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Parasites and sexual selection

The maintenance of sexual reproduction is a central 
question in evolutionary biology. Other things being equal, 
asexual individuals should have twice the fitness of their 
sexual counterparts. If males only contribute genes to 
the offspring, a sexual population would produce half of 
the offspring of an asexual population of the same size 
and thus would be more likely to go extinct. However, the 
pervasiveness of sexual reproduction in most classes of 
organism indicates that the benefits of sex will normally 
outweigh the costs, so what are the trade-offs?  The lack 
of capacity to counter the accumulation of recessive 
deleterious mutations in asexual populations through 
genetic recombination (Barton and Charlesworth, 1998) 
and limited ability to respond to parasites compared to 
sexual populations are the most common explanations 
for the maintenance of sexual reproduction.

According to the Red Queen hypothesis (Hamilton et al., 
1990), the prevalence of parasites should favour sexual 
reproduction by hosts to enable the acquisition of new 
gene combinations able to resist ever-evolving parasites. 

The genes of the major histocompatibility complex (MHC) 
are ideal candidates to test the Red Queen hypothesis since 
they play a crucial role in the initiation of the immune 
response in vertebrates and are extremely variable. 
Although extensively studied, the mechanisms that 
maintain this high level of variability (polymorphism) 
remain controversial. While parasite-driven balancing 
selection is thought by many to be the main force driving 
MHC evolution (Klein and O’Huigin, 1994, Hedrick and Kim, 
2000) sexual selection in the host (Potts and Wakeland, 
1993, Landry et al., 2001, Reusch et al., 2001) and neutral 
forces (Miller and Lambert, 2004, Seddon and Ellegren, 
2004) may also have a role.

MHC genes encode proteins that bind small peptides from 
infectious pathogens and present them on the cell surface 
for antigenic action by T cells. Specific T cell receptors 
recognise the MHC–peptide complex and initiate either 
a cellular or humoral immune response depending on 
the class of MHC protein (class I or class II) and on the 
type of T cell involved. Class I and class II MHC proteins 
differ both in their structure and in the nature of the 
antigens they present. In general, class I MHC proteins 
present endogenous antigens and class II proteins present 
exogenous antigens (Klein, 1986). 

Virus-derived proteins are degraded inside the cells into 
small peptides of about nine amino acids length, that are 
then are bound to MHC class I molecules and recognized 
by cytotoxic T cells which will kill the infected cells. In 
contrast, peptides from bacteria and parasites generated 
in macrophages, immature dendritic cells, B cells, and 
other antigen-presenting cells are bound by MHC class 
II molecules and then presented to specific T cells which 
activate B cells and stimulate the production of specific 
antibodies.

Parasite-driven balancing selection could increase 
MHC diversity through three potential mechanisms: 
heterozygote advantage, rare-allele advantage, or allele 
optimality (Hedrick and Kim, 2000). According to the 
heterozygote advantage hypothesis, heterozygotes with 
differing MHC genes would be favoured by their ability to 
respond to a wider array of pathogens (Penn et al., 2002). 
However, too much MHC variation may not always be 
beneficial as it can trigger an autoimmune response (Penn 
and Potts, 1999) and compromise species recognition 
(Eizaguirre et al., 2009). Rare MHC gene alleles could have 
an advantage in a frequency-dependent scenario where 
the parasites are adapted to target the most common 
alleles (de Campos-Lima et al., 1993).

Sexual selection occurs when there are differences between 
the sexes in reproductive investment. Males and females 
may contribute the same number of genes to the zygote 
but, in many species, the cost of producing eggs greatly 
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exceeds the cost of producing sperm. In consequence, 
mate competition usually occurs between males, while 
females are considered to be the ’choosy‘ sex. Under these 
conditions, females may be expected to choose males that 
provide greater benefits to their offspring, either directly 
(e.g. parental care, territory) or indirectly (e.g. ’good genes‘ 
that may provide resistance to diseases). However, recent 
evidence indicates that male quality is seldom absolute, and 
offspring fitness may also depend on genetic compatibility 
between parental genomes (Tregenza and Wedell, 2000, 
Yeates et al., 2009). Therefore, no single male may be the 
best for all females and, in order to maximise offspring 
fitness, females may gain most advantage by choosing 
males with which they are most genetically compatible. The 
molecular mechanisms underpinning genetic compatibility 
are complex and poorly understood because they require 
individuals to recognise their own genotype as well as those 
of potential mates (Milinski, 2006). The MHC genes also 
provide one of the best examples of genetic compatibility in 
vertebrates, and have been compared with the mechanisms 
of plant self-incompatibility (SI) by which plants avoid 

self-fertilisation and inbreeding depression. High MHC 
variability allows individuals to respond to a wide array 
of pathogens and, since MHC genes are also associated 
with the generation of individual odours (Milinski et al., 
2005), they could additionally provide cues for mate choice 
(Penn and Potts, 1999, Tregenza and Wedell, 2000). In 
fact, studies in humans, mice and fish show that females 
often choose males with MHC variants different from 
themselves, presumably in order to avoid mating with 
relatives and produce more variable offspring. As stated 
previously, however, too much MHC variation may not 
always be beneficial and selection may favour the choice of 
an intermediate (optimal) level of MHC variation (Wegner 
et al., 2003).

Atlantic salmon as a model to study the 
Major Histocompatibility Complex

Salmonids are good models to examine MHC-linked mate 
choice for several reasons, primarily because their MHC 

Figure 1. Natural spawning of Atlantic salmon. Left dominant male, right female. (Photo by David Hay)
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genetic structure is very simple. In contrast to mammals, 
salmonids express only two unlinked MHC class I and 
class II genes (Grimholt et al., 2002), commonly referred 
to as ‘MH genes’ as they do not form a complex (Stet et 
al., 2002). Additionally, however, although salmonids 
naturally exhibit a polygamous mate system with females 
commonly mating with more than one male (Jones and 
Hutchings, 2001), males with brighter colours and larger 
size appear to have some reproductive advantages (Neff 
and Pitcher, 2008), suggesting the existence of pre-
copulatory female mate choice. MHC-mediated mate 
choice has also been observed in Atlantic salmon and 
other salmonids (Forsberg et al., 2007, Neff and Pitcher, 
2008), with females tending to choose males that optimise 
offspring MHC diversity. Recent work suggests that salmon 
could further display post-copulatory MHC-mediated 
(cryptic) female choice, as fertilisation success was highest 
when eggs and sperm shared the same MHC genotype 
(Yeates et al., 2009). Finally, isolated salmon populations 
can diverge rapidly in the allelic composition of MHC 
genes (Consuegra et al., 2005b), with the patterns of 
variability differing between class I and class II (Consuegra 
et al., 2005a). This suggests that classes I and II MHC 
genes may have evolved at different rates, probably as 
a consequence of different selective pressures.

Fish used in aquaculture offer a good opportunity to test 
the importance of sexual selection for offspring fitness. 
Recent declines in natural fish populations (Pauly et al., 
2002) have led to a rapid growth of the aquaculture 

industry, which is seen as beneficial for reducing current 
fishing pressure in the seas (Tidwell and Allan, 2001). 
However, the rapid increase in fish farming has raised 
new concerns about potential negative effects on fish 
populations (Naylor et al., 2000). Selection for optimum 
farm traits (such as fast growth) within current husbandry 
systems often result in negative behavioural syndromes 
(Huntingford and Adams, 2005) and in a reduction in 
fitness (Broom and Johnson, 1993). A largely unexplored 
reason for fish maladaptation in hatcheries is the lack 
of sexual selection under aquaculture conditions. In 
salmonids, a common hatchery practice consists in 
performing directed crosses where eggs from each female 
are fertilised with the sperm of several random males 
in an attempt to maximise genetic diversity and avoid 
inbreeding (Pitcher and Neff, 2007). This artificial breeding 
method excludes the possibility of sexual selection as it 
does not allow for mate choice. 

The role of MHC-mediated mate choice in 
salmon parasite resistance

We recently explored whether MHC-mediated mate 
choice could confer increased parasite resistance in 
offspring, as predicted by the indirect genetic benefits 
hypothesis, using Atlantic salmon as our model organism 
(Consuegra and Garcia de Leaniz, 2008). To test for indirect 
genetic benefits, we compared the abundance of a marine 
nematode (Anisakis spp.) in the offspring of free-mating 
(wild) and artificially-spawned (hatchery) salmon returning 
to rivers to spawn. In the absence of mate choice, we 
found increased susceptibility to parasites (much higher 
abundance of Anisakis) in the offspring of artificially-
crossed salmon than in the offspring of free-mating 
groups, suggesting that, in the absence of mate choice, 
salmon may be more susceptible to parasitic infection. 
We found no difference in levels of MHC genetic diversity 
in wild and hatchery salmon; however, in contrast to 
hatchery fish, the progeny of free-mating fish had more 

Figure 2. Artificial reproduction as carried out in captive breeding 
programmes.

  Natural selection will modify the structure 
of the young in relation to the parent, and of 
the parent in relation to the young. 

Darwin – Origin of the Species
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Figure 3. MHC dissimilarity values (Ka; indicated by arrows) for 
(a) free mating (wild) and (b) artificially crossed Atlantic salmon 
(hatchery), compared to random expectations. 

MHC dissimilarity than would be expected by chance 
(Figure 3). Moreover, we found that those individuals that 
were more resistant to parasite infection also exhibited 
greater MHC dissimilarity than infected fish (Figure 4). This 
observation suggests that MHC disassortative matings, 
where female salmon mate with MHC-dissimilar males, 
result in offspring with increased resistance to parasitic 
infection.

Our study suggests that salmon may indeed choose 
mates on the basis of the level of similarity between 

their MHC genotypes, a result more consistent with a 
genetic compatibility scenario than with the ‘good genes’ 
hypothesis as we did not find evidence of any association 
between particular MHC alleles and increased resistance 
or susceptibility to parasites. The genetic compatibility and 
‘good genes’ hypotheses are not mutually exclusive (Pitcher 
and Neff, 2006), however, and the conditions favouring 
one or another system could alternate in relation with the 
mechanism of female choice. For example, ‘compatible 
genes’ could be favoured through post-copulatory sexual 
selection (i.e. cryptic female choice) while ‘good genes’ 
may be favoured through mate-mate competition and pre-
copulatory sexual selection.  Cryptic female choice could 
be particularly relevant for species such as the Atlantic 
salmon, where males do not provide direct benefits (such 
as parental care), and where all the genetic benefits 
accrued by the females  for their offspring are indirect. 
Through cryptic female choice, promiscuous females could 
moderate parental investment in offspring fathered by 
males of different quality. As we have shown, negating 
mate choice and sexual selection by introducing artificial 
reproduction programmes, as performed in commercial 
hatcheries and conservation schemes, may inadvertently 
reduce offspring fitness.  

So, do fish marry for love or for money?  Well, it seems 
that for fish – just as for humans – both are important. 
‘Love’ (attraction) seems to underpin genetic compatibility 
while ‘money’ (benefits) may drive mate choice for good 
genes.

Figure 4. MHC dissimilarity values (Ka) in the genotypes of the 
offspring of free mating (wild, black boxes) and artificially bred 
(hatchery, grey boxes (no mate choice)) salmon, infected and 
not infected by Anisakis. Non-infected individuals tend to be 
more MHC dissimilar than infected ones (p=0.031).

8 
Marrying for love or money?



References

- Barton, N. H. & Charlesworth, B. (1998). Why sex and recombination? 
Science 281 (5385), 1986-1990.

- Broom, D. M. & Johnson, K. G. (1993). Stress and animal welfare. 
Springer.

- Consuegra, S. & Garcia de Leaniz, C. (2008). MHC-mediated mate 
choice increases parasite resistance in salmon. Proceedings of the Royal 
Society B: Biological Sciences 275 (1641), 1397-1403.

- Consuegra, S., Megens, H. J., Leon, K., Stet, R. J. M. & Jordan, W. C. 
(2005a). Patterns of variability at the major histocompatibility class II 
alpha locus in Atlantic salmon contrast with those at the class I locus. 
Immunogenetics 57 (1), 16-24.

- Consuegra, S., Megens, H. J., Schaschl, H., Leon, K., Stet, R. J. M. & 
Jordan, W. C. (2005b). Rapid evolution of the MH Class I locus results in 
different allelic compositions in recently diverged populations of Atlantic 
Salmon. Molecular Biology Evolution 22 (4), 1095-1106.

- de Campos-Lima, P. O., Gavioli, R., Zhang, Q. J., Wallace, L. E., Dolcetti, 
R., Rowe, M., Rickinson, A. B. & Masucci, M. G. (1993). HLA-A11 epitope 
loss isolates of Epstein-Barr virus from a highly A11+ population. Science 
260 (5104), 98-100.

- Eizaguirre, C., Lenz, T. L., Traulsen, A. & Milinski, M. (2009). Speciation 
accelerated and stabilized by pleiotropic major histocompatibility 
complex immunogenes. Ecology Letters 12 (1), 5-12.

- Forsberg, L. A., Dannewitz, J., Petersson, E. & Grahn, M. (2007). 
Influence of genetic dissimilarity in the reproductive success and mate 
choice of brown trout: females fishing for optimal MHC dissimilarity. 
Journal of Evolutionary Biology 20 (5), 1859-1869.

- Grimholt, U., Drabløs, F., Jørgensen, S., Høyheim, B. & Stet, R. (2002). 
The major histocompatibility class I locus in Atlantic salmon (Salmo 
salar L.): polymorphism, linkage analysis and protein modelling. 
Immunogenetics 54 (8), 570-581.

- Hamilton, W. D., Axelrod, R. & Tanese, R. (1990). Sexual reproduction as 
an adaptation to resist parasites (a review). Proceedings of the National 
Academy of Sciences of the United States of America 87 (9), 3566-3573.

- Hedrick, P. & Kim, T. (2000). Genetics of complex polymorphisms: 
parasites and maintenance of MHC variation. Cambridge, MA, USA: 
Harvard University Press.

- Huntingford, F. & Adams, C. (2005). Behavioural syndromes in farmed 
fish: implications for production and welfare. Behaviour 142, 1207-1221.

- Jones, M. W. & Hutchings, J. A. (2001). The influence of male parr 
body size and mate competition on fertilization success and effective 
population size in Atlantic salmon. Heredity 86 (6), 675-684.

- Klein, J. (1986). Natural history of the major histocompatibility complex. 
New York, USA: John Wiley & Sons.

- Klein, J. & O’Huigin, C. (1994). The conundrum of nonclassical major 
histocompatibility complex genes. Proceedings of the National Academy 
of Sciences of the United States of America 91 (14), 6251-6252.

- Landry, C., Garant, D., Duchesne, P. & Bernatchez, L. (2001). ˜Good 
genes as heterozygosity”: the major histocompatibility complex and 
mate choice in Atlantic salmon (Salmo salar). Proceedings of the Royal 
Society of London. Series B: Biological Sciences 268 (1473), 1279-1285.

- Milinski, M. (2006). The Major Histocompatibility Complex, sexual 
selection, and mate choice. Annual Review of Ecology, Evolution, and 
Systematics 37 (1), 159-186.

- Milinski, M., Griffiths, S. N., Wegner, K. M., Reusch, T. B. H., Haas-
Assenbaum, A. & Boehm, T. (2005). Mate choice decisions of stickleback 
females predictably modified by MHC peptide ligands. Proceedings of 
the National Academy of Sciences of the United States of America 102 
(12), 4414-4418.

- Miller, H. C. & Lambert, D. M. (2004). Genetic drift outweighs balancing 
selection in shaping post-bottleneck major histocompatibility complex 
variation in New Zealand robins (Petroicidae). Molecular Ecology 13 
(12), 3709-3721.

- Naylor, R. L., Goldburg, R. J., Primavera, J. H., Kautsky, N., Beveridge, M. 
C. M., Clay, J., Folke, C., Lubchenco, J., Mooney, H. & Troell, M. (2000). 
Effect of aquaculture on world fish supplies. Nature 405 (6790), 1017-
1024.

- Neff, B. D. & Pitcher, T. E. (2008). Mate choice for non-additive genetic 
benefits: A resolution to the lek paradox. Journal of Theoretical Biology 
254 (1), 147-155.

- Pauly, D., Christensen, V., Guenette, S., Pitcher, T. J., Sumaila, U. R., 
Walters, C. J., Watson, R. & Zeller, D. (2002). Towards sustainability in 
world fisheries. Nature 418 (6898), 689-695.

- Penn, D. J., Damjanovich, K. & Potts, W. K. (2002). MHC heterozygosity 
confers a selective advantage against multiple-strain infections. 
Proceedings of the National Academy of Sciences of the United States of 
America 99 (17), 11260-11264.

- Penn, D. J. & Potts, W. K. (1999). The Evolution of Mating Preferences 
and Major Histocompatibility Complex Genes. The American Naturalist 
153 (2), 145-164.

- Pitcher, T. & Neff, B. (2007). Genetic quality and offspring performance 
in Chinook salmon: implications for supportive breeding. Conservation 
Genetics 8 (3), 607-616.

- Pitcher, T. E. & Neff, B. (2006). MHC class IIB alleles contribute to both 
additive and nonadditive genetic effects on survival in Chinook salmon. 
Molecular Ecology 15 (9), 2357-2365.

- Potts, W. K. & Wakeland, E. K. (1993). The evolution of MHC genetic 
diversity: a tale of incest, pestilence, and sexual preference. Trends in 
Genetics 9, 408-412.

- Reusch, T. B. H., Haberli, M. A., Aeschlimann, P. B. & Milinski, M. 
(2001). Female sticklebacks count alleles in a strategy of sexual selection 
explaining MHC polymorphism. Nature 414 (6861), 300-302.

- Seddon, J. M. & Ellegren, H. (2004). A temporal analysis shows major 
histocompatibility complex loci in the Scandinavian wolf population are 
consistent with neutral evolution. Proceedings of the Royal Society of 
London. Series B: Biological Sciences 271 (1554), 2283-2291.

- Stet, R., de Vries, B., Mudde, K., Hermsen, T., van Heerwaarden, J., 
Shum, B. & Grimholt, U. (2002). Unique haplotypes of co-segregating 
major histocompatibility class II A and class II B alleles in Atlantic salmon 
(Salmo salar) give rise to diverse class II genotypes. Immunogenetics 54 
(5), 320-331.

- Tidwell, J. H. & Allan, G. L. (2001). Fish as food: aquaculture’s 
contribution EMBO Reports 2 (11), 958–963.

- Tregenza, T. & Wedell, N. (2000). Genetic compatibility, mate choice 
and patterns of parentage: Invited Review. Molecular Ecology 9 (8), 
1013-1027.

- Wegner, K. M., Reusch, T. B. H. & Kalbe, M. (2003). Multiple parasites 
are driving major histocompatibility complex polymorphism in the wild. 
Journal of Evolutionary Biology 16 (2), 224-232.

- Yeates, S. E., Einum, S., Fleming, I. A., Megens, H.-J., Stet, R. J. M., 
Hindar, K., Holt, W. V., Van Look, K. J. W. & Gage, M. J. G. (2009). Atlantic 
salmon eggs favour sperm in competition that have similar major 
histocompatibility alleles. Proceedings of the Royal Society B: Biological 
Sciences 276 (1656), 559-566.

9 
Marrying for love or money?


