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ABSTRACT For mammals f,-microglobulin (,m), the
light chain of major histocompatibility complex (MHC) class
I molecules, is invariant (or highly conserved) and is encoded
by a single gene unlinked to the MHC. We find that B,m of a
salmonid fish, the rainbow trout (Oncorhynchus mykiss), does
not conform to the mammalian paradigm. Ten of 12 randomly
selected B,m cDNA clones from an individual fish have
different nucleotide sequences. A complex restriction frag-
ment length polymorphism pattern is observed with rainbow
trout, suggesting multiple 8,m genes in the genome, in excess
of the two genes expected from the ancestral salmonid tet-
raploidy. Additional duplication and diversification of the
B:m genes might have occurred subsequently. Variation in the
B2m cDNA sequences is mainly at sites that do not perturb the
structure of the mature B,m protein, showing that the ob-
served diversity of the trout B,m genes is not primarily a
result of pathogen selection.

Major histocompatibility complex (MHC) class 1 molecules
control the response of cytolytic lymphocytes to cells compro-
mised by viral infection or malignant transformation. The class
I heterodimer consists of a heavy chain associated with -
microglobulin (8m). In mammals, the MHC harbors a mul-
titude of class I heavy-chain genes, of which some (classical)
are highly polymorphic while others (nonclassical) are con-
served (reviewed in ref. 1); in contrast, 8,m is encoded by a
single copy gene unlinked to the MHC (2) and it is either
invariant [e.g., in human (3)] or has limited polymorphism
[e.g., in mice (4)]. The discovery of a large and diversified
family of MHC class I genes in mammals (reviewed in ref. 5)
has stimulated investigations of their evolution and conserva-
tion by examining other vertebrate species, including fish
(reviewed in ref. 6). The rainbow trout (Oncorhynchus mykiss)
and other salmonid species share a common tetraploid ances-
tor (7). Although native to the drainage of the North American
Pacific Coast and to the waters of the Pacific Ocean, rainbow
trout have been introduced into many other countries of the
world through human intervention (8). Here we describe the
isolation and characterization of cDNA clones encoding S,m
and MHC class I heavy chain from O. mykiss.tt Contrasting
with the mammalian paradigm, we find that the trout B,m is
encoded by a family of genes, giving an unexpected polymor-
phism to the cDNA expressed by an individual fish that cannot
be explained by ancestral tetraploidy.

MATERIALS AND METHODS

Animals. Adult rainbow trout were purchased from Lintt’s
Trout Farm (Half Moon Bay, CA).
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Screening of ¢cDNA Libraries. Tissues were excised from
rainbow trout and poly(A)* mRNA was purified. The KA
liver/spleen cDNA library and the fish J spleen cDNA library
were constructed in the Agtl0 bacteriophage vector (Strat-
agene). For screening, replicate colony/PlaqueScreen nylon
filters (DuPont/NEN) containing =~5 X 10* plaque-forming
units of the unamplified libraries were hybridized with the B,m
probe b2m-118 and the class I heavy-chain probe a3-200 (the
KA and Ja clones) (9). These two probes were obtained by
PCR amplification of spleen cDNA with the following primer
sets: IP-30, 5'-GAT CTG CCA TGT GAG CAG CTT CCA
CCC TCC; FD-30: 5'-AAA CTG CCA GCCCTTTTC GAA
GGC CAG GTC for b2m-118; and the degenerate primer set
A3-5p; 5'-TGY CWS GTG ACW GGT TTC TAC CC; A3-3p,
5'-AGR CYG STG TGW TKC ACM WGA CAG for a3-200.
The fish O anterior-kidney library was constructed in the
ZAP-Express vector (ref. 10; Stratagene) and screened with
the al23 probe, which contains sequence corresponding to
exons 2-4 of the cDNA clone Ja-1. Nucleotide sequences were
determined on both DNA strands and analyzed using the
Wisconsin Sequence Analysis Software Package [version 8.0;
Genetics Computer Group (GCG), Madison, WI] (11).

Northern Blots. Total cellular RNA (10 pg) or poly(A)*
mRNA (1 ug) was separated by electrophoresis through 1%
agarose/2.2 M formaldehyde gels (9). The labeled probes were
b2m-mp, which encompasses the mature protein coding region
of the trout B,m clone Jb-1, and the class I heavy-chain probe
al23, corresponding to exons 2-4 of Onmy-UAA*01.

Phylogenetic Analysis. The B,m amino acid sequences were
aligned with the PILEUP program of the GCG Package (11).
The GenBank accession numbers of previously published
sequences are as follows: human (M17987), chimpanzee
(M30683), gorilla (M30684), orangutan (M30682), baboon
(NCBI gi: 547299), tamarin (S71244), mouse Mus musculus
(common allele a; X01838), mouse Mus spretus (L04992), rat
(Y00441), guinea pig (P01886), rabbit (P01885), pig (L13854),
cattle (X69084), horse (X69083), chicken (M84767), turkey
(P21612), carp (L05536), zebrafish (L.05383). Genetic dis-
tances were calculated from the peptide sequences according
to the method of Kimura (12). A phylogenetic tree was
constructed using the PHYLIP program (13) with the neighbor-
joining method (14).

Abbreviations: MHC, major histocompatibility complex; Bom, B2-

microglobulin.
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(Jb-7), L63535 (Jb-8), L63536 (Jb-9), L63537 (Jb-10), L63538 (Jb-
11), L63539 (Jb-12), L63541 (Onmy-UAA*0101), and 163542
(Onmy-UAA*0102).
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Nucleotide sequences of Bzm cDNA clones and the
deduced B>m peptide sequences from the rainbow trout (O.
mykiss). Dashes indicate identities with the consensus se-
quences. Stop codons are denoted by asterisks. (4) Nucleotide
sequences of 12 Bom cDNA clones isolated from the fish J
spleen library. cDNA sequences are segregated into four
groups by phylogenetic analysis. The poly(A) tails of individual
sequences are deleted for alignment. Deduced amino acid
sequence of Onmy-Jb-1 is shown. Proposed coding regions for
the leader peptide and mature protein are indicated. (B)
Positions of substitution in the deduced amino acid sequences
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Southern Blot. Ten-microgram samples of genomic DNA
were digested to completion with restriction enzymes, and
DNA fragments were separated by electrophoresis through
0.7% agarose gels in 0.5X TBE buffer (9). Hybridizations were
performed with the B,m mature protein probe b2m-mp; the
MHC class I heavy-chain a3 domain probe a3-200; or the
heavy-chain extracellular domains probe al23. High-
stringency hybridization was performed in a solution contain-
ing 50% formamide while low-stringency hybridization was
performed in 30% formamide.

RESULTS AND DISCUSSION

Generation of Rainbow Trout DNA Probes. Based on fea-
tures conserved in B,m and MHC class I heavy-chain se-
quences of different species, we designed oligonucleotide
primers to use in PCR amplification of rainbow trout spleen
cDNA. Amplification products of the expected sizes were
eluted from agarose gels, subcloned, and sequenced. Inserts
having sequence similarity to B,m and class I heavy chains of
other fish (reviewed in ref. 6) were obtained and used to screen
cDNA libraries.

Isolation of B,m and MHC Class I Heavy-Chain cDNA
Clones. Class I heavy-chain probes were used to screen three
cDNA libraries, each made from individual rainbow trout. Two
clones were obtained from each library and their nucleotide
sequences showed they were either alleles or the products of
alternative mRNA splicing of the same class I heavy-chain
gene. The absence of polymorphism and certain conserved
tyrosines in the peptide-binding site indicates this gene, des-
ignated as Onmy-UAA according to convention (15), is prob-
ably a nonclassical MHC class I gene (data not shown).

Clones encoding 8,m were found at high abundance (=1%
of total clones) in the spleen cDNA library made from fish J.
Sequencing of three cDNA clones revealed unexpected poly-

morphism, which prompted analysis of an additional nine 8,m
c¢DNA clones.

Sequence Diversity in Rainbow Trout B,m cDNA. Ten
distinct nucleotide sequences were obtained from the analysis
of 12 ¢cDNA clones (Fig. 14). The cDNA clones grouped into
two broad size ranges (800-950 and 1100-1250 bp) corre-
sponding to the two major bands seen on Northern blot
analysis (Fig. 2). Phylogenetic analysis divided the cDNA
sequences into four groups with group 1V being significantly
divergent from groups I-III (Fig. 14).

Much of the variation in trout B,m is confined to the
sequence encoding the signal peptide and the noncoding 5’
and 3’ flanking regions. The 3’ untranslated regions are
particularly variable (Fig. 14). By comparison, the region
encoding the mature protein is conserved (Fig. 1B), a distri-
bution that argues strongly against the sequence divergence
being an in vitro artifact. The mature proteins encoded by the
group I, II, and III clones are identical, whereas the group IV
clones have a cluster of 11 nucleotide substitutions that change
amino acids 16, 17, 19, and 20 (Fig. 14). When compared to
B.m from different species, the rainbow trout sequences
cluster with those from other fish (Fig. 3).

Rainbow Trout 8,m Is Encoded by Multiple Genes. A likely
cause of the observed sequence variation is that B,m is
encoded by multiple genes in rainbow trout. To investigate, we
performed Southern blot analysis with the Bom probe on a
panel of genomic DNA preparations obtained from individual
fish. Many hybridizing bands were observed with DNA di-
gested with the restriction enzymes HindIII (data not shown)
and Taq 1 (Fig. 44), and the pattern was not affected by the
stringency of wash conditions (Fig. 4C). Variation between fish
is also apparent. The complexity of the B,m banding patterns
contrasts with the simpler pattern obtained with Onmy-UAA
class I heavy-chain probes (Fig. 4 D and E).

Contrasting with the results from trout, genomic DNA from
two species of Antarctic rockcod gave cross-hybridizing bands
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FiG. 2. Northern blot analysis of rainbow trout B,m and Onmy-
UAA class I heavy-chain mRNA. Exposure times for individual
autoradiograms are noted. Positions of the 18S and 28S rRNA are
labeled for reference. Quality of the RNA samples was examined on
the same blots by hybridization with a carp B-actin probe (16). (4)
Expression of Bom and MHC class I mRNA in the spleen of rainbow
trout J. mRNA samples were prepared from total RNA samples
obtained from freshly isolated tissues using two rounds of oligo(dT)
affinity column chromatography. (B) Expression of fm mRNA by
various rainbow trout tissues. A single-step method was used to purify
mRNA from the pooled frozen tissues of three trout (P, Q, and R)
using the Oligotex direct mRNA kit of Qiagen (Chatsworth, CA). The
difference in the protocols for preparing mRNA for the blot in A
compared to B and C probably explains the different lengths of
exposure required for the autoradiograms. (C) Expression of class I
mRNA by various rainbow trout tissues. As in B, except that the
hybridization was performed with the MHC class I heavy-chain probe
al23.

compatible with a single-copy B,m gene, a pattern analogous
to that characteristic of mammals. Multiple ,m bands on
Southern blots are not a quirk of the Californian rainbow trout

Proc. Natl. Acad. Sci. USA 93 (1996)
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FiG. 3. Rainbow trout B>m segregate with Bom of other fish. A
phylogenetic tree of Bom sequences from different species was con-
structed by the neighbor-joining method (14). Numbers on branches
refer to percentage recovery of that particular branch over 100
bootstrap replications. Nonterminal branches with a bootstrap fre-
quency below 70% are not numbered. Method of maximum parsimony
also gave a tree with similar topology, and all major branches were
recovered with similar bootstrap frequencies (data not shown). Ex-
ception was the carp/zebrafish branch, which had a frequency of 69 per
100 of 1000 bootstrap replications.

population that provided the fish analyzed in Fig. 44, as DNA
from a population of Australian Steelhead trout, an anadro-
mous form of O. mykiss (8), gave similar results (Fig. 4B).
Multiple cross-hybridizing bands with the b2m-mp probe were
also detected in the genomic Southern analysis of another
salmonid, the Atlantic salmon (Salmo salar, R.J. M. Stet,
personal communication).

Tissue-Specific Expression of S,m and Onmy-UAA mRNA.
Northern blot analysis revealed a similar distribution for ,m
and Onmy-UAA gene expression in the tissues of rainbow
trout (Fig. 2). Expression is highest in spleen and intestine and
is undetectable in brain and muscle. The level of B,m expres-
sion was ~100 times higher than for the Onmy-UAA heavy-
chain gene, consistent with the relative abundance of cDNA
clones in the fish J library. This striking difference further
points to Onmy-UA A being a low expression nonclassical class
I gene and to the likely existence of yet undiscovered classical
class I genes. That Onmy-UAA probes failed to isolate other
class I heavy-chain family members from three cDNA libraries
and gave simple restriction fragment length polymorphism
patterns on Southern blots (Fig. 4 D and E) is consistent with
the finding of divergent families of class I genes in other fish
species (6, 17).

Trout and other salmonids are believed to have evolved
from a common tetraploid ancestor: genes are usually found in
two copies and the extent to which they have diverged is
variable (7). Tetraploid ancestry can therefore explain the
presence of two B,m genes in the trout genome and one might
speculate that group I, I1, and III cDNA clones are descendants
of one ancient copy of the gene, and group IV clones are
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FiG. 4. Southern blot analysis of genomic DNA with probes derived from the fom and Onmy-UAA*01 class I heavy-chain cDNA of rainbow
trout. Sizes of HindIII-digested A DNA are shown as markers. (4) Comparison of Taq I-digested DNA fragments from 10 individual Californian
rainbow trout (lanes A-M) hybridizing under high-stringency conditions to the B,m probe b2m-mp. (B) Comparison of Taq I-digested DNA
fragments from seven individual Australian steelhead trout (lanes 1-7) and two Californian rainbow trout (lanes J and O) hybridizing under
high-stringency conditions to the Bom probe b2m-mp. (C) Comparison of Taq I-digested DNA fragments from rainbow trout J and O and from
two species of Antarctic rockcod (sample 1 was from the species Notothenia coriiceps and sample 2 was from Gobionotothen gibberifrons) hybridizing
with the Bom probe b2m-mp under low stringency. Salt concentration of the final washes was 2X SSPE (labeled low stringency) and 0.2X SSPE
(labeled high stringency). (D) Comparison of Taq I- and HindIII-digested DNA fragments from 10 individual Californian rainbow trout (lanes A-K)
hybridizing with class I heavy-chain probes. Hybridizations were performed under high stringency with either the probe a3-200, which encodes only
the a3 domain of Onmy-UAA*01, or with the probe a123, which encodes all three extracellular domains of the class I cDNA. (E) Comparison of
Taq I-digested DNA fragments from rainbow trout J and O and from two species of Antarctic rockcod as in C. Hybridization was performed under
low stringency with the class I probe a123. Salt concentration of the final washes was 2X SSPE (low stringency) and 0.2X SSPE (high stringency).

descendants of the other. Tetraploidy alone, however, cannot

variation, as is true for classical class I heavy-chain genes
explain the high sequence diversity of B,m cDNA from an

(18-20) and may be the case for the allelic differences in mouse

individual rainbow trout, indicating that subsequent duplica-
tion and divergence of B,m genes has occurred.

Differences between trout 8,m cDNA sequences are largely
at positions that do not change the primary structure of the
mature protein. Therefore, selection for functional diversifi-
cation of the protein is unlikely to be a major cause of the

B2m (21-23). Conversely, purifying selection appears to have
largely preserved the mature protein encoding sequence of
trout B,m genes while allowing the flanking sequences to
diverge.

Similarities in the structure of B,m and the immunoglobulin-
like domains of MHC class I and II polypeptides suggest that
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they share a common ancestor that was encoded in the MHC
(24, 25). If that were the case, then the 8,m gene must have
been translocated from the MHC to another location during
evolution of the mammalian lineage (26, 27). Interpreting our
results in light of this hypothesis raises the possibility that a
B.m gene may have remained within the MHC of rainbow trout
and been subjected to the duplication and diversification to
which other MHC genes, particularly those encoding class I
heavy chains, seem prone (1, 5).
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Perry Hackett for the carp B-actin probe. This research was supported
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