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Association between major histocompatibility
complex class IIB alleles and resistance to
Aeromonas salmonicida in Atlantic salmon

Asa Langefors'’, Jakob Lohm', Mats Grahn’, @ivind Andersen’
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'Department of Animal Ecology, Ecology Building, Lund University, S-223 62 Lund, Sweden
2Sidertirns Hogskola, Karolinska Institute, Department of Biosciences at Novum, S-141 57 Huddinge, Sweden
SAKVAFORSK, Institute of Aquaculture Research, PO Box 5010, N-1432 Aas, Norway

We have tested the importance of genetic variation in the major histocompatibility complex (MHC)
class IIB in Atlantic salmon (Salmo salar) for survival after challenge with a highly virulent bacterial
pathogen. Forty juvenile full siblings from each of 120 families were infected with the bacterium Aeromonas
salmonicida, which causes high mortality in salmon due to furunculosis. Fishes from high-resistance (HR,
< 35% mortality) and low-resistance (LR, > 80% mortality) families were screened for their MHC
class IIB genotypes using the denaturing gradient gel electrophoresis (DGGE) technique. The exon 2
sequences, encoding the major part of the peptide-binding region, were established for each DGGE
fragment. One allele, ¢, containing a missense single base substitution was significantly more prevalent in
HR families than in LR families. An odds-ratio test showed that broods carrying this allele had a 12-fold
higher chance of being HR than broods without the e allele. A second allele, z, showed significantly
higher frequencies in uninfected and surviving individuals than in infected dead individuals. A third
allele, j, tended to be more prevalent both in LR families and in individuals that had died of the
infection. There was no correlation between MHC heterozygosity and resistance to A. salmonicida. Our
results support the hypothesis that MHC polymorphism is maintained through pathogen-driven selection

acting by means of frequency-dependent selection rather than heterozygous advantage.

Keywords: major histocompatibility complex class IT; bacterial infection; alleles; Atlantic salmon;
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1. INTRODUCTION

The genes in the major histocompatibility complex
(MHC) are crucial for the presentation of self peptides
and foreign-antigen peptides to the T-cells in the adaptive
immune system. Both MHC class I and class II, in
mammals, consist of several distinct loci, which are
represented by multiple alleles with strikingly uniform
distribution within populations (Klein 1990). How this
extreme level of genetic variation is maintained 1is
strongly debated (Potts & Slev 1995; Apanius et al. 1997,
Edwards & Hedrick 1998; Paterson et al. 1998). Several
studies of DNA sequence variation demonstrate convin-
cingly that some sort of positive balancing selection is
acting on the MHC (Hughes & Nei 1989; Klein &
O’hUigin 1994). It has been assumed that pathogens are
the most important agent behind the balancing selection
(Klein 1986; Klein & O’hUigin 1994). Complementary
mechanisms to pathogen-driven selection are disassorta-
tive mating acting through olfactory-based mate choice
and, in mammals, maternal foetal selection (Potts et al.
1991; Wedekind et al. 1995; Edwards & Hedrick 1998;
Penn & Potts 1999).

Parasite-driven selection and sexual selection can be
operating at the genetic level in at least two ways: first, by
heterozygous advantage (Hughes & Nei 1989) and second,
by frequency-dependent selection (Slade & McCallum
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1992). Heterozygous individuals are assumed to detect and
present a wider range of pathogen-derived antigens due to
a larger number of different MHC molecules. The few
cases indicating heterozygous advantage include associa-
tions between MHC heterozygosity and the development
of AIDS from HIV infection, and MHC class II hetero-
zygosity and hepatitis B viral infection (Thursz et al. 1997,
Carrington et al. 1999). The alternative mechanism is nega-
tive frequency-dependent selection, where rare alleles have
a selective advantage over common alleles. More studies
support this latter mechanism in terms of correlations
between certain MHC genotypes or MHC alleles and
disease resistance or other fitness traits (Briles et al. 1983;
Hill et al. 1991; Slade & McCallum 1992; Von Schantz et al.
1996; Paterson et al. 1998).

We have studied the effects of MHC heterozygosity and
MHOC alleles on resistance to furunculosis caused by the
Gram-negative proteobacteria Aeromonas salmonicida in
Atlantic salmon. This bacterium was introduced to
Norway following import of salmon from Scotland in
1985 (Johnsen & Jensen 1994). Since then, it has spread
to a large number of hatchery populations of Atlantic
salmon and brown trout (Salmo trutta), which subsequently
transmit the disease to wild populations (Johnsen &
Jensen 1994). There is a high heritability of mortality to
furunculosis (k*>=0.48) and selection experiments have
produced lines with high resistance (Gjedrem et al. 199];
Gjedrem & Gjoen 1995). Previous results show that
Atlantic salmon in the Baltic Sea have a single MHC
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Table 1. Numbers of high resistance (HR, < 35% mortality when infected with the bacterium Aeromonas salmonicida) and
low resistance (LR, > 80% mortality) broods of Atlantic salmon from which dead, surviving and uninfected individuals were

sampled

(Numbers of sampled individuals per brood are also shown (individuals per brood). Dead and surviving individuals had taken
part in the challenge test, while the uninfected individuals were their full-sibs that had not been exposed to the pathogen.)

dead surviving uninfected
broods individuals per brood broods individuals per brood brood individuals per brood
HR 5 5 4 2-4 5 5
LR 6 4-5 1 3 5 5
total 11 54 5 16 10 50

class IIB locus with up to 16 alleles within populations
(Langefors et al. 1998, 2000). The aims of the present
study on Atlantic salmon were to examine the importance
of MHC class II genes for resistance to an infectious
disease, to investigate whether pathogen-driven selection
is of importance for MHC variation and, if so, what
selective mechanisms are acting on the MHC in the
presence of a pathogen. Using denaturing gradient gel
electrophoresis (DGGE) and sequence analysis, we have
focused on exon 2 of the MHC class IIB gene, which
encodes the major part of the peptide-binding region of
the MHC class IT molecule (Brown et al. 1993).

2. MATERIAL AND METHODS

(a) Challenge test and samples

At AkvaGen, Sunndalsera, on the west coast of Norway, 120
full-sib families were tested for factors including growth rate,
sexual maturation, coloration, fat content and disease resistance
cach year. The aim of these tests was to produce strains with
high ‘breeding values’, i.e. high values of the aforementioned
traits, for commercial farming of salmon. The test fishes
belonged to a population that originates from a number of wild
Norwegian populations and has been maintained under
farming conditions for six generations. Resistance to furuncu-
losis is one of the traits that the fishes have been tested for
annually since 1991.

For the challenge test in 1996, 40 juveniles (one year old)
from each of the 120 families were sampled at random at the
breeding station in Sunndalsera for later infection with
A. salmonicida. All 4800 individuals were marked by a combina-
tion of fin clipping and cold branding specific to each family
(Gunnes & Refstie 1980) and transported to VESO Vikan
AkvaVet, Namsos, Norway (ca. 400 km from Sunndalsera). Here,
the 4800 individually marked juveniles were kept together in a
single 6 m® tank with a fresh water supply at 12 °C.

Infection of the test fishes with A. salmonicida was performed
by means of cohabitation within the test tank. Fishes (z=300)
of the same origin as the test fishes were inoculated by intra-
peritoneal injection of approximately 50000 viable cells of
Gram-negative proteobacteria A. salmonicida subsp. salmonicida
(Gjedrem et al. 1991). The 300 infected fishes (cohabitants) were
released into the tank with the 4800 test fishes on 3 January
1996. The test lasted for approximately three weeks. Mortality
was recorded daily and all dead fishes were deep frozen
immediately. Out of the fishes that had died during the furuncu-
losis outbreak, 10%
A. salmonicida subsp. salmonicida was isolated in all cases.

were examined bacteriologically and
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To examine whether MHC genotypes are associated with resis-
tance or susceptibility to furunculosis, we sampled families with
high resistance (HR, < 35% mortality) and low resistance
(LR, > 80% mortality) to the disease from the challenge tests.
Both individuals that had died and those that had survived the
infection were sampled from HR and LR families (table 1). In
addition, we also sampled uninfected juveniles from HR and
LR families kept at Sunndalsera. These sampled juveniles had
not been exposed to the bacterium, although their full-sibs had
taken part in the challenge test at Vikan. The generation time of
these farmed salmon is four years, hence the parents of the
tested juveniles were hatched in 1991. These parental fishes had
not themselves been exposed to A. salmonicida and they were not
selected for increased disease resistance.

(b) Polymerase chain reaction amplifications

DNA was phenol—chloroform extracted from homogenized
liver or muscle tissue. For DGGE, exon 2 was amplified using
the primers TVS 4501 and GC-clamped MG 14 (Langefors et al.
2000) in a Perkin-Elmer-Cetus 9600 (Perkin Elmer, Brauchberg,
NJ, USA). The 25 pl polymerase chain reaction (PCR) mixture
contained 100ng of DNA template, 20 pmol of each primer,
0.9 pg bovine serum albumin, 1 x PCR reaction buffer, 25 nmol
MgCly, 125uM dNTP and 0.2 units Taq polymerase (Perkin
Elmer). The conditions for the PCR were as follows: denatura-
tion for 2 min at 94 °C followed by 30 cycles of denaturation for
30s at 94 °C, annealing for 30s at 56 °C and primer extension
for 30s at 72 °C. The final extension was for 10 min at 72 °C.
The PCR products showed one distinct band with an approxi-
mate length of 300 bp on a 2% agarose gel.

(c) Denaturing gradient gel electrophoresis

MHC class IIB genotypes were determined through DGGE
screening. DGGE was performed using 5% 19:1 acrylamide—
bisacrylamide parallel gels containing 1 xTAE buffer and a
gradient of urea and formamide (Myers et al. 1987). A gravita-
tional gradient maker was used to cast the gels. Electrophoresis
was performed in 1 XxTAE buffer heated to 60°C, in electro-
phoresis cells and a buffer tank (C.B.C. Scientific Company,
Inc., Delmar, CA, USA). For each sample, 10-15pul of PCR
products were run on gels overnight for 15h at 90 V. All indivi-
duals were genotyped with a urea gradient of 20-45%. Three
different alleles gave identical DGGE bands, and individuals
carrying these bands were also examined on a gel with a 30—
60% gradient, where the three alleles separated into three
different DGGE bands. At the latter gradient, however, the
resolution of the other fragments was inferior. Gels were
stained with ethidium bromide (0.2mgml™" 1xTAE) for
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I5min and the DNA was visualized in a FluorImage SI
(Molecular Dynamics, Inc., Sunnyvale, CA, USA).

(d) Sequencing

Exon 2 sequences were distinguished for at least two copies of
each DGGE band from unrelated individuals by PCR amplifica-
tion of excised DGGE bands. Desired DGGE fragments (two,
or occasionally one, from each of 25 individuals selected for
characterization of all alleles) were identified, cut from the gel,
mixed with 160 pl double-distilled water (ddH,O), extracted by
keeping the samples at —80 °C for 1h, 25°C for 1h, —80°C for
1h and 4°C for 2-3h, and used as a template in a PCR with
the primers TVS 4501 and AL 1002 (Langefors et al. 2000). The
PCR conditions were identical to those for amplification of exon
2 for DGGE as described in §2(c), except that the annealing
temperature was 53 °C. The PCR products were ethanol precipi-
tated, dissolved in 12-16 pl ddH,O and used as templates for
direct sequencing in the ABI PRISM 310 (Perkin Elmer
Corporation, CA, USA). For each DGGE fragment, we
sequenced in both directions using TVS 4501 and AL 1002 as
primers for the 5 and the 3’ strands, respectively. Sequencing
reactions were run in an ABI PRISM 310 genetic analyser and
edited with the gene scan analysis software (Perkin Elmer).

(e) Statistical tests

Heterozygosity levels were compared both between HR and
LR broods and between surviving, dead and uninfected indivi-
duals. Broods were classified as heterozygous if all sampled indi-
viduals were heterozygous while broods containing at least one
homozygous individual were classified as homozygous. Tests for
genetic differences between samples (Fgp) were made with the
program GENEPOP, which gives an unbiased estimate of the p-
value for population differentiation using a Markov-chain
method (Raymond & Rousset 1995). This method is especially
suited to unbalanced samples and cases with many alleles per
loci and small sample sizes. The Markov-chain analyses were set
to 1000 dememorizations, 75 batches and 1000 iterations per
batch. Differences in the frequencies of each allele were tested
using Fisher’s exact test with and without sequential Bonferroni
corrected significance levels (Rice 1989) using each individual
(n=120) and each brood (=22) as independent variables.
Odds-ratio tests were performed in SYSTAT 8.0 (Wilkinson
1996) and confidence intervals were calculated manually (Sokal
& Rohlf 1998).

(f) Sequence analysis

Sequences were aligned manually in the Genetic Data
Environment software. Genetic distances were calculated using
the Jukes & Cantor (1969) method in the software program
MEGA (Kumar et al. 1993). The number of non-synonymous
substitutions per non-synonymous site (@y) and the number of
synonymous substitutions per synonymous site (dg) were calculated
using the method of Nei & Gojobori (1986) and tested against the
t-distribution with infinite degrees of freedom (Kumar ez al. 1993).
The putative amino-acid residues involved in antigen binding in
Atlantic salmon were based on the corresponding antigen-binding
sites identified in humans (Brown et al. 1993).

3. RESULTS

Nine different MHC class II exon 2 alleles were identi-
fied from the 120 analysed individuals. Among the 271
nucleotides, 38 (14%) nucleotide positions were variable
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(figure 1). At each variable codon, up to three different
amino acids were observed. All nine alleles encoded
distinct amino-acid sequences. Out of the total 90
positions, 24 (27%) amino acids were variable, in
comparison with 16 (64%) out of the 25 positions of the
antigen-binding sites (figure 2).

The number of non-synonymous substitutions per non-
synonymous site, dy, was 4.4 times higher than the
number of synonymous substitutions per synonymous site,
ds, in the antigen-binding site (¢=2.89, p < 0.01). The
corresponding ratio for the non-antigen-binding-sites was

1.2 (t=0.29, p > 0.05).

(a) High- versus low-resistance families

Out of all the families, 66.7% were heterozygous (i.e.
all examined individuals in a brood were heterozygous)
for exon 2 of the MHC class IIB. In all, 77% of LR
families were heterozygous, compared with 55% of HR
families (Fisher’s exact test, p > 0.05). MHC class 1IB
allele frequencies differed significantly between HR and
LR families (figure 3, Fgr =0.005, p =0.044). The ¢ allele
was significantly more frequent in individuals from HR
families than in individuals from LR families (Fisher’s
exact test, p < 0.001, significant after Bonferroni correc-
tions, n=120) and it occurred more frequently in HR
families than in LR families (Fisher’s exact test,
p=0.063, n=22 broods). The odds-ratios of allele ¢ were
0.20 for individuals (99.9% confidence intervals 0.05—
0.73) and 0.083 for broods (95% confidence intervals
0.008-0.89). A brood with the ¢ allele had a 12-fold
(1/0.083) higher chance of becoming a HR brood than a
brood lacking the e allele (p < 0.05). Although the
frequencies of the ; allele did not differ significantly
between HR and LR families (Fisher’s exact test,
p > 0.05), the odds-ratio for the j allele was significant at
the individual level (2.30 for individuals, 95% confidence
intervals 1.001-5.28). The odds-ratio for the ; allele
between broods was 3.06 (95% confidence intervals 0.57—
16.61, not significant).

(b) Comparisons of dead, surviving and uninfected

JSishes

Heterozygosity levels did not differ between dead fishes
(94%) and fishes surviving the challenge test (100%)
(Fisher’s exact test, p > 0.05). Heterozygosity in the
uninfected fishes examined was 80%.

Trequencies of both the ¢ and the j alleles differed
significantly between dead, surviving and uninfected
fishes (Fisher’s exact tests, ¢, p < 0.001, significant after
sequential Bonferroni corrections; j, p =0.041, not signifi-
cant after sequential Bonferroni corrections; table 2).

(c) Sequence analysis

Construction of a phylogenetic tree, based on the
neighbour-joining method, showed that allele ¢ has the
shortest distance to allele e, allele & has the shortest
distance to allele ¢ and alleles ¢ and ¢ have the shortest
distance to allele ; (tree not shown). Hence, pairwise
comparisons were performed between the sequences of
these pairs of alleles. Allele ¢ and allele ¢ differ at a single
nucleotide, resulting in a glutamine—histidine substitution
positioned between two residues included in the antigen-
binding site (figures | and 2). Allele j differed from alleles
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1
a GATGGATATT

51
a CCTGCAGGGT

101
ATGTCAGATT

151

201
a GCTAGGGGAG

11
TTTATCAGGT

61
ATAGAGTTTA

111
CAACAGCACT

161

211
CTGGAGCGTT

21
TGTGAGACAG

71

121

171

221

31 41 50
TGCCGATACT CCTCAAAGGA

81 91 100

131 141 150

181 191 200

231 241 250

251 261 271

Figure 1. Exon 2 sequences of the MHC class IIB alleles of Atlantic salmon. Dots indicate identity with the top sequence.

¢ and ¢ at six and seven nucleotides, respectively, spread
over the entire exon. Four of the six amino-acid sub-
stitutions were located among the ABS.

4. DISCUSSION

This is, to our knowledge, the first study on MHC
variation and disease resistance in a lower vertebrate,
and among the first finding a correlation between MHC
class II allelic variation and resistance to a bacterial
pathogen. The results presented strongly indicate that
MHC class IIB alleles are of importance for individual
fitness in Atlantic salmon. The distributions of MHC
class IIB alleles were significantly different between

Proc. R. Soc. Lond. B (2001)

families with high resistance and low resistance to infec-
tion with A. salmonicida. Allele ¢ was significantly more
prevalent among HR families than among LR families
and a brood carrying the e allele had a 12-fold higher
probability of becoming an HR family than a brood
lacking the e allele. In addition, this specific allele was
more prevalent among uninfected and infected surviving
individuals than among infected dead individuals,
although the difference was not significant. Allele : was
absent among dead individuals but occurred in 11% of
infected surviving and uninfected fishes (table 2). Allele j
was more common among LR families and in infected
dead individuals than among HR families and in unin-
fected and infected surviving individuals, but these
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Figure 2. Putative amino-acid sequences for MHC class IIB exon 2 alleles of Atlantic salmon. Dots indicate identity with the top
sequence. Codons involved in antigen binding in humans (Brown et al. 1993) are denoted by asterisks.

Table 2. Percentages of the MHC class II alleles e, 1 and j in
Juvenile Atlantic salmon that were infected and had died or
survived infection with Aeromonas salmonicida or that were
uninfected

(Results of Fisher’s exact tests are given before (p) and after
(Bonferroni) sequential Bonferroni corrections (Rice 1989).)

e i J
dead 23 0 19
surviving 28 11 9
uninfected 36 11 8
b > 0.05 < 0.001 0.041
Bonferroni notsignificant  significant  not significant
differences were only significant before Bonferroni

corrections for multiple tests.

The multiple alleles commonly found at the MHC
locus result in low allele frequencies and relatively low
sample sizes, making it statistically problematic to find
associations between MHC alleles and resistance to an
infectious disease (Hill 1998). The lower number of alleles
in MHC class IT than in MHC class I may explain why
assoclations have been found between susceptibility to
infectious diseases and MHC class II rather than MHC
class I alleles (Hill 1999). Given the small sample sizes for
many of the nine alleles, it is remarkable that a significant
association was found between the ¢ and ¢ alleles and
resistance to furunculosis, as well as a tendency to an
association between the j allele and susceptibility to the
disease. This provides strong evidence of an actual asso-
ciation between certain MHC alleles and resistance to
furunculosis in Atlantic salmon.

Association between a gene and a disease can be due to
effects of the gene itself or can arise if the studied gene is
in linkage disequilibrium with another gene that causes
the resistance. We cannot exclude the possibility that
another linked gene has caused the observed association.
Our study was performed in a confined population with
an unknown degree of inbreeding. The conclusion that
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Figure 3. Distribution of MHC class 11B alleles in
high-resistance families (open bars) and low-resistance families
(filled bars) of Atlantic salmon; Fgp=0.005, p =0.044.

allelic variation at the MHC class IIB is correlated with
resistance to furunculosis must therefore include any co-
segregating variable genes.

The observed associations between the ¢, ¢ and j alleles
and resistance/susceptibility to furunculosis support the
hypothesis that frequency-dependent selection is impor-
tant for the maintenance of MHC variation (Slade &
McCallum 1992). In addition, heterozygous individuals do
not have increased resistance to furunculosis, hence this
study does not support heterozygous advantage as the
main mechanism for maintaining MHGC variation. Asso-
ciations between MHOC heterozygosity and infectious
diseases have been found in only two studies (Thursz et al.
1997, Carrington ef al. 1999), while a larger number of
studies report associations between MHC alleles and
disease resistance, which also indicates that frequency-
dependent selection is more important than heterozygous
advantage (Hill et al. 1991; Paterson et al. 1998; Jeffery et al.
1999; Hill 1999). However, most studies deal with single
viral, bacterial or parasitic agents (Hill et al. 1991; Thursz
et al. 1997, Jeftery et al. 1999; Carrington et al. 1999) and it
is possible that studies combining two or more pathogens
would be able to find evidence for heterozygous advantage.
Other viral and bacterial pathogens are likely to be
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associated with other MHC alleles. There are a large
number of different strains within the species A. salmonicida
(Umelo & Trust 1998) and future studies will show
whether the ¢ allele, identified here, is also associated with
resistance to other A. salmonicida strains.

The single nucleotide substitution in alleles ¢ and e,
replacing glutamine with the basic histidine, may have an
important effect on peptide-binding efficiency. Since allele
¢ has a unique motif at positions 5 and 6 (amino acids
EH, figure 2) while allele ¢ shares the motif EQ with
alleles b and j at these positions (figure 2), it seems likely
that a single-point mutation in allele ¢ gave rise to allele ¢
(figure 1). It is often assumed that new alleles are lost due
to random genetic drift. However, under the theory of
negative frequency-dependent selection, rare alleles, both
new and old, have a selective advantage and will increase
in frequency (May & Anderson 1990). Allele ¢ could be
an example of a ‘new’ allele that has arisen and been
maintained through frequency-dependent selection due to
its association with resistance to furunculosis.

In the present study, we have found associations
between certain MHC class II alleles and the bacterial
infection, furunculosis. These results suggest that direc-
tional or, eventually, frequency-dependent selection is
acting on the MHC. Association between a gene and a
disease can be due to effects of the gene itself or can arise
if the studied gene is in linkage disequilibrium with
another gene that has causative effects. We cannot exclude
the possibility that another linked gene has caused the
observed association. However, the peptide-presenting
function of the MHC class II molecule indicates that it is
the MHC itself that causes the association.

We thank the staff’ at AkvaGen, Sunndalsera, and at VESO
Vikan AkvaVet, Namsos, for providing us with the samples.
K. Persson did much of the laboratory work. This work was
financially supported by the Swedish Council for Forestry and
Agricultural Research, the Swedish Council for Planning and
Coordination of Research, the Swedish Environmental
Protection Agency, the Crafoord Foundation and the Carl
Tesdorph’s Foundation.

REFERENCES

Apanius, V., Penn, D., Slev, P. R., Ruff, L. R. & Potts, W. K.
1997 The nature of selection on the major histocompatibility
complex. Crit. Rev. Immunol. 17, 179-224.

Briles, W. E., Briles, R. W, Taffs, R. E. & Stone, H. A. 1983
Resistance to a malignant lymphoma in chickens is mapped
to subregion of major histocompatibility (B) complex. Science
219, 977-979.

Brown, J. H., Jardetzky, T. S., Gorga, J. C., Stern, L. J., Urban,
R. G., Strominger, J. L. & Wiley, D. C. 1993 Three-
dimensional structure of the human class II histocompatibility
antigen HLA-DRI. MNature 364, 33—39.

Carrington, M., Nelson, G. W., Martin, M. P, Kissner, T.,
Vlahov, D., Goedert, J. J., Kaslow, R., Buchbinder, S., Hoots,
K. & O’Brien, S. J. 1999 HLA and HIV-1: heterozygote advan-
tage and B*35-Cw"04 disadvantage. Science 283, 1748-1752.

Edwards, S. W. & Hedrick, P. W. 1998 Evolution and ecology of
MHC molecules: from genomics to sexual selection. Trends
FEcol. Evol. 13, 305—311.

Gjedrem, T. & Gjoen, H. M. 1995 Genetic variation in suscept-
ibility of Atlantic salmon, Salmo salar L., to furunculosis, BKD
and cold water vibriosis. Aquaculture Res. 26, 129—134.

Proc. R. Soc. Lond. B (2001)

Gjedrem, T, Salte, R. & Gjoen, H. M. 1991 Genetic variation in
susceptibility of Atlantic salmon to furunculosis. Aquaculture
97, 1-6.

Gunnes, K. & Refstie, T. 1980 Cold-branding and fin-clipping
for marking of salmonids. Aquaculture 19, 295-299.

Hill, A. V. S. 1998 The immunogenetics of human infectious
diseases. A. Rev. Immunol. 16, 593—617.

Hill, A. V. S. 1999 Defence by diversity. Nature 398, 668-669.

Hill, A. V. S., Allsopp, C. E. M., Kwiatkowski, D., Anstey,
N. M., Twumasi, P., Rowe, P. A., Bennett, S., Brewster, D.,
McMichael, A. J. & Greenwood, B. M. 1991 Common West
African HLA antigens are associated with protection from
severe malaria. Nature 352, 595-600.

Hughes, A. L. & Nei, M. 1989 Nucleotide substitution at
major histocompatibility complex class II loci: evidence for
overdominant selection. Proc. Natl Acad. Sci. USA 86,
958-962.

Jeffery, K. J. M. (and 16 others) 1999 HLA alleles determine
human T-lymphotropic virus-I (HTLV-I) proviral load and
the risk of HTLV-I-associated myelopathy. Proc. Natl Acad. Sci.
US4 96, 3848-3853.

Johnsen, B. O. & Jensen, A. J. 1994 The spread of furunculosis
in salmonids in Norwegian rivers. J. Fish Biol. 45, 47-53.

Jukes, T. H. & Cantor, C. R. 1969 Evolution of protein
molecules. In Mammalian protein metabolism, vol. 111 (ed. H. N.
Monro), pp. 21-132. New York: Academic Press.

Klein, J. 1986 Natural history of the major histocompatibility complex.
New York: Wiley.

Klein, J. 1990 Immunology. Boston, MA: Blackwell Scientific
Publications.

Klein, J. & O’hUigin, C. 1994 MHC polymorphism and para-
sites. Phil. Trans. R. Soc. Lond. B 346, 351-358.

Kumar, S., Tamura, K. & Nei, M. 1993 MEGA: molecular
evolutionary ~ genetics analysis, v. 1.01.  Pennsylvania State
University.

Langefors, A., Von Schantz, T. & Widegren, B. 1998 Allelic
variation of MHC class II in Atlantic salmon: a population
genetic analysis. Heredity 80, 568—575.

Langefors, A., Lohm, J., Von Schantz, T. & Grahn, M. 2000
Screening of MHC-variation in Atlantic salmon (Salmo salar):
a comparison of RFLP, DGGE and sequencing. Mol. Ecol. 9,
215—-220.

May, R. M. & Anderson, R. M. 1990 Parasite—host coevolution.
Farasitology 100, S89—S101.

Myers, R. M., Maniatis, T. & Lerman, L. S. 1987 Detection and
localization of single base changes by denaturing gradient gel
electrophoresis. Methods Enzymol. 155, 501-527.

Nei, M. & Gojobori, T. 1986 Simple methods for estimating the
numbers of synonymous and nonsynonymous nucleotide
substitutions. Mol. Biol. Evol. 3, 418—426.

Paterson, S., Wilson, K. & Pemberton, J. M. 1998 Major histo-
compatibility complex variation associated with juvenile
survival and parasite resistance in a large unmanaged
ungulate population (Quis aries L.). Proc. Natl Acad. Sci. US4 95,
3714-3719.

Penn, D. J. & Potts, W. K. 1999 The evolution of mating prefer-
ences and major histocompatibility complex genes. Am. Nat.
153, 145-164.

Potts, W. K. & Slev, P. R. 1995 Pathogen based models favoring
MHC genetic diversity. Immunol. Rev. 143, 181-197.

Potts, W. K., Manning, C. J. & Wakeland, E. K. 1991 Mating
pattern in seminatural populations of mice influenced by
MHC genotype. Nature 352, 619-621.

Raymond, M. & Rousset, F. 1995 GENEPOP (v. 1.2): popula-
tion genetics software for exact tests and ecumenicism.
Hered. 86, 248—249.

Rice, W. R. 1989 Analyzing tables of statistical tests. Evolution
43, 223-225.



MHC and disease resistance in salmon ~ A. Langefors and others 485

Slade, R. W. & McCallum, H. I. 1992 Overdominant vs
frequency-dependent selection at MHC loci. Genetics 132,
861-862.

Sokal, R. R. & Rohlf, F. J. 1998 Biometry, 3rd edn. New York:
W. H. Freeman & Co.

Thursz, M. R., Thomas, H. C., Greenwood, B. M. & Hill,
A. V. S. 1997 Heterozygote advantage for HLA class-II type
in hepatitis B virus infection. Nature Genet. 17, 11-12.

Umelo, E. & Trust, T. J. 1998 Physical map of the chromosome
of Aeromonas salmonicida and genomic comparison between
Aeromonas strains. Microbiology 144, 2141-2149.

Proc. R. Soc. Lond. B (2001)

Von Schantz, T., Wittzell, H., Goéransson, G., Grahn, M. &
Persson, K. 1996 MHC genotype and male ornamentation:
genetic evidence for the Hamilton—Zuk model. Proc. R. Soc.
Lond. B263, 265-271.

Wedekind, C., Seebeck, T., Bettens, F. & Paepke, A. J. 1995
MHC-dependent mate preferences in humans. Proc. R. Soc.
Lond. B260, 245-249.

Wilkinson, L. 1996 SYSTAT 8.0 statistics. Chicago, IL: SPSS Inc.

As this paper exceeds the maximum length normally permitted,
the authors have agreed to contribute to production costs.






