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Hamilton and Zuk proposed that females choose mates based on ornaments whose expression is dependent on their genetically

based resistance to parasites. The major histocompatibility complex (MHC) plays an important role in pathogen recognition and is

a good candidate for testing the relationships between immune genes and both ornament expression and parasite resistance. We

tested the hypothesis that female common yellowthroats prefer to mate with more ornamented males, because it is a signal of

their MHC-based resistance to parasites and likelihood of survival. In this species, females prefer males that have larger black facial

masks as extrapair mates. Using pyrosequencing, we found that mask size was positively related to the number of different MHC

class II alleles, as predicted if greater variation at the MHC allows for the recognition of a greater variety of pathogens. Furthermore,

males with more MHC class II alleles had greater apparent survival, and resistance to malaria infection was associated with the

presence of a particular MHC class II allele. Thus, extrapair mating may provide female warblers with immunity genes that are

related to parasite resistance, survival, and the expression of a male ornament, consistent with good genes models of sexual

selection.
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Male ornaments, such as the bright colors of birds, are often

thought to advertise potential fitness benefits to females. Males

with more elaborate ornaments may provide females with better

quality territories or greater assistance with parental care, which

may benefit females directly, or they may provide indirect ben-

efits to females by improving the genetic quality of offspring

(Andersson 1994). Female choice of male ornaments that signal

indirect (genetic) benefits remains controversial, because direc-

tional selection from female preferences is expected to deplete

additive genetic variance in male quality (Kirkpatrick and Ryan

1991). One solution to this paradox occurs when there are coevo-

lutionary cycles of host–parasite adaptation and genetic variation

for parasite resistance is also related (directly or indirectly) to

the expression of ornaments (Hamilton and Zuk 1982). In this

situation, individuals with the showiest ornaments signal their re-

sistance to current parasites, and genetic variation in male quality

is maintained by coevolution with parasites.

To test these ideas, many studies have focused on genetic vari-

ation in the major histocompatibility complex (MHC), because the

MHC plays an important role in the adaptive immune response
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(Klein 1986) and it has been linked to individual-specific olfac-

tory signals that influence mate choice in mammals and fish (Potts

et al. 1991; Leinders-Zufall et al. 2004; Milinski et al. 2005; Spehr

et al. 2006). However, the mechanisms for olfactory-based mate

choice in wild vertebrates, particularly birds, are unclear and con-

tentious, and in theory it would be simpler and more direct for

females to choose genetically resistant mates based on the expres-

sion of their ornaments if they indicated health (Milinski 2006).

Although several studies support the prediction that male orna-

ments are costly to produce and reveal male health and resistance

to parasites, the MHC has been linked to secondary sexual traits

in relatively few species (Ruff et al. 2011). Here, we show that

immunity genes in a warbler can provide indirect genetic benefits

because they are related to parasite resistance, survival, and the

expression of a male ornament used by females in both social and

extrapair mate choice.

With regard to the MHC, there are two general types of

indirect genetic benefits that females may gain when ornament

expression is related to superior immune function. First, as

Hamilton and Zuk (1982) hypothesized, genetic resistance to spe-

cific parasites may be based on "good genes" that confer resistance

to current pathogens. Males with these genes will produce more

elaborate ornaments that reveal their genetic quality as mates.

This version of the good genes hypothesis predicts that the in-

tensity of infection will be lower among individuals with MHC

alleles that code for the antigen binding sites that recognize spe-

cific pathogens. It also predicts that rare alleles will often be as-

sociated with resistance to disease because coevolution between

parasites and hosts will select for parasites that evade detection

(Van Valen 1973; Hamilton 1980). Second, genetic resistance to

parasites may be based more broadly on overall genetic varia-

tion, particularly heterozygosity, because these individuals will

be able to recognize a greater range of pathogens (Doherty and

Zinkernagel 1975; Hughes and Nei 1992). This "genetic diver-

sity" hypothesis predicts that parasite resistance will be related to

overall MHC diversity or heterozygosity, but not to genome-wide

neutral variation. Several studies have supported this prediction

(Penn et al. 2002; Aguilar et al. 2004; Froeschke and Sommer

2005; Thoß et al. 2011) or a modified hypothesis that within indi-

viduals an intermediate number of alleles (rather than maximal) is

optimal, because of a greater risk of autoimmune disease or deple-

tion of the mature T-cell repertoire with increasing allele number

(reviewed by Wegner et al. 2003; Kalbe et al. 2009; Woelfing

et al. 2009). These genetic diversity and good genes hypotheses

are not exclusive, because rare “good” alleles are also more likely

to occur in heterozygotes (with more alleles; Apanius et al. 1997),

and there are multiple species of parasites, which should select

for several different resistance (“good”) alleles.

We studied these relationships between MHC variation (class

I and II) and ornament expression, survival, and parasite resis-

tance in the common yellowthroat (Geothlypis trichas), a so-

cially monogamous warbler in which males have two plumage

ornaments, a black (melanin based) facial mask and a yellow

(carotenoid based) bib. In our Wisconsin population, mate choice

experiments and radio-tracking indicate that females actively

choose extrapair mates that have a larger black facial mask (Tarof

et al. 2005 Pedersen et al. 2006; Dunn et al. 2008). Males with

larger masks are more likely to sire extrapair young (Thusius et al.

2001; Pedersen et al. 2006) and extrapair young have greater cu-

taneous immunity than within-pair young, at least under some en-

vironmental conditions (Garvin et al. 2006). Furthermore, males

with larger masks have greater antibody (IgG) production (Dunn

et al. 2010). This suggests that male mask size might be an indi-

cator of indirect benefits (heritable disease resistance) to choosy

females. To our knowledge, no previous study has found a rela-

tionship between immunity genes and ornaments that are known

to be sexually selected through extrapair mating and, thus, clearly

associated with indirect benefits.

Methods
STUDY SPECIES AND FIELD METHODS

We studied common yellowthroats in Saukville, WI during 2002–

2005 (Thusius et al. 2001; Garvin et al. 2006, 2008). Males

were caught within five days of their arrival on the breeding

grounds in May and daily surveys were conducted during May

to estimate return rate (apparent survival) from the first year

captured to the next. Beginning in 2002, all males were cap-

tured so we could determine their breeding experience starting in

2003. Returning (experienced) males usually settled on or next

to their previous territories, so newly arriving (inexperienced)

birds were likely to be yearlings. At banding, a small blood

sample (∼20 µl) was collected for genetic analyses at eight mi-

crosatellite loci (see Supporting Information) and MHC class I

and II. A blood smear was also prepared for microscopic anal-

ysis of the intensity of infection by hematozoan (Plasmodium

or Haemoproteus) parasites within blood cells (percentage of in-

fected cells; see Supporting Information). Although we could not

separate Plasmodium and Haemoproteus parasites in the micro-

scopic analysis, sequencing of the parasite mtDNA revealed that

all parasites were Plasmodium in this population and primarily

(>80%) of one strain (Pagenkopp et al. 2008, P.O. Dunn, un-

publ. data). To measure plumage ornaments (mask and bib), pho-

tographs of the head and breast were measured in ImageJ software

(http://rsb.info.nih.gov/ij). We focus on mask size in this study be-

cause it is the main trait under sexual selection in our Wisconsin

population (Dunn et al. 2008, 2010). Measurement repeatabilities

are >0.90 for these ornaments (Thusius et al. 2001; Garvin et al.

2008). Among adult birds, there is one major molt of body feath-

ers (prebasic) each year, which occurs on the breeding grounds in
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August (prior to fall migration; Pyle 1997); hence, any nongenetic

differences in ornamentation between males is likely to occur be-

cause of conditions on the breeding grounds during molt.

454 PYROSEQUENCING OF MHC CLASS I AND II

We examined MHC variation at both class I and II in 44 males.

We focused on exon 3 of class I and exon 2 in class II that

contain the peptide binding regions that present antigens from

intra- and extracellular pathogens, respectively, to T cells. For

class I, we initially tried four published (Westerdahl et al. 2004;

Alcaide et al. 2009) and one unpublished primers sited in exon

2, exon 4, and the intervening introns to target exon 3. After

screening the resulting sequences from a few individuals using

cloning, we decided to use the forward primer HN34 (Westerdahl

et al. 2004), and we designed a new reverse primer MHCIEx3R

(5′-CCACCTTTGCGCTCCAGCT-3′) from our yellowthroat se-

quences in a conserved region straddling the exon 3/intron 3

boundary. These primers produced a fragment size appropriate for

pyrosequencing, amplifying 261 bp of the 270 bp exon 3 (primers

excluded). For class II, we amplified a 286-bp fragment (primers

excluded) spanning the entire 270 bp of exon 2 using the primers

GetrInt1f (Bollmer et al. 2010) and Int2r.1 (Aguilar et al. 2006).

Amplifications employed fusion primers consisting of the

Roche 454 adapter sequence (primer A or B), a 4-bp barcode

used to distinguish individuals, and the MHC primer. Reaction

conditions were as follows: 95◦C for 5 min; 20 cycles of 95◦C for

45 sec, 55◦C for 40 sec, 70◦C for 45 sec; and a final extension of

70◦C for 5 min. PCR products were purified using a MinElute PCR

Purification kit (QIAGEN, Germantown, MD), quantified using

Quant-iT PicoGreen DNA assay (Invitrogen, San Diego, CA) and

a NanoDrop (Thermo Scientific, Waltham, MA), pooled using

PicoGreen, and then the library was confirmed on a Bioanalyzer

(Agilent Technologies, Santa Clara, CA). DNA samples were

sequenced at both class I and II loci on a Roche 454 FLX Genome

Sequencer using Titanium chemistry by Research and Testing

Laboratory, LLC (Lubbock, TX).

DETERMINING MHC ALLELES

We sorted sequences by individual using the unique barcodes,

trimmed sequences of primers, adapters and barcodes, and fil-

tered low-quality sequences (those with Ns) using jMHC soft-

ware (Stuglik et al. 2011). Next, we took steps to identify true

alleles and remove PCR and sequencing artifacts from the dataset

using Geneious version 5.4 (Drummond et al. 2011) and BioEdit

version 7 (Hall 1999). First, we retained sequences that were

found as at least three reads in two or more individuals (i.e.,

independent PCRs), following Zagalska-Neubauer et al. (2010).

Due to the high allelic variability within the Wisconsin popula-

tion (Bollmer et al. 2010), there were a large number of putative

alleles unique to single individuals within the sample. Second,

we retained these sequences as likely true alleles if they were

not chimeras of two other more frequent sequences within an

individual. These steps removed an average of 73% and 60%

of class I and II reads per individual, respectively. Chimeric se-

quences were uncommon in terms of number of reads within

individuals. For example, in a random sample of six individ-

uals, we counted 16 to 92 chimeric sequences per individual

at class I (8–18% of sequences per individual) and 26 to 152

chimeric sequences per individual at class II (6–19% of sequences

per individual). Overall, a large proportion of these chimeras

(95.7% at class I and 98.7% at class II) were present as only

one or two reads. Thus, by removing sequences of less than three

reads, we eliminated the vast majority of chimeric sequences.

On average (± SE), there were 19.70 ± 1.44 and 13.84 ±
0.58 reads per true allele within individuals, at class I and II,

respectively. Although these steps may not completely exclude

PCR artifacts and gene conversions that resemble chimeras, for

our purposes, we assume that these issues were not related to our

response variables (e.g., males with larger masks were not more

likely to have chimeras). After this processing, we had an aver-

age of 720 class I (range: 226– 4123) and 1112 class II (range:

360–3897) reads per individual, and, for all individuals, a total of

31,689 class I and 47,810 class II reads.

Next, we removed alleles that were likely nonfunctional by:

(1) identifying sequences with stop codons or frameshift muta-

tions (12 and eight alleles from class I and II were removed, re-

spectively) and (2) comparing gDNA sequences from the 44 males

with the cDNA sequences of one male (see Supporting Informa-

tion) using MEGA version 5.05 (Tamura et al. 2011). In general,

the cDNA alleles of this male (16 class I and 36 class II alleles)

were evenly distributed among the class I and II gDNA alleles of

the 44 males, and excluding apparently nontranscribed alleles did

not influence our results (see Supporting Information). Finally, se-

quences with the same amino acid sequence were combined into

the same allele. Repeatability (Lessells and Boag 1987) of the to-

tal number of alleles was high (R = 0.94; F8,9 = 31.76; P < 0.001)

based on nine birds that were repeated using independent PCRs

in two separate pyrosequencing runs (eight were repeated at class

I and one bird was repeated at class II). In these two runs, we

found 87% (76/87 alleles) of all class I alleles both times. For the

individual repeated at class II, we found 86% (18/21) of alleles in

both runs.

HETEROZYGOSITY AT MICROSATELLITES

To test whether relationships between the MHC and ornaments,

survival, or parasites were related to overall neutral variation, we

examined multilocus heterozygosity at eight microsatellite loci

(Table S1). PCR products were sized using an automated DNA

sequencer (310 Genetic Analyzer, Applied Biosystems, Foster

City, CA) and GeneScan software (Applied Biosystems). All loci
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were in Hardy–Weinberg equilibrium (P > 0.05) after correcting

for multiple tests.

STATISTICAL ANALYSIS

Given the multiple, nonexclusive predictions concerning MHC

variation, we began with an initial analysis of: (1) the total num-

ber of alleles in an individual, (2) specific common alleles, and

(3) the number of rare alleles. We had a large number of alleles

(see Results), so we also considered grouping alleles into MHC

“supertypes” based on the physiochemical properties of the amino

acids at the peptide binding regions (see Schwensow et al. 2007

for details). However, our alleles did not form distinct clusters, so

we analyzed the total number of alleles as an estimate of MHC

diversity. For the set of specific common alleles, we chose the

most common class I (allele numbers: 18, 26; GenBank accession

numbers JQ859962–63, respectively) and class II (59, 82, 134;

GenBank accession numbers GQ247621, JQ859960–61, respec-

tively) alleles that were each found in at least a third of males

(range: 34–86% for class I, 33–49% for class II). Given the dis-

tribution of our numerous alleles, this provided a compromise

between increasing the number of alleles analyzed and type I er-

ror. Class II alleles 59 and 82 were transcribed based on the cDNA

of one male, and the other alleles were similar to known cDNA

alleles (Figs. S1 and S2). For the analysis of rare alleles, we used

the number of alleles in an individual that were only found in

three or fewer males (<7% of individuals).

The initial general linear models of mask size, survival, and

parasite intensity contained the following predictors: the total

number of alleles in an individual at class I and II (separately),

the number of rare class I and II alleles, each of the individual

common class I and II alleles (coded as present or absent in an

individual), and previous male breeding experience (coded yes or

no). Breeding experience was included because it is an index of

male age and mask size is larger in males that have previously

bred on our study area (Thusius et al. 2001; Pedersen et al. 2006).

For analysis, we included the first available measurement of mask

size during either 2003 or 2004 and included experience in the

model to control for likely differences in age; results were sim-

ilar if we used the first available measurement in any year (17

males analyzed here were first caught in 2002). Separately, we

also examined squared values for the total number of alleles to

test for a polynomial relationship as predicted by the individual

optimum hypothesis (males with intermediate numbers of alleles

should have the largest ornaments and greatest parasite resistance;

e.g., Milinski 2006). Multicollinearity among these predictors was

examined with variance inflation factors, which were all <2.5,

suggesting that the parameter estimates were independent (Neter

et al. 1996). To obtain more parsimonious models, we removed

nonsignificant (P > 0.15) predictors from the initial full model.

These analyses resulted in 19–22 tests (depending on the number

of predictors removed from the initial full model), so we used

a version of the false discovery rate (FDR) to guard against an

inflated type I error (Storey and Tibshirani 2003). We calculated q

values, which are estimates of the proportion of false discoveries,

for all P values using a FDR of 0.10 and a graphically sharpened

method following Pike (2010). Return rate (apparent survival;

coded yes/no) was analyzed with logistic regression models. Anal-

yses were conducted with JMP version 9.0 (SAS Institute 2010)

and means are presented with their standard errors. Sample sizes

vary from the initial 44 males because some males did not amplify

or were missing other data. Original data are deposited online at

Dryad: http://dx.doi.org/10.5061/dryad.cn72p.

Results
There were 8.40 ± 0.38 class I (mean ± SE; range 4–15; N =
43) and 26.2 ± 1.05 class II (range 9–43; N = 42) alleles per

individual. Assuming heterozygosity at each locus, this would

suggest there were at least eight class I and 22 class II loci. The

high number of loci in this species is consistent with previous

estimates of at least 20 class II loci from cloning and Southern

blot hybridization of three individuals (see Bollmer et al. 2010).

To assess the coverage of our sequencing, we used the binomial

distribution to calculate the probability of finding all of the se-

quences in an individual (amplicon) with the minimum number

of reads in our sample (226 for class I and 360 for class II). Us-

ing the maximum number of class I (15) and II (43) sequences

observed in a single individual and assuming an equal probability

of finding each one (1/15 = 0.066, 1/43 = 0.023), we estimated

that we would need a minimum of 112 class I and 295 class II

reads to find all of the alleles 99.9% of the time. We also found

that the number of sequencing reads obtained per individual was

not correlated with the total number of alleles for the individual at

class I (r2 = 0.04; F1,41 = 1.56; P = 0.22) or class II (r2 = 0.07;

F1,40 = 2.8; P = 0.10). These results suggest that the sequencing

coverage was sufficient to detect most of the amplified alleles in

individuals. Overall, we found 224 alleles at class I in 43 males

and 658 alleles at class II in 42 males.

MHC AND ORNAMENT

Mask size signaled both MHC variation and prior breeding ex-

perience. Males with prior breeding experience had more class II

alleles (29.8 ± 1.39) than males without prior breeding experience

(24.3 ± 1.37; t40 = 2.81; P = 0.008); however, even after control-

ling for male experience, males with larger masks had more class

II alleles (Fig. 1; Table 1). Neither mask size nor breeding experi-

ence was related to the total number of class I alleles or the num-

ber of rare class I alleles (Table 1). The reduced model (Table 1,

Fig. 1) contained breeding experience and the total number of

class II alleles, which remained significant after adjusting for the
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Figure 1. Males with larger masks have more MHC class II alleles

(F1,39 = 13.15, P < 0.001), even after controlling for breeding expe-

rience (F1,39 = 4.46, P = 0.041; overall model R2 = 0.42). Males with

prior breeding experience are indicated by solid dots and line (N

= 19), and males without prior breeding experience are indicated

by open circles and dashed line (N = 23).

false discovery rate (q = 0.010). The total number of class II alleles

was correlated with the number of rare class II alleles (r2 = 0.57,

P < 0.001); however, there was still a significant effect of the total

number of class II alleles (t38 = 2.5, P = 0.017), after controlling

for rare alleles (t38 = 0.14, P = 0.89; after adding rare alleles

to the reduced model), which suggests that this was not simply

an effect of having many rare alleles. We also redid the analysis

using a revised total number of alleles that was based only on

alleles (sequences) found in at least two individuals; this provides

a stricter criterion (independent amplification) for inclusion and

also eliminates some of the rarer alleles. In this analysis, we also

found a significant effect of the total number of class II alleles

(t40 = 2.18, P = 0.035) and breeding experience (t40 = 2.78, P =
0.008) on mask size (r2 = 0.31, P < 0.001).

There was no evidence for a polynomial relationship between

mask size and the number of class II alleles (t39 = 1.47, P = 0.15).

Mask size was not related to heterozygosity at microsatellites

(t36 = 1.0, P = 0.32) in a model that included breeding expe-

rience, and there was no correlation between microsatellite het-

erozygosity and the number of class I (r = 0.02, N = 39, P =
0.88) or class II (r = 0.04, N = 38, P = 0.79) alleles.

MHC AND SURVIVAL

Apparent survival (return rate from initial year of capture) was

also related to MHC variation. In this sample, 65% (28/43) of

males returned in subsequent years, and males were more likely to

return to the study area (logistic regression, coded yes/no) if they

had more total class II alleles (mean [±SE] difference of 4.9 ±
2.11 alleles; LR = 7.98, df = 1, P = 0.005, q = 0.037 [adjusted

Table 1. Mask size in relation to MHC class I and II alleles and

previous breeding experience. Full model R2 = 0.51 (F10,31 = 3.18,

P = 0.007). q indicates probability (P) values adjusted for the false

discovery rate (FDR). Reduced model R2 = 0.42 (F2,39 = 14.11, P <

0.001).

Predictors Slope SE t P(q)

Full model
Experience 24.58 13.911 1.77 0.087
Total Class I

alleles (n)
−3.97 3.086 −1.29 0.208

Total Class II
alleles (n)

2.84 1.683 1.69 0.102

Rare Class I
alleles (n)

8.72 5.318 1.64 0.111

Rare Class II
alleles (n)

−0.42 2.135 −0.2 0.845

Class I
18 5.33 14.968 0.36 0.724
26 −6.89 15.419 −0.45 0.658

Class II
59 −1.86 14.879 −0.13 0.901
82 −16.61 14.294 −1.16 0.254
134 17.83 17.531 1.02 0.317

Reduced model
Experience 26.99 12.768 2.11 0.041
Total Class II

alleles (n)
3.44 0.948 3.63 < 0.001(0.010)

for FDR]) and did not possess class I allele 18 (LR = 5.48, df =
1, P = 0.019, q = 0.038) in a final reduced model.

MHC AND PARASITES

Most birds were infected (61%, 23/38) with Plasmodium. We

found no relationships between parasite prevalence and the MHC,

but the intensity of infection was related strongly to one of the

common class II alleles (allele 82; Table 2). In the reduced model,

after adjusting P values for the FDR, the intensity of infection

was greater for individuals that possessed class II allele 82 (r2 =
0.20, q = 0.03; Table 2). Allele 82 remained the only significant

predictor of infection intensity when we redid the analysis using

the estimate of total number of alleles based on sequences found

in at least two individuals (as above). Parasite intensity was not

lowest at an intermediate number of MHC alleles, as indicated by

polynomial regression (P > 0.27). Multilocus heterozygosity at

microsatellites was also not related to parasite intensity (F2,32 =
0.91, P = 0.31) in a model that included breeding experience.

Discussion
In common yellowthroats, MHC variation was related to orna-

ment expression (mask size), apparent survival, and the intensity
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Table 2. Parasite intensity (percentage of cells infected) in rela-

tion to MHC class I and II alleles and previous breeding experience

(N = 36 males). Full model adjusted R2 = 0.39 (F10,25 = 1.57, P =
0.17). Reduced model R2 = 0.21 (F1,34 = 8.75, P = 0.006). q indicates

probability (P) values adjusted for the false discovery rate (FDR).

Predictors Slope SE t P

Full model
Experience 0.018 0.027 0.66 0.513
Total Class I
alleles (n)

0.010 0.006 1.76 0.090

Total Class
II alleles (n)

0.002 0.004 0.50 0.624

Rare Class I
alleles (n)

−0.013 0.011 −1.21 0.237

Rare Class II
alleles (n)

−0.001 0.005 −0.17 0.865

Class I
18 −0.041 0.030 −1.37 0.184
26 −0.025 0.028 −0.88 0.386

Class II
59 −0.042 0.030 −1.41 0.171
82 0.075 0.028 2.72 0.012
134 −0.017 0.033 −0.52 0.609

Reduced model
Class II
allele 82

0.069 0.023 2.96 0.006 (0.030)

of infection by blood parasites (Plasmodium). Interestingly, we

found that MHC variation was linked in several ways to these vari-

ables, consistent with both the good genes and genetic diversity

hypotheses. Ornaments have been linked to MHC variation in a

handful of species (von Schantz et al. 1996; Ditchkoff et al. 2001;

Buchholz et al. 2004; Jäger et al. 2007; Hale et al. 2009), but,

in most cases, it is not clear if the ornament is selected by fe-

male choice, rather than male–male competition, nor is it known

whether MHC variation is related to parasite resistance and, ulti-

mately, survival. Most previous studies have also not distinguished

between MHC and overall genomic variation (heterozygosity); in

common yellowthroats, we found no relationship between het-

erozygosity at microsatellite loci and ornaments or parasite in-

tensity, suggesting that our MHC results were not due to overall

genomic variation. Thus, this is the strongest evidence to date

that females can gain genes (indirect benefits) linked to disease

resistance and, ultimately, survival by choosing mates based on

their ornamental trait.

ORNAMENTS AND MHC VARIATION

Males with larger masks possessed more class II alleles, even af-

ter controlling for breeding experience, which is correlated with

age. There were more rare alleles in individuals with a larger to-

tal number of alleles, so females that chose a male with a larger

mask could have gained offspring with particular rare alleles,

greater overall diversity or an increased likelihood of heterozygos-

ity at particular loci. To date, it has been difficult to differentiate

between these various hypothesized benefits of MHC variation,

because of the lack of locus specificity in many current geno-

typing methods (particularly for birds); however, this probably

also reflects the multiple types of selection that are possible on

the MHC and their overlapping effects (reviewed by Penn 2002;

Spurgin and Richardson 2010). For example, negative frequency-

dependent selection from rapidly evolving parasites should favor

matings that provide offspring with rare specific alleles that con-

fer resistance to current parasites; however, these rare alleles are

also likely to increase heterozygosity and overall MHC diversity

(Apanius et al. 1997). These multiple effects of the number of

alleles as well as specific alleles should perhaps not be surprising

given that associations between the MHC and autoimmune dis-

eases in humans are the result of complex multilocus effects from

across the MHC region (Traherne 2008).

MHC variation has been related to mating success in a variety

of taxa (Landry et al. 2001; Freeman-Gallant et al. 2003; Olsson

et al. 2003; Schwensow et al. 2008; Eizaguirre et al. 2009), but

often in terms of MHC dissimilarity between mates, which is gen-

erally thought to be associated with individual-specific olfactory

cues (Ruff et al. 2011). In contrast to most previous studies, we

have not found any evidence that female common yellowthroats

choose social or extrapair mates that are more dissimilar to them-

selves at the MHC (Bollmer et al., in press).

If the expression of ornamental traits is dependent on immune

gene variation, then ornaments can provide a simpler and more

direct method for females to choose mates with superior genes

for their offspring (Milinski 2006), but to date there are relatively

few examples. In three-spined sticklebacks (Gasterosteus aculea-

tus), both specific “good” MHC alleles and MHC diversity (or

heterozygosity) were related to the red ornamental color of males

(Jäger et al. 2007), which was positively correlated with mating

success and resistance to parasites (Eizaguirre et al. 2009). How-

ever, in sticklebacks it has been suggested that olfactory cues are

the primary mechanism of mate choice and ornament color is sec-

ondary (Eizaguirre et al. 2009). In birds, previous studies of sex-

ually selected male ornaments and the MHC have focused mostly

on nonpasserines, which appear to have less gene duplication at

the MHC (Bollmer et al. 2010). In captive peacocks (Pavo crista-

tus), MHC diversity (class II) was related positively to male train

length, but there was no correlation with the male traits that form

the basis of female mate choice: the density of tail feather eyespots

and train mass (Petrie and Williams 1993; Loyau et al. 2008; Hale

et al. 2009). However, in captive turkeys (Meleagris gallopavo),

the trait preferred by females, longer snoods (the fleshy knob over

the beak), also reflects better body condition, lower protozoan
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infection (Buchholz 1995), and is related to the presence of spe-

cific MHC (restriction-fragment-length polymorphism [RFLP])

fragments, but not to overall MHC variation (Buchholz et al.

2004). In pheasants (Phasianus colchicus), females prefer males

with longer spurs (von Schantz et al. 1989), a condition-dependent

trait that is related to overall MHC variation, at least in older

males. Thus, our study provides one of the few direct correlations

between MHC variation and an ornament known to be used by

females to choose mates (Tarof et al. 2005; Dunn et al. 2008).

MHC VARIATION RELATED TO PARASITISM AND

SURVIVAL

In order for ornaments to be revealing indicators of male genetic

quality, the MHC should be related to the ornaments as well as

survival or disease resistance. In common yellowthroats, survival

and infection intensity were associated with various aspects of

MHC diversity, consistent with the good genes and diversity

hypotheses. In particular, males were more likely to return to the

study area if they lacked a particular allele (class I allele 18). This

is an estimate of apparent survival as males without allele 18 could

have dispersed outside our study area; if males do return to our

study area, they typically settle within 150 m of their previous ter-

ritories. As predicted by Hamilton and Zuk ( 1982), we also found

an association between a particular class II allele (allele 82) and

malaria infection, although in this case, individuals with the allele

had more parasites. Several studies of the MHC and malaria infec-

tion in birds have found specific common alleles associated with

infection (Loiseau et al. 2008), and in one case, these associations

were positive in some populations (increased risk of infection) and

negative (decreased risk) in other populations even for the same al-

lele (Bonneaud et al. 2006). Other studies have found that malaria

infection was less likely when individuals had greater (Radwan

et al. 2012) or intermediate levels (Westerdahl et al. 2005) of

MHC diversity, although in most cases there was also some

evidence that infection was associated with specific MHC alleles.

This is one of the first studies to apply pyrosequencing to

the study of MHC-based mate choice or parasite resistance (see

Kloch et al. 2010; Radwan et al. 2012) in wild vertebrates. Based

on cDNA, we found at least eight class I and 18 class II loci

in common yellowthroats. This is among the highest reported

numbers of class II loci in a vertebrate; for comparison, humans

have six classical class II loci (Horton et al. 2004) and 12 tran-

scribed class II loci were estimated in a recent pyrosequencing

study of collared flycatchers (Ficedula albicollis, Radwan et al.

2012). Pyrosequencing provided an average of 729 (class I) and

1109 (class II) sequences per individual directly from the peptide

binding region of the MHC (Bollmer et al. 2010), providing a

powerful method of verifying the large number of alleles in our

population and the total number of alleles per individual (because

of the larger sample size, rare alleles are more likely to be de-

tected in an individual than with cloning). A recent comparison

of pyrosequencing and genotyping using capillary-based single-

strand confirmation polymorphism (SSCP) concluded that both

techniques found many of the same MHC class I alleles, but al-

most twice as many alleles were found by pyrosequencing (153)

than SSCP (83 alleles; Promerova et al. 2012). Previous studies of

MHC variation and sexual selection have often examined species

with relatively few loci and alleles, and it has been suggested that

relationships will be easier to find in species with fewer MHC

loci (Apanius et al. 1997; Oliver and Piertney 2010). However,

our study demonstrates that next generation sequencing provides

a promising method for studying MHC-based mate choice and

disease resistance, even in passerines with a large number of

MHC loci. Indeed, the large number of loci detected now makes

it feasible to estimate the frequency of relatively rare alleles and

to examine their role in mate choice and disease resistance.

In conclusion, pyrosequencing of both class I and II of the

MHC in common yellowthroats revealed associations between

MHC variation and ornament expression (mask size), apparent

survival, and the intensity of infection by blood parasites. Pre-

vious studies may have failed to find relationships because they

did not examine both types of MHC variation (class I and II

genes are primarily involved in recognizing intra- and extracellu-

lar pathogens, respectively) and they used methods (e.g., SSCP,

RFLP) that are less specific or focus on more common alleles.

Our results provide one of the few cases of an association be-

tween good genes at the MHC (in a broad sense) and a sexually

selected male ornament. As predicted, MHC variation was also

associated with both parasitism and survival, which suggests that

females will gain indirect fitness benefits when they choose more

ornamented males.
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and non-self. Landes Bioscience and Springer Science+Business Media,
Austin, TX.

SAS Institute. 2010. JMP 9.0.2. SAS Institute, Cary, NC.
Schwensow, N., J. Fietz, K. H. Dausmann, and S. Sommer. 2007. Neutral

versus adaptive genetic variation in parasite resistance: importance of
major histocompatibility complex supertypes in a free-ranging primate.
Heredity 99:265–277.

———. 2008. MHC-associated mating strategies and the importance of
overall genetic diversity in an obligate pair-living primate. Evol. Ecol.
22:617–636.

Spehr, M., K. R. Kelliher, X. H. Li, T. Boehm, T. Leinders-Zufall, and F. Zufall.
2006. Essential role of the main olfactory system in social recognition of
major histocompatibility complex peptide ligands. J. Neurosci. 26:1961–
1970.

Spurgin, L. G., and D. S. Richardson. 2010. How pathogens drive genetic di-
versity: MHC, mechanisms and misunderstandings. Proc. R. Soc. Lond.
B 277:979–988.

Storey, J. D., and R. Tibshirani. 2003. Statistical significance for genomewide
studies. Proc. Natl. Acad. Sci. USA 100:9440–9445.

Stuglik, M. T., J. Radwan, and W. Babik. 2011. jMHC: software assistant for
multilocus genotyping of gene families using next-generation amplicon
sequencing. Mol. Ecol. Resour. 11:739–742.

Tamura, K., D. Peterson, N. Peterson, G. Stecher, M. Nei, and S. Kumar. 2011.
MEGA5: molecular evolutionary genetics analysis using likelihood, dis-
tance and parsimony methods. Mol. Biol. Evol. 28:2731–2739.

Tarof, S., P. O. Dunn, and L. A. Whittingham. 2005. Dual functions of a
melanin-based ornament in the common yellowthroat. Proc. R. Soc.
Lond. B 272:1121–1127.

Thoß, M., P. Ilmonen, K. Musolf, and D. J. Penn. 2011. Major histocom-
patibility complex heterozygosity enhances reproductive success. Mol.
Ecol. 20:1546–1557.

Thusius, K. J., K. A. Peterson, P. O. Dunn, and L. A. Whittingham. 2001. Male
mask size is correlated with mating success in the common yellowthroat.
Anim. Behav. 62:435–446.

Traherne, J. A. 2008. Human MHC architecture and evolution: implications
for disease association studies. Int. J. Immunogenet. 35:179–192.

Van Valen, L. 1973. A new evolutionary law. Evol. Theor. 1:1–30.
von Schantz, T., M. Grahn, G. Andersson, I. Froberg, M. Grahn, A. Helgee,

and H. Wittzell. 1989. Female choice selects for a viability-based male
trait in pheasants. Nature 337:166–169.

von Schantz, T., H. Wittzell, G. Goransson, M. Grahn, and K. Persson.
1996. MHC genotype and male ornamentation: genetic evidence for
the Hamilton-Zuk model. Proc. R. Soc. Lond. B 263:265–271.

Wegner, K. M., M. Kalbe, J. Kurtz, T. B. H. Reusch, and M. Milinski. 2003.
Parasite selection for immunogenetic quality. Science 301:1343.

Westerdahl H., H. Wittzell, T. von Schantz, and S. Bensch. 2004. MHC class
I typing in a songbird with numerous loci and high polymorphism using
motif-specific PCR and DGGE. Heredity 92:534–542.

Westerdahl, H., J. Waldenström, B. Hansson, D. Hasselquist, T. von Schantz,
and S. Bensch. 2005. Associations between malaria and MHC genes in
a migratory songbird. Proc. R. Soc. Lond. B 272:1511–1518.

Woelfing, B., A. Traulsen, M. Milinski, and T. Boehm. 2009. Does intra-
individual major histocompatibility complex diversity keep a golden
mean? Philos. Trans. R. Soc. B 364:117–128.

Zagalska-Neubauer, M., W. Babik, M. Stuglik, L. Gustafsson, M. Cichon,
and J. Radwan. 2010. 454 sequencing reveals extreme complexity of
the class II major histocompatibility complex in the collared flycatcher.
BMC Evol. Biol. 10:395.

Associate Editor: B. Lyon

Supporting Information
Additional Supporting information may be found in the online version of this article at the publisher’s website:

Figure S1. Neighbor-joining tree of MHC class I exon 3 sequences (based on 259 bp) from common yellowthroats.

Figure S2. Neighbor-joining tree of MHC class II exon 2 sequences (based on 270 bp) from common yellowthroats.

Table S1. PCR conditions and allelic diversity at microsatellite loci used to assess individual heterozygosity in common yel-

lowthroats.

EVOLUTION MARCH 2013 6 8 7


