFI MTLPEFADPF KYEEGAYEGA VRDKEVCKQN LQVAIQA
DAA*0102 ———————mmm ——mmmme e ) R-MV ———————— Q- ———o S
DAA*0201 T———————o D -Ho-——mm MA ———-F-R-YV ——————=—Q- —-V—-=T——Q- -AGQQI--—— —- TI-——
DAA*0301 Q--—————m Y LY-mmmmm MA ———mmmme e V —mmmm— e QL T-P--E--Q- -GQEQL---- -—-N-K-
DBA*0101 T——-————v D -Y-mmm——m IA -T---——-L- G---K-*-QS§ -F-—-T--P- -VMQQG---D ---D-ES
DBA*0102 T———-—o E-D -Y——om—n IA -T—mm—m- LV G---K-*-QS NF---T--Q- -VMQQG---D ---D-ES
DBA*0201 S——-————v D -Y-mm—mm MA ———mm e L- GK--K-*-QS -FAKAT-KQ- ATMQQG---D ---D-ES
DBA*0202 S———————m D -Y-mm—mm MA Yo——m—mo L- GK--K-*-QS -FAKDT-KQ- ATMQQG---D ---D-ES

Fic. 4. Multiple alignment of partial Atlantic herring major histocompatibility class II A exon 2 translated
sequences (accession numbers AM492999-AM4933006). Numbering is based on the mature Clha-
DAA*0101 protein.

sequenced. Eight MHC class II A sequences were obtained from four individuals
with one sequence, Clha-DAA*0201, shared between all individuals, and one or
two additional unique sequences (Fig. 4). The exon 2 sequences have been
deposited in the EMBL database and were assigned the accession numbers
AM493000-AM493006. Clha-DAA*0101 was the sequence obtained from the
cDNA library. Phylogenetic analyses of the sequences revealed the presence
of at least two loci, designated Clha-DAA and Clha-DBA (Fig. 5). The Clha-
DBA locus, apart from being divergent from the Clha-DAA locus, is character-
ized by the presence of a single aa deletion in the alpha-1 domain (Fig. 4). The
sequences Clha-DAA*0201 and *0301 cluster with the Clha-DAA*0101 and
*0102 sequences, but their position is not supported by a high bootstrap value.
It is unclear whether these sequences belong to separate loci.

DISCUSSION

In teleost fish, the characterization and polymorphism of the MH class II A
genes have received far less attention than those of the class II B genes. How-
ever, studies in Atlantic salmon S. salar have shown that the class I A genes
are almost as polymorphic as the class II B genes (Stet et al., 2002; Consuegra
et al., 2005; Wynne et al., 2007). In the present study, a class II A ¢cDNA

9] DAAO0101
57 L paaoI2
DAA0201
DAA0301
s6 [ DBAO10I
DBA0102
100
— DBA0201
100 L ppa0202
—_
005

Fi1G. 5. Phylogenetic analysis of Atlantic herring major histocompatibility class IT A sequences. Analysis
was performed using the neighbour-joining method based on partial amino acid sequences of exon 2.
Topology was evaluated by 1000 bootstrap replications. Accession numbers of the sequences
included are depicted in Fig. 4.
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TaBLE IV. Pair-wise comparison of genetic differentiation

Fst/P Berwick Karmey Tjome Riigen
Berwick 0-059 0-164 0-004
Karmey 0-002 0-120 0-061

Tjome 0-006 0-008 0-331

Riigen 0-014 0-011 —0-003

Fst below and P above diagonal. Statistically significant differentiation after correction for multiple
tests is given in bold.

sequence were isolated from Atlantic herring using an approach similar to that
of Hashimoto er al. (1990). A degenerate reverse primer located in the sequence
encoding the class II alpha-2-beta-2 domains were combined with lambda pri-
mers in an anchored PCR. After initial 5’ and 3’ amplifications, the complete
class II A sequence was obtained by combining forward and reverse primers in
the 5" and 3’ UTRs. The sequence was designated Clha-DAA*0101 according to
standard nomenclature (Ellis et al., 2006). The complete cDNA encoding the
class I A protein has all the features of a teleost class II A, including additional
cysteines in the alpha-1 domain and glycosylation sites in both the alpha-1 and
the alpha-2 domains as described previously for teleost class II A proteins
(Dixon et al., 1995; van Erp et al., 1996; Grimholt et al., 2000). Comparison
of the herring Clha-DAA protein with those of other teleost species revealed
highly conserved transmembrane and cytoplasmic regions. Although in the
present study, the degenerate reverse primer designed on the coding region sur-
rounding the second cysteine in the alpha-2 domain was successfully used, the
highly conserved transmembrane and cytoplasmic regions could be used to
design additional degenerate primers for isolating MH class II A sequences
in other teleost species.

The availability of the complete Clha-DAA cDNA sequence facilitated the
establishment of genomic organization of the Clha-DAA gene. The Clha-DAA
gene organization is very similar to those in Atlantic salmon, zebrafish D. rerio
and channel catfish I. punctatus and is characterized by short introns 1, 2 and 3
(Sultmann et al., 1993; Godwin et al., 2000; Stet et al., 2002). Neither Clha-DAA
introns 1 and 2 nor the 3’ UTR contain a microsatellite or minisatellite, while
intron 3 has a (TG), repeat similar to intron 3 of Atlantic salmon and channel
catfish. Intron 3 was further investigated by amplifying the intron from several
individuals. This revealed the presence of two to four fragment sizes per indi-
vidual and suggested that there are more class II A loci present in herring and
that the loci probably show haplotype variation, i.e. different gene number per
locus. The presence of multiple class II A loci and haplotype variation is
consistent with the situation observed in carp (van Erp et al, 1996), cichlids
(Murray et al., 2000) and zebrafish (Sultmann et al., 1993). In contrast, salmo-
nids seem to possess only a single major expressed class II A locus (Grimholt
et al., 2000; Stet et al., 2002). The presence of multiple loci prompted the au-
thors to amplify exon 2 sequences from a number of individuals. Phylogenetic
analysis of the sequences obtained revealed the presence of at least two loci
designated Clha-DAA and Clha-DBA. The assignment of the latter locus was
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based both on phylogenetic analysis and on the fact that the Clha-DBA alpha-1
domain is 1 aa shorter compared with the Clha-DAA alpha-1 domain. The
sequence Clha-DAA*0201 was present in all individuals analysed and could,
based on the phylogenetic analysis, represent a separate locus.

The presence of such a single monomorphic class II A locus is novel to tel-
eost fish but is frequently observed in mammalian species. Selection, whether it
be through overdominance or negative frequency dependent, acts to maintain
and promotes polymorphism at the MHC. The fixation of Clha-DAA*0201 at
a monomorphic locus may reflect a recent and strong frequency-dependent
selection event. The Clha-DAA*0201 allele may have conferred increased resis-
tance to a specific and common pathogen, which led to its fixation across mul-
tiple populations. Future research examining the variation at the MH class II B
locus could provide valuable insight into this hypothesis.

At present, there are not sufficient numbers of allelic sequences representing
a single locus to perform an analysis of peripheral benxodiazepine receptors
(PBR) as has been reported for Atlantic salmon (Consuegra et al., 2005). In
Atlantic salmon, 17 allelic Sasa-DAA sequences were analysed, and it was
shown that 10-14 PBRs were under positive selection. Comparison of the
Clha-DAA and Clha-DBA allelic sequences separately revealed only 2—6 poly-
morphic sites that could potentially be under positive selection. This compari-
son is, however, hampered by the small number of sequences available for
analyses.

The detailed analysis of intron 3 sequences allowed to design forward primers
specific for each of the four intron 3 sequences. The 5’ end of the four intron
sequences after the TG repeat were identical, and to be able to amplify a frag-
ment of around 100 bp, the reverse primer was designed in exon 4, which is
identical in all potential class II A loci. The primer pair Clha-DAinF10 and
Clha-DAinR1 consistently amplified a fragment of the predicted size and was
shown, by genotyping a number of individuals, to amplify one or two alleles
of the microsatellite marker designated Clha-DAA-INTR3. Genotyping MH loci
using embedded microsatellite or minisatellite have been successfully used in
Norwegian and Irish Atlantic salmon (Grimholt et al., 2002; Stet et al., 2002;
Grimbholt et al., 2003; De Eyto et al., 2007). In these fish, a one-to-one relation-
ship was observed between the minisatellite marker and MH class II A—class II B
haplotype. However, this was not the case for the MH class I embedded
minisatellite marker where a single microsatellite allele could be found in several
MH class I alleles. In subsequent studies of domesticated Australian populations
of Atlantic salmon, the observed one-to-one relationship between microsatellite
marker and MH polymorphism also seems to break down with two Sasa-
DAA-3UTR alleles each linked to two allelic MH class I Sasa-DAA sequences
(Wynne et al., 2007). Irrespective of this, the microsatellite marker embedded
in the MH class II A genes seems to be a good proxy for actual MH class 11
polymorphism and can facilitate the MH typing of large number of individuals.

In total, 16 Clha-DAA-INTR3 alleles were detected in the four herring sam-
ples, and together they formed a perfect 2 bp allele ladder ranging from 109
to 139 bp. This underpins the fact that the primers used amplify a microsatellite
marker from a single Clha-DAA locus. In addition, no departure from HWEs
was observed in the four populations. The allelic richness in each sample
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was extremely similar and ranged from 10 to 12-9. These values are higher
than the number of Sasa-DAA-3UTR alleles observed in wild Canadian and
domesticated Australian Atlantic salmon for which values ranged from 6-8
to 8:0 (Wynne et al., 2007). Currently, no data on MH-embedded microsatel-
lite markers are available from other abundant pelagic fish species that allows
a comparison of the allelic richness of MH-embedded microsatellite markers
among different species. However, it is possible to compare the MH-embed-
ded microsatellite marker Clha-DAA-INTR3 with other putatively neutral mi-
crosatellite markers. Pair-wise Fgr estimates for the Clha-DAA-INTR3
marker range from —0-003 to 0-014. These values are similar or somewhat
lower than pair-wise Fgt values between North Sea and Western Baltic sam-
ples of herring using neutral microsatellite markers (Bekkevold et al., 2005;
Ruzzante et al., 2006). A more detailed comparison between the performance
of the Clha-DAA-INTR3 with neutral microsatellites and the allozymes to
detect genetic differentiation among populations of Atlantic herring is under
preparation (unpubl. data). In conclusion, the MHC class II Clha-DAA ¢cDNA
sequence and genomic organization have been isolated and characterized
and a microsatellite marker (Clha-DAA-INTR3) embedded in intron 3 of this
locus validated. The Clha-DAA-INTR3 microsatellite marker is polymorphic
with 16 alleles detected in the populations studied. The microsatellite shows
no deviation from HWEs and is able to detect genetic differentiation among
populations.
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