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a b s t r a c t

The major histocompatibility complex (MHC) is a critical component of the adaptive immune response in
vertebrates. Due to the role that MHC plays in immunity, absence of variation within these genes may
cause species to be vulnerable to emerging diseases. The freshwater fish family Cyprinidae comprises the
most diverse and species-rich group of freshwater fish in the world, but some are imperiled. Despite
considerable species richness and the long evolutionary history of the family, there are very few reports
of MHC sequences (apart from a few model species), and no sequences are reported from endemic North
American cyprinids (subfamily Leuciscinae). Here we isolate and characterize the MH Class II beta genes
from complementary DNA and genomic DNA of the non-model, endangered Rio Grande silvery minnow
(Hybognathus amarus), a North American cyprinid. Phylogenetic reconstruction revealed two groups of
divergent MH alleles that are paralogous to previously described loci found in deeply divergent cyprinid
taxa including common carp, zebrafish, African large barb and bream. Both groups of alleles were under
the influence of diversifying selection yet not all individuals had alleles belonging to both allelic groups.
We concluded that the general organization and pattern of variation of MH class II genes in Rio Grande
silvery minnow is similar to that identified in other cyprinid fishes studied to date, despite distant
evolutionary relationships and evidence of a severe genetic bottleneck.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Themajor histocompatibility complex (MHC) is a cluster of genes
that are a central component of the adaptive immune system in
vertebrates [1]. MHC genes encode receptor molecules that recog-
nize and bind self or foreign peptides that are presented to immune
cells, thereby initiating an immune response. Two MHC subgroups
are involved in immunity i) Class I molecules that are expressed on
the surface of nucleated cells and that are primarily responsible for
presenting antigenic peptides derived from endogenously synthe-
sized protein such as those of viral origin, and ii) Class II molecules
which occur on antigen presenting cells and are involved in pre-
senting epitopes derived from extra-cellular antigens that are
phagocytosed or endocytosed. MHC genes are among the most
polymorphic in the genome. MHC Class II receptors are hetero-
dimers consisting of two transmembrane proteins; an a and b chain,
which are encoded by separate genes. Specific amino acids anchor
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the antigenic peptides (peptide binding residues [PBR]) which are
found in exon two of MHC Class IIa and MHC Class IIb chains.
Nucleotide sequence variationwithin the PBRs is directly related to
the individual’s ability to mount an immune response to specific
suites of pathogens (e.g. [2,3]).

MHC has been characterized in bony fish (Teleostei) that include
various trouts and salmon, pufferfish, carp, zebrafish, sticklebacks
and cichlids. One of the most important distinctions between
MHC of bony fish and other vertebrates is that Class I and Class II
genes are found on separate chromosomes in bony fish [4,5] and
hence are referred to as major histocompatibility genes (MH) [6].
There are variable numbers of MH Class IIb loci in fish ranging from
one in salmonids [7] to as many as 13 in cichlids (e.g. [8]). MH Class
IIb genes have been characterized in only a handful of Eurasian and
African cyprinid species including common carp (Cyprinus carpio)
[9,10], barbels (Barbus intermedius complex) [11e13] and zebrafish
(Danio rerio) [14e16]. These species represent the sub-families
Cyprininae (carp and barbels) and the Rasborinae (zebrafish). More
recently partial cDNA sequences have been obtained from addi-
tional cyprinids including several representatives of the sub-fami-
lies Cyprininae, Gobioninae, Tincinae and Leuciscinae [17].
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Table 1
H. amarus MH Class IIb primer sequences and annealing temperatures and
magnesium concentrations for polymerase chain reactions. (Numbers 1e15 corre-
spond to numbering on Fig. 1.)

Primer name Sequences 50e30 Annealing
temperature,
magnesium
concentration

1. Hyam-Cy-F CAT ACT GAT GCT GTC TGC TTT 48 �C, 3 mM
2. Hyam-Ex2-F CAA ATG GAT ATT TCT ATT CTC 56 �C, 3 mM
3. Hyam-Ex2-3A-F CTG ATG GAT ATT ATG AAT 50 �C, 3 mM
4. Hyam-Ex2-L4F GCT GAT GGA TAT TAT CTA GAC ATA A 60 �C, 3 mM
5. Hyam-Ex2-R AGA ATC TTA TCC TGC TTA CCT 54 �C, 3 mM
6. Hyam-3A-R GAG TGT AAC CTC CGG TTT TAC 48 �C, 3 mM
7. Hyam-Ex3-L1-F ACC GCT TCT ACC CAC ACC A 58 �C, 2 mM
8. Hyam-Ex3-L1-R TGG TGT GGG TAG AAG CGG T 56 �C, 3 mM
9. Hyam-Ex3-L2-F ACG ACT TCT ACC CAA CGA G 58 �C, 3 mM
10. Hyam-Ex3-L2-R CTC TTT GGG TAG AAG TCG 53 �C, 3 mM
11. Hyam-Ex3-L3-F TGA ATT TTA TCC TCC ACA CA 56 �C, 2 mM
12. Hyam-Ex3-L4-F TGA CTT CTA CCC TGA AAG A 56 �C, 3 mM
13. Hyam-Ex3-L4-R TCT TTC AGG GTA GAA GTC A 60 �C, 3 mM
14. Hyam-Ex3-R

(cyR)
AGG AGA TCT TCT CTC CAG ATT T 48 �C, 3 mM

15. Hyam-Ex4-R ATG GCG ATT TTA TTC CTC TC
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Fig. 1. Schematic representation of MH Class IIb and approximate location of PCR
primers. Numbers correspond to numbering in Table 1.
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Cyprinidae is the world’s largest, most widespread and diverse
family of primary freshwater fishes with over 2000 species repre-
senting 340 genera [18]. The evolutionary history of the Cyprinidae
is longwith the oldest known fossils from the Asian-Oriental region
dating to the Eocene [19]. Cyprinid fossils from Europe and North
America are younger, first appearing in the mid-Oligocene [19].
Despite the diversity and long evolutionary history of the family,
MH data is available for surprisingly few of them. The most obvious
omission is data from any of the 270 endemic North American
cyprinids that have a distinct evolutionary history of at least 31
million years [19]. The majority of North American cyprinids are
members of the subfamily Leuciscinae (true minnows, shiners and
dace). Previous studies of the MH genes of cyprinids have provided
crucial insight into the organization of the MH regions. Four main
groups of divergent alleles (DAB1, DAB2 and DAB3, DAB4) have
been identified. Van Erp et al. [10] presented data that showed that
MH Class IIb genes consisted of two independently segregating,
linked pairs of loci.

The aim of the present study was to characterize MH genes of
the non-model, North American cyprinid Rio Grande silvery
minnow, Hybognathus amarus. The Rio Grande silvery minnow is
listed as endangered under the Endangered Species Act [20]. Listing
of the species was predicated on its extirpation from themajority of
its former range and its decline elsewhere due to degradation and
modification of its habitat. H. amarus is currently distributed in
a 270 km stretch of the Rio Grande, New Mexico. MH data will
improve our knowledge of the evolution of immune genes in
teleost fish. Characterization of the MH genes in Rio Grande silvery
minnow is also a necessary precursor to examination of the inter-
action between these genes and parasitism in the Rio Grande and
will facilitate such studies in other imperiled North American
minnows.

2. Material and methods

2.1. Sample collection, RNA and DNA isolation and cDNA synthesis

H. amarus samples were collected from the middle Rio Grande,
NewMexico.H. amaruswere euthanizedwith anoverdose ofMS-222
(Tricaine methane sulfonate). Gill tissue was collected from nine
individuals and preserved in RNAlater and stored at �80 �C. RNA
isolations were conducted using Trizol Reagent (Invitrogen). Gill
tissueswereplaced in1.7mlmicrocentrifuge tubeswith1mlof Trizol
and pulverized using a plastic pestle. Isolations were completed
according to the manufacturer’s instructions. cDNAwas synthesized
from RNA using Sensiscript� Reverse Transcription kits following the
manufacturer’s instructions. Samples were treated with DNase prior
to cDNA synthesis. In addition to gill tissues, fin clips were collected
from the same euthanized fish and preserved in 95% ethanol. DNA
was isolated from these samples to enable amplification and
sequencing of introns. Fin clips were collected non-lethally from an
additional four individuals for analysis of genomic DNA. Genomic
DNAwas isolated from air-dried fin clips using standard proteinase-K
digestion and phenolechloroform extraction methods [21].

2.2. Primer design

Primers that amplified an MH Class IIb fragment that spanned
the region between the leader peptide and the transmembrane
domainwas designed by comparing published sequences of D. rerio
[14], C. carpio [10] and B. intermedius [12]. From cDNA these primers
(Hyam-Cy-F and Hyam-Ex4-R) amplify a 603 base pair fragment
(Table 1, Fig. 1). The full length fragment was amplified with 1X
Promega Taq polymerase buffer, 3 mM MgCl2, 125 mM dNTPs,
0.35 mM each primer ([Hyam-Cy-F and Hyam-Ex4-R], 0.375 units
Taq polymerase) with the following cycling parameters: one
denaturation cycle of 92 �C for 2 min followed by 30 cycles of 90 �C
for 20s, 49 �C for 20 s, 72 �C for 20s and a final extension step of
72 �C for 10 min. Smaller fragments were amplified using either
Hyam-Cy-F or Hyam-Ex4-R and ‘locus’ specific primers located in
exon 3 using the conditions listed above with varying amounts of
MgCl2 and different annealing temperature (Table 1).

2.3. Cloning and DNA sequencing

PCR products were cloned using the Promega pGEM-T Easy
Vector kit following the manufacturer’s directions. Plasmid DNA
was purified using a boil preparation method [21]. Plasmids were
sequenced using ABI Big Dye Terminator kit V. 1.1 and run on an ABI
Prism 3130 capillary sequencer (Applied Biosystems; Foster City,
CA, USA). Multiple clones were sequenced per individual.
Sequences were visualized and checked using Sequencher Version
4.6 (Gene Codes Corp).

2.4. Accession numbers and nomenclature

Sequences are not designated as alleles as they cannot be
unambiguously assigned to loci. Sequences are therefore named
Hyam-DAB*A through Z. Sequences that differed by 1e2 base pairs
were not designated as different alleles unless they were identified
in multiple clones from independent PCRs or in multiple individ-
uals. Irreproducible single nucleotide polymorphisms are likely
caused by polymerase error. However, we did include sequences
that were considerably divergent from other sequences (following
[22]) even if they were only been identified in single clones or
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individuals. These still may be PCR artefacts and are not considered
true alleles until verified in multiple individuals. The sequences
reported here were deposited in Genbank with the following
accession numbers: JF792454-JF792490.

2.5. Data analysis

MH sequences from Rio Grande silvery minnow were aligned to
previously published sequences from D. rerio, C. carpio and B. inter-
medius using ClustalW [23] as implemented in MEGA Version 4
Alignment Explorer [24] and alignments were then manually
adjusted. MH Class II sequences from Salmo salar and Oncorhynchus
mykisswere included as outgroups. The program jModeltestwas used
to identify the most suitable substitution model for Maximum like-
lihood (ML) analysis according to the corrected Akaike information
criterion. ML analysis was conducted using the parameters identified
by jModeltest (http://darwin.uvigo.es/software/jmodeltest.html) [25]
using the program Garli [26]. Maximum parsimony analysis was
conducted using PAUP* Vers. 4.0b10 [27]. For ML analysis a 50%
majority-rule consensus tree was created of bootstrap replicates in
PAUP. NJ analysis was also conducted using corrected p-distances of
translated amino acid sequences in MEGA. Branch support for tree
topologies was assessed with 1000 bootstrap replicates (500 for ML
analysis).

2.6. Molecular evolution

2.6.1. Recombination
The presence of recombination among sequences can make

interpretation of phylogenetic analysis and results problematic. The
Fig. 2. Amino acid alignment of MH Class IIb alleles from Hybognathus amarus. N-linked gl
cysteine residues are indicated by asterisks.
Datamonkey webserver (http://www.datamonkey.org) [28,29] was
used to identify themost appropriate nucleotide substitutionmodel.
Once identified, this model was used for subsequent analyses. Single
breakpoint and the likelihood-based GARD analysis [30] were used
to examine sequences for evidence of recombination implemented
using Datamonkey. Rate categories were modeled as a discrete
distribution with up to three rate categories. These methods search
the sequence alignment for disparate topologies among segments
and assess goodness of fit using the small sample AICC criterion from
a maximum likelihood model fit to each segment. The Shimodaira
and Hasegawa test (SH test) [31] was used to assess whether or not
these segment specific topologies are significantly different. Thiswas
accomplished by estimating the variance in the difference in log
likelihood scores of the two different trees.

2.6.2. Selection
Sequences were examined for evidence of both negative (non-

synonymous (dN) < synonymous substitution (dS)) and positive
(dN > dS) selection on individual codons using Datamonkey. The
random-effects likelihood (REL) and fixed-effects likelihood (FEL)
methods were used [28]. The REL approach, which is an extension
of the methods used in PAML [32,33], is susceptible to high rates of
false positives but is the best method when using few sequences
[34]. The FEL analysis estimates the ratio of non-synonymous (dN)
to synonymous substitution (dS) rate for each site based on a codon
substitutionmodels and testswhether dNs dS [28]. Thismethod is
more conservative than the REL method and works well with
intermediate-sized data sets (20e40 sequences) [34]. Results from
REL and FEL were compared to determine the sites most likely to be
under positive or negative selection.
ycosolation site is indicated by #. CD4 binding residues are underlined and conserved

http://darwin.uvigo.es/software/jmodeltest.html
http://www.datamonkey.org


M.J. Osborne, T.F. Turner / Fish & Shellfish Immunology 30 (2011) 1275e12821278
MEGA 4.0 [24] was used to estimate dS and dN using Neie
Gojobori [35] distance with [36] correction for multiple substitu-
tions. Ratios of dN to dS were estimated for sites presumed to be
involved in peptide binding and for non-peptide binding sites.
Fig. 2. (cont
Designation of peptide binding sites was based on comparisons to
human HLA three dimensional structure [37] following [11] and
[17]. Peptide binding sites have not been determined specifically for
any fish, including cyprinid fishes. Ratios of dN to dS were
inued).
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estimated for exon two across all MH alleles identified from cDNA
and within each of the major allelic groups.

3. Results

3.1. Genetic diversity

Nucleotide sequence data were obtained for a 603 base pair
region of MH class IIb from the cDNA of nine individuals. Sequences
were also obtained from the genomic DNA of two additional indi-
viduals for which cDNAwas not available. Genomic DNA sequences
were included in subsequent analyses as they were sufficiently
different (>2 bp) from others obtained (but not considered verified
until obtained from cDNA). The final data set was truncated to
include only sequences identified in multiple individuals or PCRs
and two divergent genomic sequences. This data set therefore
included 25 unique sequences with between two and five alleles
detected per individual. Sequence data included the entire b1 (exon
two, 276 base pairs) and b2-domains (exon three, 282 base pairs) in
addition to partial sequences of the leader peptide (exon one, 11
base pairs) and the cytoplasmic tail (exon four, 35 base pairs)
(Fig. 2). Conserved features of MH genes could be identified from
alignment of amino acid sequences that included cysteine residues
(involved in salt bridge formation) in the b1 (amino acid positions
15 and 80) and b2 domains (amino acid positions 118,174)
(numbering from [10]) and the putative N-linked glycosylation site
at positions 42e44 (Fig. 2). Additional cysteine residues were
identified at residues 17 (Hyam-DAB3*K) and 31 (Hyam-DAB3*K,
Hyam-DAB3*O, Hyam-DAB3*P). Two of conserved residues, histi-
dine (H) and asparagine (N) that are involved with peptide binding,
were identified at positions 82 and 83 in 14 sequences. Eight
sequences shared only the asparagine (N) residue and had either
tyrosine (Y), glutamine (Q) or arginine (R) at position 82. Five
sequences had a single codon deletion at position 78. In the b2
domain, residues involved in CD4 binding in mammals could also
be identified at positions 142e146 in H. amarus.

Nucleotide sequence alignment revealed 234 variable sites.
Fifty-eight percent of polymorphic sites were found in exon two
Fig. 3. Phylogenetic tree of MH sequence from Hybognathus amarus, Barbus intermedius, Cy
ML e below branches).
whilst 38% were identified in exon three. The average number of
nucleotide differences among sequences was 58 in exon two and 33
in exon three. Nucleotide diversity was almost twice as much in
exon two (p ¼ 0.210) as in exon three (p ¼ 0.119). Phylogenetic
analysis revealed two groups of divergent alleles (see below) with
50 and 26 amino acid changes between them based on exon two
and exon three respectively. Within these groups there was an
average of 13e17 amino acid substitutions among alleles based on
exon two sequences. Exon three was more conserved with four to
nine amino acid changes within groups. Nucleotide diversity was
slightly higher in DAB1/2-like alleles (p ¼ 0.0656) than in DAB3/4-
like alleles (p ¼ 0.0576). For both allelic groups nucleotide diversity
in exon two (DAB1/2: p ¼ 0.0992, DAB3/4: p ¼ 0.0731) was two to
three times that of exon three (DAB01/2: p ¼ 0.0348, DAB3/4:
p ¼ 0.0477).

3.2. Phylogenetic analysis

A phylogenetic tree was constructed using cDNA nucleotide
sequences (Fig. 3). Two monophyletic groups of alleles were
revealed with 100% bootstrap support, and could be recognized as
previously described (Van Erp et al. [10]) DAB1/DAB2 and DAB3/
DAB4MH alleles. Each group contained H. amarus, D. rerio, C. carpio
and B. intermedius sequences. A moderately supported cluster
containing B. intermedius and D. rerio/DAB2 sequences was basal to
H. amarus DAB1/DAB2 alleles. The relationship of C. carpio DAB1-
with respect to this cluster was not well resolved.

B. intermedius, D. rerio and C. carpio DAB3/DAB4 sequences were
also basal to H. amarus DAB3/DAB4 alleles with 94e100% bootstrap
support. Within the DAB3/DAB4 group there were two clusters of
monophyletic H. amarus alleles (100% bootstrap support) ([Hyam-
DAB3*D, Hyam-DAB3*S, Hyam-DAB3*T, Hyam-DAB3*X] and
[Hyam-DAB3*O, Hyam-DAB3*K, Hyam-DAB3*G, Hyam-DAB3*M]).
In one individual, 462-13, three sequences belonging to the DAB3
group were identified, two of which were separated by two base
pairs but seen in two clones each. The other sequence was identi-
fied in a single clone but differed by three to five base pairs from the
others. In another individual, three sequences from single clones
prinus carpio and Danio rerio. Bootstrap values are shown (MP, NP e above branches,



Table 2
Results for Z-test of selection (H1: dN > dS) and associated P-values. PBR e peptide
binding residues. Asterisks indicate significant P-values.

Sites Allelic group Z-test P

Exon 2 PBS DAB1/2 3.3440 0.0006**
DAB3/4 1.7442 0.0480*
All 3.1842 0.0009**

Exon 2 non-PBS DAB1/2 2.6758 0.0042**
DAB3/4 1.1716 0.1218
All 1.1937 0.0275*

Exon 2-All sites DAB1/2 4.0527 0.00009**
DAB3/4 2.1183 0.0362*
All 3.1299 0.0022**

Exon 3 DAB1/2 �1.3278 0.1868
DAB3/4 0.1808 0.8569
All �2.4734 0.0148*
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were obtained belonging to the DAB3 group. These differed from
one another by four to seven base pairs. In both of these cases it is
likely that some of these sequences are PCR artefacts.

Amino acid sequences revealed essentially the same topology as
the nucleotide sequences. The same major clades (DAB1/2 and
DAB3/4) were identified with 100% bootstrap support. C. carpio and
B. intermedius DAB03 and DAB04 sequences were monophyletic
(78%) and basal to the grouping containing D. rerio DAB03 and
DAB04 sequences as sister (74%) to H. amarus DAB03/04 sequences.
Within H. amarus the same groupings of DAB03/04 sequences were
resolved with 100% support.

3.3. Genomic sequences

Representative genomic sequences for all major sequence
groups allowed the introns (1e3) to be characterized for each group.
Twomajor groupings of intron sequences could be identified which
varied considerably in length and sequence. Groupings based on
intron sequences corresponded to phylogenetic clusters based on
exon data. Intron one ranged from 199 to 203 base pairs (bp) (DAB1/
2-like sequences) to 357e359 bp (DAB3/4-like sequences). In intron
one there was between 0.5 and 15.14% (average 8.593%) sequence
divergence among Hyam-DAB01/02 sequences. Hyam-DAB1/DAB2
intron one sequences were highly homologous to C. carpio Cyca-
D(clc)B (accession number X95436) with only 5.8e16.57%
sequence divergence. Hyam-DAB1/2 intron sequences from could
also be aligned toC. carpioCyca-D(me2), Cyca-DAB1, Cyca-DAB2 and
B. intermedius DAB1 introns. Among Hyam-DAB3/4 introns there
were an average of 8.09% divergence. Homologous sequences were
not identified in C. carpio or B. intermedius. Intron two varied in
length from 305 to 313 bp (DAB1/2) to 390e404 bp (DAB3/4) and
intron threewas 174e176 bp (DAB1/2) to 173 bp (DAB3/4) in length.
The first 94 base pairs of intron two, sequence could be aligned to
Ctenopharyngodon idella (grass carp, Accession number GU441572)
but the remaining intron sequence could not. In addition to these
sequences, genomic sequences corresponding to Hyam-DAB3*D
had distinctive introns which differed in sequence and length from
those described above. Intron one was 346 base pairs in length,
intron two 491 base pairs and intron three was 159 base pairs.
Introns belonging to the DAB1 group could not be aligned those of
the DAB3 group.H. amarusDAB3/DAB4 alleles have an alternative 50

splice site (GC) at the 50 intron one border. The remaining introns for
DAB1/2 and DAB3/4 alleles have consensus the GT splice sites.

3.4. Recombination

Two possible breakpoints, that were significant following the
Shimodaira and Hasegawa test, were identified at positions 206
and 371. There was evidence of topological incongruence between
the tree produced using the GARD model that permits different
topologies between segments (AICC ¼ 5486.8) and that of the
model that assumes the same tree for all partitions but that allows
different branch lengths among segments (AICC ¼ 5724.39).

3.5. Molecular evolution

There was evidence that two codons were under positive
selection as identified by REL analysis both of which were in exon
two (positions 8 and 65). REL analysis identified 11 codons under
the influence of negative selection. FEL analysis identified eight
sites under positive and 21 sites under negative selection (15 of
which were in exon three). Two sites under positive selection were
identified by both methods (positions 8 and 65). Using the Z-test,
evidence of positive selection was found for both the DAB1/2 and
DAB3/4 groups when entire exon two sequences and only putative
PBRs were analyzed (Table 2). Positive selection was also evident at
non-peptide binding sites for all alleles and for DAB1/2 alleles.
4. Discussion

In this study we describe the MH Class IIb genes of H. amarus.
These sequences represent the first characterization of MH genes in
a North American cyprinid, which is somewhat surprising in light of
high species diversity and endemism on the continent, and the
relatively deep evolutionary divergence from other cyprinids in
Africa, Europe, andAsia. Nevertheless,H. amarus sequences could be
easily aligned to other cyprinid sequences (D. rerio, C. carpio and B.
intermedius) and other, more distantly related fishes (e.g. O. mykiss
and S. salar). Two divergent lineages ofMH alleles were identified in
H. amarus which were paralogous to allelic groups previously
described in cyprinids (DAB1/2 and DAB3/4) [14,16,17,38]. Segre-
gation studies performed in common carp suggest that these
represent two sets of paralogous loci (DAB1/DAB2 and DAB3/DAB4)
that segregate independently [10] and are co-dominantly expressed
[38]. H. amarus exon three is highly divergent between DAB1 and
DAB3 alleles and introns cannot be aligned between these two
groups. Within H. amarus, DAB1/DAB2 alleles form a monophyletic
group, which is sister to a group containing Danio, Cyprinus and
Barbus DAB1/DAB2 alleles rather than to Hyam-DAB3/DAB4-like
alleles.

There are very fewMH intron sequences available inGenbank for
comparison to those generated in this study. A high degree of
similarity was identified between intron one sequence from Hyam-
DAB1/DAB2 alleles and C. carpio sequences from this gene. Intron
one ranges from 199 to 203 base pairs in H. amarus. In C. carpio it is
204 base pairs for DAB1/2 alleles whilst for Cyca-DAB3 and Cyca-
DAB4 it is 669 and 561 base pairs, respectively. In H. amarus, intron
one is also longer for DAB3/DAB4 alleles (357e359 base pairs) than
for DAB1/DAB2. Similarity of intron one is further evidence that the
DAB1/2-like sequences identified in H. amarus are homologous to
DAB1/2 seen in other cyprinids. This also indicates little recombi-
nation in this sequence over long evolutionary time scales.
H. amarus DAB1/2 intron sequences could not be aligned to H.
amarus DAB3/4. This was also the case for introns from
B. intermedius (Bain-DAB3), C. carpio (Cyca-DAB3*01 and Cyca-
DAB4*01) andDAB1/DAB2 intron sequences from these species [11].

Phylogenetic analysis indicated that allelic groups DAB1 and
DAB3 were further sub-divided into two well-supported mono-
phyletic groups that presumably reflect the DAB1/DAB2 and DAB3/
DAB4 organization identified in common carp [10],D. rerio, [14] and
B. intermedius [11]. Van Erp et al. [10] suggested the DAB3 and DAB4
were likely derived from distinct loci based on the difference in size
of intron one in C. carpio. The dramatic difference in coding and



M.J. Osborne, T.F. Turner / Fish & Shellfish Immunology 30 (2011) 1275e1282 1281
intron sequences between these two groups of alleles is evidence
that these sequences are derived from two sets of paralogous loci
[10]. The presence of DAB1/2 and DAB3/4 sequences in
B. intermedius, C. carpio, D. rerio and H. amarus suggest that these
loci were present in a common ancestor to these species. The recent
report of these loci in members of the other cyprinid sub-families
(including the Tincinae and Gobioninae) suggest that these loci
may have been present in a common ancestor the Cyprinidae [11].

Using exon three sequences Ottová et al. [17] estimated that the
split between DAB1 and DAB3 groups occurred about 51 MYA
(million years ago), and thereby predated the origin of the Cypri-
nidae and its divergence into sub-families. The split between DAB1/
2 and DAB3/4 sequences may reflect the duplication of an ancestral
gene that occurred from 80 to 120 MYA [10]. Van Erp et al. [10]
estimated the split between DAB1 and DAB2 at 1 MYA, and
between DAB3 and DAB4 at 10e12 MYA whilst Ottová et al. [20]
suggested that the split between these lineages may be older. The
results presented here also suggest an older split with North
American minnows first appearing in the fossil record 31 MYA [19].
It has been shown in polyploid species such catastomids (suckers)
and salmonids that duplicated loci can persist for extended periods.
For example, salmonids have retained 50e75% of their loci as
duplicates since tetraploidy occurred 108 MYA [39].

Of the nine individuals that cDNA sequence was obtained, DAB3
sequences were not transcribed (in gill tissue) in three of them.
Unpublished data (M. Osborne) from 252 H. amarus indicates that
DAB3 sequences are transcribed in gill tissue of 10e23% individuals
surveyed. DAB3 alleles may have higher levels of transcription in
other tissues. Moreover, there may be transcriptional regulation of
expressionwhereby sequences are present in genomic DNA but not
transcribed. Alternatively, there may be inactivation of other MHC
copies by codon deletions or accumulation of mutations, which
would make the genes non-functional in the immune response.
Transcriptional regulation has been demonstrated in polyploid
species including the African ‘large’ barb [12], and inactivation of
MHC copies has been shown in the African clawed frog, Xenopus
[40]. Levels of expression in classical MHC genes may decrease as
they begin to degenerate and diverge enough to be considered non-
classical [41]. Du Pasquier and Flajnik [42] found that in species
with multiple MHC loci that each locus is rarely equivalent with
respect to gene function and may exhibit substantial differences in
levels of expression and polymorphism. Recently, Rakus et al. [45]
showed that both DAB1 and DAB3-like alleles co-segregate with
antibody response in C. carpio. Moreover, DAB1-like sequences
were associated with high antibody responsiveness to antigen
dinitrophenylkeyhole limpet hemocyanin (DNP-KLH) whilst DAB3-
like sequences were less responsive. However, this does not mean
that DAB1 and DAB3 always respond in this manner [44]. Levels of
polymorphism also vary between these loci, with less variation
among DAB3 sequences in C. carpio [43] and in H. amarus.

Like C. carpio and B. intermedius, H. amarus DAB3/DAB4 alleles
have an alternative 50 splice site with GC (rather than more
common GT) at the 50 intron 1 border. The remaining introns for
DAB1/2 and DAB3/4 alleles have consensus the GT splice site.
Sharing of an alternative splice site across these evolutionary
divergent taxa supports an orthologous relationship of these loci.
D. rerio does not share this alternative splice site, which suggests
loss in this lineage. Although there is not a well-resolved phylogeny
of the Cyprinidae, there seems to be agreement that the Cyprininae
(C. carpio and B. intermedius) occupy basal positions in the tree and
members of the Rasborinae (D. rerio) and Leuciscinae (including
H. amarus) are derived. Presence in Cyprininae and Leuciscinae
suggests that the alternative splice site was present in the common
ancestor of the family (including Rasborinae) and that it was
subsequently lost in Rasborinae. This is a more parsimonius
explanation than the alternative; that independent mutation
events occurred in both the Cyprininae and the Leuciscinae giving
rise to the same alternative splice site. However, additional data
from the other sub-families is required to confirm our interpreta-
tion. It has been suggested that the presence of alternative splice
sites may slow expression upregulation of the encoded protein
[44]. Recently however, using quantitative real-time PCR, Rakus
et al. [45] showed that although there were slight differences in the
level of transcription between DAB1 and DAB3-like alleles, levels
were high for both. Rakus et al. [45] also found that there was no
difference in tissue distribution of these alleles.

There was evidence of positive selection in DAB1/DAB2 and
DAB3/DAB4 allelic groups when all sites and putative peptide
binding sites in exon 2 were considered. For DAB1/DAB2 alleles,
non-peptide binding sites were also under the influence of posi-
tive selection whereas those sites in DAB3/4 alleles were not.
Designation of putative peptide binding sites in our study was
based on the three dimensional structure of human HLA, so it is
likely that there are alternative or additional peptide binding sites
in fishes that are yet to be identified. Michel et al. [46] also sug-
gested that the position and number of peptide binding sites in
fishes may be somewhat different to that of humans. Ottová et al.
[38] considered the selective pressures acting on MHC allelic
groups in Leuciscinae and Cypininae and found evidence of posi-
tive selection on DAB3 in Leuciscinae, but on both DAB1 and DAB3
in Cypininae. For this reason, Ottová et al. [38] suggested DAB1
may have secondarily acquired function after locus duplication.
The results presented here, conflict with those of [38], as Rio
Grande silvery minnow is a member of the Leuciscinae and there
was evidence of positive selection at DAB1/DAB2 as well as DAB3/
DAB4 suggesting that there may be variation in MHC locus func-
tion within sub-families.
5. Conclusions

Here we provide the first sequence data of the MH region of
a North American cyprinid fish, the Rio Grande silvery minnow. MH
sequences share conservation of structural features with classical
MHC molecules. Results suggest that there are at least two and
probably fourMH loci in this species and that these are homologous
with those previously described in several divergent cyprinids.
Individuals may express alleles belonging to each of these loci or to
only a single one. Additionally there is evidence of diversifying
selection on these sequences. These results provide important
insights into the evolutionary dynamics of MH genes in the most
diverse group of freshwater fish in the world. Rio Grande silvery
minnow could be used in the future as a comparative model to
study the evolution of MH genes in fishes.
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