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Abstract. Allelic variation in the major histocom-
patibility class (MHC) IIB gene of salmonids is ana-
lyzed for patterns indicative of natural selection acting
at the molecular level. Sequence data for the second
exon of this MHC gene were generated for 11 species
in three salmonid genera: Oncorhynchus, Salmo, and
Salvelinus. Phylogenetic analysis of nucleotide se-
quences revealed: (1) monophyletic grouping of alleles
from each genus, (2) transspecies evolution of alleles
within Salmo and Salvelinus, and (3) differential
patterns of transspecies evolution within the genus
Oncorhynchus. Within Oncorhynchus, five of seven
species had alleles that were species-specific or nearly
so, while the remaining two, O. mykiss and O. clarkii,
retained ancestral polymorphisms. The different pat-
terns in Oncorhynchus and the other two genera could
be due to historical demographic effects or functional
differences in MHC molecules in the three genera, but
the two hypotheses could not be distinguished with
the current dataset. An analysis of recombination/
gene conversion identified numerous recombinant al-
leles, which is consistent with what has been found in
other vertebrate taxa. However, these gene conversion
events could not account for the species-specific allelic
lineages observed in five of the Oncorhynchus species.
Analyses of the relative rates of nonsynonymous and
synonymous substitutions revealed the signature of
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selection on the class IIB gene in all 11 of the salmonid
species for both the ABS and the non-ABS codons.
Codon-based analyses of selection identified seven
codons that have experienced selection in the majority
of the species. More than half of these sites were
mammalian ABS codons, but several were not, sug-
gesting subtle functional differences in the mamma-
lian and teleost fish MHC molecules.

Key words: Ancestral polymorphism — Gene con-
version — Oncorhynchus — Recombination — Salmo
— Salvelinus

Introduction

The major histocompatibility complex (MHC) is a
multigene family that contains genes for processing
and presentation of antigens to cells of the immune
system (Klein 1986). The two primary classes of
MHC genes differ in structure and function, with
class I genes presenting endogenous antigens and
class II genes presenting exogenous antigens (Klein
1986). High levels of genetic variation (compared to
presumably neutral genes) are observed at functional
MHC genes, and this has been attributed to a number
of forces, including pathogen-mediated selection, kin
selection, mate choice, and maternal/fetal interac-
tions (Apanius et al. 1997; Edwards and Hedrick
1998; Hedrick 1994).



MHC genes have become the classic example for
balancing selection (Garrigan and Hedrick 2003;
Hedrick 1994) and analysis of variation in MHC
genes responsible for the presentation of antigens to
the immune system has revealed many patterns that
are attributed to the effects of long-term balancing
selection. This includes the retention of ancestral
polymorphisms (Klein et al. 1998) and an increase in
nonsynonymous substitutions, a classic signal of po-
sitive selection (Hughes and Nei 1989; Hughes et al.
1990). The retention of ancestral polymorphisms is
due to balancing selection countering the effects of
drift (lineage sorting) over evolutionary time periods
(Edwards et al. 1997; Klein et al. 1998), whereas the
increase in amino acid-altering substitutions is
attributed to direct selection for allelic diversity.
While the long-term evolutionary effects of balancing
selection on MHC variation are not in doubt,
attributing contemporary selective forces to MHC
genes has been more difficult (Aguilar and Garza
2006; Landry and Bernatchez 2001).

Recombination and gene conversion have also
been shown to be important factors in the generation
of allelic diversity at MHC loci. They affect the
phylogenetic patterns of MHC genes at different
evolutionary scales in different vertebrate groups.
Interlocus gene conversion generates distinct phylo-
genetic patterns in the MHC genes of birds (Edwards
et al. 1995) and has also been shown to influence
genetic variation at class II genes in sticklebacks
(Reusch et al. 2004). These forces may act at very
localized physical scales, even within a single exon
(Bergstrom et al. 1998), and generate functionally
important genetic variation much more quickly than
mutation alone.

Early work on the molecular evolution of MHC
class I1IB genes in salmonids revealed somewhat dif-
ferent patterns of variation than observed in other
vertebrate taxa (Miller and Withler 1996). This in-
cluded genus- and species-specific allelic lineages
(Miller and Withler 1996; Shum et al. 2001) and a low
amount of allelic variation, with low divergence ob-
served among alleles (Kim et al. 1999; Miller and
Withler 1996; Miller et al. 1997). These observations
were attributed to possible reductions in effective
population size (recent or historical) for the species of
Oncorhynchus examined (Miller and Withler 1996) or
a completely different mode of evolution at the sal-
monid MHC (Shum et al. 2001). However, popula-
tion-level studies of MHC allelic variation in
salmonids have also found the classical pattern of
increased nonsynonymous substitutions (Aguilar and
Garza 2006; Dorschner et al. 2000; Kim et al. 1999;
Miller et al. 1997, 2001), indicating that positive
selection still does operate on MHC genes in these
fish. Interestingly, transspecific evolution of alleles
has been observed for MHC class I genes, both be-
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tween genera (Oncorhynchus and Salmo [Shum et al.
2001]) and among some species of Omncorhynchus
(Garrigan and Hedrick 2001).

Here, we use patterns of allelic variation in the
second exon of the MHC class IIB gene of salmonids
to test a number of hypotheses regarding the evolu-
tion of this gene. We use data from 11 salmonid
species to evaluate the extent of transspecific evolu-
tion among three closely related salmonid genera
(Oncorhynchus, Salmo, and Salvelinus), as well as
among species of Oncorhynchus. We also investigate
the role that gene conversion/recombination plays in
the observed phylogenetic patterns. Finally, we em-
ploy a codon-based model of selection to identify
sites that have a pattern indicative of recent natural
selection.

Methods

Sequences of exon 2 from the MHC class II f§ chain were obtained
from 11 salmonid species. The dataset included newly generated
data, as well as previously published sequences (Table 1). The
identification and isolation of unique alleles were done via PCR of
the exon 2 fragment with the primers BIAF and BIAR (Miller
et al. 1997), followed by single-strand conformational polymor-
phism (SSCP) analysis. Four microliters of diluted DNA was used
as a template in a 15-ul PCR. The reaction contained 1x PCR
buffer (Applied Biosystems, Inc.), 0.5 units of Taq DNA poly-
merase, 1.5 mM MgCl,, 0.67 mM of each primer, and 100 nM of
each ANTP. The cycling conditions consisted of an initial dena-
turation of 2 min at 95°C, followed by 30 cycles of 95°C for 30 s,
56°C for 30 s, and 72°C for 30 s. The reaction was followed by a 5-
min extension at 72°C. PCR products were then diluted (3:5) in
SSCP loading buffer (95% formamide, 3.2 mM EDTA, 0.025%
bromophenol blue, 0.025% xylene cyanol). This mixture was then
denatured at 100°C for 3 min and immediately cooled in an ice
bath. Three microliters of the PCR:dye mixture was then loaded on
a nondenaturing 6% polyacrylamide gel (0.5 TBE and 5% glycerol
[v/v]). Products were run for 6-8 h at room temperature (20 W).
Gels were stained with 1x SYBR Gold (Molecular Probes Inc.) and
visualized on a BioRad FX molecular imager. Unique SSCP bands
were then excised from the gel and placed in 50 pl deionized H,O
overnight. Two microliters of this solution was then used in a PCR
(same conditions except 30-pl volume) and products were precipi-
tated with an equal volume of 20% polyethylene glycol (PEG).
Precipitates were spun at 3250 rpm for 30min and the supernatant
was removed. The DNA was washed once with 75 pl of 80% eth-
anol, dried in a vacuum centrifuge, and then resuspended in 30 pl
of H,O. These products were directly sequenced with the forward
and reverse primers using the ABI BigDye (v3.1) chemistry on an
ABI 377 automated DNA sequencer (Applied Biosystems, Inc.).
Sequences were imported into Sequencher (Genecodes Corp.) and
aligned manually.

Phylogenetic Analysis

The hierarchical likelihood ratio test (hLRT) implemented in
ModelTest (version 3.4; Posada and Crandall 1998) was used to
assess the appropriate model of sequence evolution for the aligned
salmonid class IIB sequences. Models were assessed at two phy-
logenetic levels: the entire dataset and within each genus (On-
corhynchus, Salmo, and Salvelinus). PhyML (Guindon and Gascuel
2003) was used to construct a maximum likelihood (ML) tree using
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the appropriate model and parameters. Node support was evalu-
ated with 1000 bootstrap replicates. A neighbor-joining (NJ) tree
was also constructed using PAUP*4 (Swofford 2003) and node
support was evaluated with 1000 bootstrap replicates.

Estimation of Recombination

Tests for recombination or gene conversion were performed with
the method of Sawyer (1989) and the program GENCONYV (v1.81;
Swayer 1989). The global test for recombinant events was used with
10,000 permutations of the data to assess significance. Zero mis-
matches were allowed and p-values were corrected for multiple
comparisons. The minimum number of recombinant events was
also evaluated with the four-gamete method of Hudson and Kap-
lan (1985) as implemented in DNAsp (v4; Rozas et al. 2003).

Estimation of Selection

Per site rates of nonsynonymous (dyn) and synonymous (ds) sub-
stitutions were estimated with the modified Gojobori and Nei
method in MEGA3 (Kumar et al. 2004) with a Jukes-Cantor cor-
rection. Both rates were estimated for the entire available exon 2
sequence, and separately for codons thought to be involved in
antigen-binding and non-antigen-binding codons (based on the
human molecule [Brown et al. 1993]). Standard errors were esti-
mated with 500 bootstrap replicates.

The method of Yang (1997), PAML, was used to identify co-
dons potentially subject to diversifying selection. This analysis was
performed separately for all species. Each dataset was evaluated
under two different models of codon evolution (M7-f3; M8-f and w)
and models were compared with a likelihood ratio test (LRT). The
M7 and M8 models were used due to their robustness in the face of
recombination (Anisimova et al. 2003). Multiple Markov chain
searches were performed for each analysis with different initial
values of w (0.5, 1.0, and 2.0) to ensure convergence.

Results

The hLRT indicated that the best model of sequence
evolution for the entire dataset was the F81 + 1 + T
model (I = 0.37, ' = 0.60). The ML and distance
analyses revealed monophyletic groupings of MHC
class IIB exon 2 alleles for all three salmonid genera,
though bootstrap support was low (Fig. 1). The
grouping of the Oncorhynchus alleles was supported
by only 63% of bootstrap replicates for the ML
analysis and 66% of replicates for the NJ analysis.
The alleles from Salvelinus and Salmo clustered with
<50% bootstrap support.

Model evaluation for the Oncorhynchus sequences
indicated that the JC +1 + T' (I = 0.55, T = 0.55)
model was most appropriate. The ML and NIJ trees
had similar overall topologies. Both trees had ele-
vated bootstrap support for monophyletic groupings
of alleles from O. gorbuscha, O. keta, and O. nerka
(Fig. 2), though support for the monophyletic
grouping of O. nerka alleles was relatively low. In
contrast, alleles from O. clarki and O. mykiss were
scattered throughout the tree, and there was not
elevated bootstrap support for clusters of alleles from
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Fig. 1. Maximum likelihood (ML) phylogeny of salmonid MHC

IIB alleles generated using the F81+T"+1 model of evolution (see
text for details). Numbers next to nodes indicates support > 50%
from 1000 bootstrap replicates (ML/NJ).
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Fig. 2. Maximum likelihood (ML) phylogeny of Oncorhynchus

MHC IIB alleles generated using the JC+ T +1 model of evolution
(see text for details). Numbers next to nodes indicates bootstrap
support >50% from 1000 replicates (ML/NJ). Only elevated
bootstrap support values are shown for branches leading to species-
specific groups. Unlabeled branch tips are MHC IIB alleles from O.
mykiss. Filled diamonds indicate alleles that are shared between O.
clarki and O. mykiss, while open diamonds indicate alleles isolated
from O. clarki.

either of these species (Fig. 2). Alleles from O.
tshawytscha and O. kisutch formed a monophyletic
group with elevated bootstrap support (Fig. 2). Clo-
ser examination of the ML and NJ subtrees that
contain the O. tshawytscha and O. kisutch alleles re-
vealed that they have qualitatively different topolo-
gies (not shown). The ML tree found that the alleles
from the two species do not group together and are
paraphyletic, whereas the NJ tree possesses mono-



Table 2. Results of the analysis for recombination/gene conver-
sion for each of the 11 species of salmonids: statistical significance
for global internal (GENECONV-I) and global outer (GEN-
ECONV-0) recombination events, as well as the minimum number
of recombinant events (Rm) based on the Hudson four-gamete test

GENECONV-I GENECONV-0O Rm
0. clarki HEE * 10
0. gorbuscha ns ns 0
0. keta ns * 2
0. kisutch ** ns 6
0. mykiss ok oAk 13
0. nerka * * 4
0. tshawytscha ns ns 3
S. salar ok ns 7
S. trutta wE * 10
S. malma ns ns 13
S. namaycush ok ns 14

Note. ns, not statistically significant. *Significant at p < 0.05.
**Significant at p < 0.01. ***Significant at p < 0.001.

phyletic clusters of alleles from both species. Elevated
bootstrap support was not observed for any of the
internal nodes in either tree (not shown). A Shimo-
daira-Hasegawa (SH; 1999) test was used to evaluate
if the ML topology was more likely than the NJ
topology to represent the true relationship of O.
kisutch and O. tshawytscha alleles. The SH test was
performed using the Jukes-Cantor model of evolution
with gamma shape parameter and proportion of
invariant sites empirically estimated in PAUP*. To
test significance, 10,000 bootstrap replicates were
performed in PAUP*. The SH test indicated that the
ML subtree was not significantly more likely than the
NJ subtree (6 —InL = 20.64, p = 0.135) to represent
the true relationship.

Phylogenetic analysis of alleles from S. salar and
S. trutta using the HKY + I + T' (I = 0.63,
I' = 0.78) model of sequence evolution did not find
species-specific groupings of alleles (Fig. 3A). The
ML and NI trees for alleles from the two Salvelinus
species, S. malma and S. namaycush (model of se-
quence evolution: TrN + 1 + T' [I = 0.51,

Fig. 3. Maximum likelihood phylogeny
of (A) Salmo and (B) Salvelinus MHC 11B
alleles generated using the HKY +T'+1
(Salmo) and TrN +T +1 (Salvelinus)
models of evolution (see text for details).
Elevated bootstrap support was not found
for any internal nodes in both analyses.
Filled circles represent alleles from S. trutta
and unlabeled tips from S. salar (A) and
filled diamonds represent alleles from

S. malma and unlabeled tips from

S. namaycush (B).

I' = 0.58]), revealed a pattern similar to that ob-
served in Salmo; alleles clustered irrespective of spe-
cies (Fig. 3B).

The GENECONYV analysis revealed statistical
significance for gene conversion events in all species
except for O. gorbuscha, O. tshawytscha, and S.
malma (Table 2). The Hudson four-gamete test re-
vealed recombinant events in all species except O.
gorbuscha (Table 2). Within five Oncorhynchus spe-
cies, relatively large tracts (10 codons or 30 nucleo-
tides) with no variable sites were found (Fig. 4). Such
tracts were not found in other salmonid species.

Nonsynonymous substitutions exceeded synony-
mous substitutions in all species (Table 3), although
the differences were not significant in two cases.
When the comparisons were performed separately for
only those codons involved in antigen binding (ABS
codons, based on the human molecule) and for those
not involved in antigen binding, nonsynonymous
substitutions still exceeded or equaled synonymous
substitutions in all species for both classes of codon,
although the differences were not significant in four
and seven species for ABS and non-ABS codons,
respectively. All members of the genus Oncorhynchus,
except O. gorbuscha and O. nerka, possessed similar
levels of within-species synonymous divergence (Ta-
ble 2). Mean within-genus synonymous divergence
was 0.024 (SE = 0.012) for Oncorhynchus, 0.034
(0.012) for Salmo, and 0.047 (0.016) for Salvelinus.

The site-specific analysis for selection revealed that
the f + o (MS8) model had a higher likelihood than
the f model (M7) for all but one species, O. gorbuscha
(Table 3). All other analyses were significant at the
p < 0.01 level, except for the O. keta analysis, which
was significant at the p < 0.05 level. This analysis
identified a number of putatively selected codon sites
in each of the salmonid species analyzed and seven
sites with such a signal in the majority of species
analyzed (Fig. 4). Four of the sites that showed evi-
dence of positive selection in at least half of the
species corresponded to ABS codons in the human
molecule (37, p78, p81, and 85; Fig. 4). Three sites
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Fig. 4. Sequence alignment of representative MHC class IIB
genes analyzed for codon-specific positive selection from seven
species of salmonid. Codons are numbered based on the HLA-
DRB*0101 allele, and take into account the amino acid insertion
observed in teleosts. A + indicates sites involved in antigen binding

N KDSGILAQEL G

in the human model. Positions in boldface have a p > 0.99 and
underlined positions have a p > 0.05 of being under positive
selection (see Results). Shaded areas indicate monomorphic tracts
(> 10 amino acid sites).

Table 3. Non synonymous (dy) and synonymous (ds) substitutions (per site) based on the modified Nei and Gojobori method with a
Jukes-Cantor correction for multiple comparisons; standard errors are given in parentheses

All ABS Non-ABS
dn ds Zlp dn ds Zlp dn ds Zlp
clarki 0.079 (0.014) 0.017 (0.009) 3.057/0.001 0.118 (0.033) 0.007 (0.007) 3.901/0.000 0.064 (0.017) 0.021 (0.013) n.s.

_ gorbuscha  0.014 (0.007) 0 2.292/0.024 0.012 (0.011) 0 ns. 0.015 (0.008) 0 2.040/0.044
keta 0.019 (0.009) 0.014 (0.011) n.s. 0.032 (0.016) 0.016 (0.017) n.s. 0.013 (0.012) 0.013 (0.013) n.s.
kisutch 0.049 (0.015) 0.011 (0.006) 3.147/0.001 0.069 (0.028) 0.004 (0.003) 2.487/0.014 0.040 (0.018) 0.014 (0.009) 2.082/0.039
mykiss  0.067 (0.014) 0.015 (0.009) 3.031/0.003 0.096 (0.030) 0.006 (0.007) 3.375/0.001 0.055 (0.018) 0.018 (0.013) n.s.
nerka 0.048 (0.014) 0.001 (0.001) 3.462/0.001 0.083 (0.034) 0 2.349/0.020 0.034 (0.015) 0.001 (0.001) 2.327/0.022

tshawytscha 0.030 (0.012) 0.014 (0.011) n.s.

0.027 (0.016) 0 n.s.

0.030 (0.015) 0.021 (0.016) n.s.
0.037 (0.016) 0.032 (0.019) n.s.
0.090 (0.022) 0.043 (0.020) n.s.
0.076 (0.024) 0.038 (0.019) n.s.

RN CRSESESESESRCRS

salar 0.072 (0.018) 0.024 (0.013) 2.412/0.017 0.153 (0.046) 0.008 (0.006) 3.248/0.002
trutta 0.131 (0.023) 0.043 (0.016) 3.195/0.002 0.243 (0.057) 0.045 (0.029) 3.018/0.003
malma 0.114 (0.024) 0.047 (0.017) 2.736/0.007 0.209 (0.045) 0.070 (0.038) 2.467/0.015
_namaycush  0.104 (0.021) 0.046 (0.016) 2.598/0.011 0.150 (0.037) 0.076 (0.055) n.s.

0.088 (0.025) 0.035 (0.015) 2.136/0.035

Note. Results of the Z-test (Hy: dy = ds) and corresponding p-value are given for each significant comparison. n.s.,

results (p > 0.05).

that showed evidence of positive selection (24, six
species; 53, five species; and 86, nine species) in a
majority of the species examined did not correspond
to ABS codons in humans.

Discussion

This analysis of sequences from the second exon of
the salmonid class IIB gene revealed two major
hallmarks of MHC evolution: transspecific evolution
of alleles and increased nonsynonymous/synonymous
(dn:ds) substitution. Transspecific evolution was ob-
served between species in all three genera examined:
Oncorhynchus, Salmo, and Salvelinus. Recombinant
alleles were found in most species, with the notable
exception of O. gorbuscha. The pattern of increased
dn:ds was found for all species and the site-specific
method for identifying positive selection found a
number of codons under selection in most salmonid
species. Some of these sites under selection coincided
with mammalian antigen binding sites, whereas oth-
ers did not.

A previous study (Shum et al. 2001) found a lack
of retained ancestral polymorphism among salmonid
genera, though only two genera were examined (On-

nonsignificant test

corhynchus and Salmo). Here a lack of ancestral
polymorphism was observed among three salmonid
genera, including the more closely related On-
corhynchus and Salvelinus (Crespi and Fulton 2004;
McKay et al. 1996; Oakley and Phillips 1999).
However, there was a lack of elevated bootstrap
support for internal branches that cluster genus-spe-
cific alleles. This may be due to the short length of the
gene segment examined (Cummings et al. 1995),
which is an inherent problem in examining the second
exon of MHC class II genes, as it is only 90 amino
acids long. This apparent lack of retained ancestral
polymorphism among closely related genera is con-
trary to what has been observed in other vertebrate
groups (Fan et al. 1989; Figueroa et al. 1988; Yuhki
and OBrien 1997). Retention of MHC class IIB allelic
lineages has also been observed between genera in
other teleost groups, including the Cyprinidae (Gra-
ser et al. 1996; Ottova et al. 2005) and Cichlidae
(Figueroa et al. 2000; Ono et al. 1993). The retention
of ancestral polymorphisms within the Cyprinidae
was even observed between the two subfamilies
Cyprininae and Leuciscinae, whose divergence has
been dated to approximately 27.7 million years ago
(MYA) (Ottova et al. 2005). In the Cichlidae,
ancestral polymorphism was observed between Tila-
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Table 4. Results of the PAML analysis on salmonid class 11 f PBR sequences

Species Model L dn:ds Parameter estimates
0. clarki

M7: B -839.84 0.40 p = 0.005, g = 0.007

M38: f & w -812.60 3.41 po = 0.685 (p; = 0.314), p = 0.005, ¢ = 0.013, v = 10.193
0. gorbuscha

M7: B -322.52 1.0 p = 0.616, ¢ = 0.005

MS: & w -320.49 241 po = 0.759 (p; = 0.241), p = 99.0, ¢ = 0.005, » = 999
0. keta

M7: B -379.07 0.300 p = 0.005, g = 0.012

MS: f & o -375.69 0.600 po = 0.982 (p; = 0.018), p = 0.005, ¢ = 0.011, ® = 16.99
0. kisutch

M7. p -592.70 0.300 p = 0.005, ¢ = 0.012

MS8: & o —542.83 83.5 po = 0.841 (p; = 0.159), p = 4.75, ¢ = 0.005, = 519
0. mykiss

M7: B -2212.58 0.336 p = 0.009, g = 0.016

MS: f & o -2092.65 0.98 po = 0.776 (p; = 0.224), p = 0.009, ¢ = 0.031, ® = 7.994
0. nerka

M7. p -595.27 0.200 p = 0.005, ¢ = 0.019

MS8: f & » —547.47 16.5 po = 0.864 (p; = 0.136), p = 0.020, ¢ = 0.005, ® = 115
O. tshawytscha

M7: B -417.57 0.20 p = 0.005, ¢ = 0.020

MS: f & o —401.06 5.469 po = 0.892 (p; = 0.108), p = 0.005, ¢ = 3.73, ® = 50.5
S. salar

M7: B -923.00 0.222 p = 0.0179, ¢ = 0.058

MS: f & w —876.65 2.434 po = 0.830 (p; = 0.170), p = 0.005, ¢ = 0.006, » = 12.384
S. trutta

M7: B -920.88 0411 p = 0.015, 4 = 0.019

MS: f & w -890.99 1.971 po = 0.764 (p; = 0.236), p = 0.006, ¢ = 0.009, ® = 7.060
S. malma

M7: B -818.10 0.500 p = 0.005, g = 0.005

MS: f & w —847.28 2.94 po = 0.641 (p; = 0.309), p = 0.005, ¢ = 0.012, » = 8.83
S. namaycush

M7: B -1640.22 0.463 p = 0.160, g = 0.186

MS8: & w —1577.25 2.154 po = 0.726 (p; = 0.274), p = 0.447, ¢ = 0.560, = 6.69

pines and Haplochromines, groups that diverged
approximately 8.4 MYA (Figueroa et al. 2000).
Divergence times among Oncorhynchus, Salmo, and
Salvelinus are within this range—Oncorhynchus—Sal-
mo divergence, ~15-20 MYA (McKay et al.
1996)—yet retention of ancestral polymorphism be-
tween genera was not observed. This suggests that
evolutionary pressures on salmonid MHC genes may
differ from those in other vertebrate groups, which
could explain this disparity in phylogenetic patterns
(Shum et al. 2001).

Observed phylogenetic patterns within the genera
Oncorhynchus, Salmo, and Salvelinus were consistent
with transspecific evolution. In contrast, high boot-
strap support was found for species-specific group-
ings of alleles from O. gorbuscha, O. keta, and O.
nerka. Such clustering has been described previously
for a smaller dataset and past reductions in effective
population size were proposed to account for this
pattern (Miller and Withler 1996). Substantial boot-
strap support was also found for the branch leading
to all O. kisutch and O. tshawytscha alleles, whereas
alleles from O. clarki and O. mykiss (closely related
sister species) were spread throughout the On-

corhynchus tree. This may indicate that the selective
pressure to retain ancestral polymorphisms is greater
in the O. clarki-O. mykiss lineage than in other On-
corhynchus lineages. In addition, there were a number
of alleles that were shared between O. clarki and O.
mykiss, which could be due to long-term balancing
selection or hybridization (Allendorf and Leary
1988). Natural hybridization between these two spe-
cies where they co-occur is quite common (Baum-
steiger et al. 2005; Bettles et al. 2005; Young et al.
2001), and the latter scenario cannot be ruled out
without the ascertainment of “pure” O. clarki or O.
mykiss individuals.

The data were inconclusive regarding the existence
of transspecific evolution of allelic lineages between
the species O. kisutch and O. tshawytscha, as the two
rooted phylogenies had different topologies. Para-
phyly of alleles from the two species was observed in
the ML tree, whereas the NJ tree had species-specific
allelic lineages. In addition, the SH test indicated that
the ML tree was not significantly more likely to
accurately represent the data than the NJ tree.
Unfortunately, the two hypotheses, transspecific
evolution and species-specific lineages, cannot be



sufficiently distinguished with the current dataset.
Even though O. kisutch and O. tshawytscha are sister
species, it is unlikely that recent hybridization con-
tributes to this pattern, as natural hybrids between
the two species have not been documented and no
alleles were shared between the two species.

There does appear to be a phylogenetic component
to the retention (or lack thereof) of ancestral poly-
morphism in Oncorhynchus. The species with mono-
phyletic allelic lineages (O. gorbuscha, O. keta, and O
nerka) are all closely related (Crespi and Fulton 2004;
McKay et al. 1996; Oakley and Phillips 1999) and
form a monophyletic lineage within the genus. Simi-
larly, O. kisutch and O. tshawytscha are sister taxa
and possess little or no transspecific evolution of
MHC class 1B alleles. It is possible that differences in
life history contribute to the observed pattern of
MHC evolution in these Oncorhynchus species, as
they are predominantly anadromous. The species that
retain more ancestral polymorphisms (O. clarki and
O. mykiss) are closely related to one another, form
the earliest-branching linecage in the genus, and con-
tain populations with both anadromous and resident
life history forms (contemporarily and historically).

The transspecific evolution observed in the genera
Salmo and Salvelinus indicates that species within
these genera have not experienced the same historical
demographic and/or selective pressures that have
influenced genetic variation in most Oncorhynchus
species. Transspecific evolution at MHC class 1IB
genes has been reported previously in a phylogenetic
analysis of S. salar and S. trutta alleles (Stet et al.
2002). We have also shown that retained ancestral
polymorphisms occur between two species of Salv-
elinus. Interestingly both species of Salmo and Salv-
elinus malma possess both anadromous and resident
forms, much like O. clarkii and O. mykiss. While it
remains unclear what attributes (demographic effects,
life history variation, selective sweeps) account for
the lower MHC class II B variation and species-spe-
cific allelic lineages in O. gorbuscha, O. keta, and O.
nerka, the phylogenetic attributes of MHC diversity
for this lineage contrast greatly with those of other
salmonids.

While limitations appear to be present on the ex-
tent of transspecies evolution observed in the class
IIB gene of teleost fish, the retention of ancestral
polymorphism may occur over longer time periods
for class I genes. Retention of ancestral polymor-
phism has been observed between Oncorhynchus and
Salmo for class I MHC genes (Shum et al. 2001).
Long-lived allelic lineages have also been observed in
class I genes from Chinook salmon (Garrigan and
Hedrick 2001). A similar pattern with regard to the
evolution of MHC genes was found in Lake Tana
barbels (Kruiswijk et al. 2005). These differences in
evolutionary patterns between class I and class II
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genes of teleost fish may have been facilitated by the
lack of physical linkage of the two gene clusters.
Whereas they are found on the same chromosome in
mammals, they are found on two different chromo-
somes in teleost fish (Bingulac-Popovic et al. 1997).
However, without substantial data on variation of
class I MHC genes, or other unlinked genetic mark-
ers, for a large sample of Oncorhynchus species or a
greater understanding of the class Il-facilitated im-
mune response in salmonids, we cannot distinguish
between the competing hypotheses of neutral demo-
graphic versus selective/functional forces differen-
tially affecting class I MHC diversity in salmonids.

Recombination and gene conversion appear to be
important mechanisms in the generation of allelic
variation of MHC genes in vertebrates (Parham and
Ohta 1996; Bergstrom et al. 1998). Evidence of
extensive recombination and gene conversion was
found in some of the salmonid species studied here
(0. clarki, O. mykiss, Salmo trutta, Salvelinus na-
maycush) but not in others (O. gorbuscha and O.
keta). However, no within-species variability was
found in the 5’ portion of exon 2 in O. gorbuscha (first
41 amino acids) and O. keta (first 31 amino acids).
There are also smaller invariant amino acid tracts in
0. kisutch, O. nerka, and O. tshawytscha. Recurrent
gene conversion could lead to a homogenization of
alleles and generate such homogenecous tracts. Intra-
and interlocus gene conversion has been described in
other teleost species (Reusch and Langefors 2005;
Reusch et al. 2004). In birds, gene conversion is
thought to be a major factor in the generation of
observed phylogenetic patterns (Edwards et al. 1995;
Wittzell et al. 1999), and in humans highly localized
gene conversion has been shown to contribute sub-
stantially to MHC f gene diversity (Bergstrom et al.
1998). While gene conversion is a ubiquitous evolu-
tionary force in the MHC, the hypothesis of reduc-
tions in effective population size or selective/
functional differences as an explanation of species-
specific allelic lineages and/or monomorphic amino
acid tracts within the second exon cannot be ruled
out.

The distribution of codons found to exhibit pat-
terns consistent with natural selection differed sub-
stantially among the 11 salmonid species surveyed.
Some codon sites putatively under selection corre-
spond with antigen-binding codons in the human
molecule. However, some of these salmonid sites did
not correspond to antigen-binding sites in the mam-
malian molecule. This is not surprising given the large
evolutionary divergence between fish and mammals,
and a similar result was reported in a study of cyp-
rinid fish (Ottova et al. 2005). This discord between
the codon sites under selection in the fish MHC and
those known to be antigen-binding sites in mammals
may reflect structural/functional differences in the
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MHC molecules of the two groups. However, exten-
sive study of the structure and antigen binding
properties of teleost MHC molecules is necessary to
evaluate this hypothesis. However, these differences
do indicate that caution should be used when infer-
ring ABS codons in nonmammalian taxa using the
human molecule as a model, as some ABS codons
almost certainly differ between these two major tax-
onomic groups.
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