
Mhc class II diversity and balancing selection in greater
prairie-chickens

John A. Eimes • Jennifer L. Bollmer •

Peter O. Dunn • Linda A. Whittingham •

Charles Wimpee

Received: 17 August 2009 / Accepted: 9 October 2009 / Published online: 23 October 2009

� Springer Science+Business Media B.V. 2009

Abstract The major histocompatibility complex (Mhc) of

domestic chickens has been characterized as small and

relatively simple compared with that of mammals. How-

ever, there is growing evidence that the Mhc of many bird

lineages may be more complex, even within the Order

Galliformes. In this study, we measured genetic variation

and balancing selection at Mhc loci in another galliform,

the greater prairie-chicken. We cloned and sequenced a

239 bp fragment of Mhc Class II b-chain (BLB) exon 2 in

14 individuals. There was a total of 10 unique sequences

and a minimum of four BLB loci. The dN/dS ratio at pep-

tide-binding codons was significantly greater than one,

suggesting balancing selection is acting on the BLB. We

also recovered two YLB sequences, which clustered tightly

with YLB sequences from three other species: domestic

chicken, black grouse and common quail. The relatively

large number of loci revealed in our study suggests that

even closely related galliforms differ in the level of Mhc

variation and structure.
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Introduction

The Mhc is the most polymorphic coding region in the

vertebrate genome (Klein 1986) and genetic variation at

these loci is important for disease resistance and survival

in many taxa (reviews in Apanius et al. 1997; Carrington

and O’Brien 2003; Zelano and Edwards 2002). Mhc genes

(class I and II) code for proteins that function primarily as

peptide-binding receptors that facilitate an adaptive

immune response (Janeway et al. 2005; Klein 1986;

Ploegh et al. 1990), and the ability to mount an immune

response to a specific antigen is influenced by Mhc

genotype (Dietert and Dietert 1991). Thus, the Mhc is

most likely under strong selection from parasites and

pathogens (Piertney and Oliver 2006) and balancing

selection is often invoked as a mechanism for maintaining

high Mhc polymorphism relative to genome-wide genetic

variation (Garrigan and Hedrick 2003; Hughes and

Yeager 1998; Sommer 2005).

Balancing selection is often assessed by calculating the

rate of non-synonymous versus synonymous mutations

within expressed sequences in genes that code for the

peptide-binding region of the Mhc molecule. Neutral the-

ory predicts that the ratio of the two mutation types (dN/dS)

should not be significantly different from one (Kimura

1983). Conversely, a dN/dS ratio significantly greater than

one may suggest selection, and in the case of Mhc genes,

balancing selection due to host/pathogen evolution or

sexual selection (Garrigan and Hedrick 2003; Sommer

2005). Indeed, many recent studies have found an excess of

non-synonymous mutations at the peptide-binding regions

of Mhc genes (Bernatchez and Landry 2003; Garrigan and

Hedrick 2003; Sommer 2005).

Among birds, the Mhc of the domestic chicken (Gallus

gallus domesticus) is the best characterized gene family

involved in adaptive immunity (Kaufman 2008). In

domestic chickens, the two major Mhc classes are dis-

tinguished as BF (Mhc class I) and BL (Mhc class II).

Both classes contain gene duplications (BF1 and 2; BLB1
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and 2) (Kaufman 2008). In domestic chickens, BF2

appears to be predominantly expressed, while BF1 is

minimally expressed, if at all. The same pattern of

expression appears at the BL locus, where BLB 2 alleles

are predominantly expressed over BLB 1 alleles, although

to a lesser degree (Kaufman 2008; Kroemer et al. 1990).

A second, genetically independent region, the Rfp-Y-

complex, containing class I (YF) and class II (YLB)

genes has also been described in domestic chickens

(Briles et al. 1993). There is growing evidence that YF

genes are involved with pathogenic resistance in domestic

chickens (Afanassieff et al. 2001; Hunt et al. 2006). The

function of YLB genes remains unknown (Zoorob et al.

1993), but it may be associated with resistance to Marek’s

disease and graft rejections in domestic chickens (Pharr

et al. 1996, Wakenell et al. 1996).

The small size and reduced complexity of the chicken

Mhc compared to mammals led Kaufman et al. (1995,

1999) to propose the ‘‘minimal essential Mhc’’ hypothesis

for the domestic chicken. This hypothesis suggests that

dominantly expressed Mhc class I and II alleles result in

resistance or susceptibility to specific pathogens in chick-

ens (Boonyanuwat et al. 2006; Kim et al. 2008; Owen et al.

2008; Schou et al. 2007; Wallny et al. 2006), whereas in

mammals the expression of many genes confers a more

generalized immune response to a greater number of

pathogens (reviewed in Kaufman 2008).

Studies of Galliformes other than domestic chickens

have provided mixed results regarding the minimal Mhc

hypothesis. Like the domestic chicken, the ring-necked

pheasant (Phasianus colchicus; Wittzell et al. 1999) also

has two class IIb genes homologous to the chicken’s BLB1

and 2; however, the domestic turkey (Meleagris gallopavo;

Chaves et al. 2007) and black grouse (Tetrao tetrix; Strand

et al. 2007) have at least three genes, and seven class IIb
loci have been identified in the Japanese quail (Coturnix

japonicus), with varying degrees of expression (Shiina

et al. 2004, 2006). In addition, the Japanese quail Mhc gene

family spans 180 kb with 41 genes compared to the 92 kb

Mhc and only 19 genes in the domestic chicken. Interest-

ingly, despite their apparent differences in the number and

expression of Mhc genes, these Galliformes are all in

closely related families (Kriegs et al. 2007; Nadeau et al.

2007).

In this study, we described Mhc class II loci in another

galliform, the greater prairie-chicken (Tympanuchus cup-

ido), which is a non-migratory grouse with a lek mating

system, similar to black grouse. We amplified BLB exon 2,

which codes for the peptide-binding region, to estimate the

number of Mhc class II loci, characterize Mhc variability

and test for balancing selection. We also sequenced a

fragment of the YLB complex to assess variation in this

region relative to other galliform taxa.

Materials and methods

We examined sequences from 14 unrelated adults from

Buena Vista Marsh, Portage County, Wisconsin that were

sampled from 1998 to 2000 (Johnson et al. 2004). DNA

was extracted from blood using a 5 M salt solution

(Bellinger et al. 2003). All sequences were deposited in

Genbank (accession numbers FJ232512-FJ232514, FJ232516-

FJ232520, GQ176848-GQ176851).

PCR, cloning and sequencing

BLB

Initially we amplified a 125 bp fragment (primers not

included) of the putative Mhc BLB class II exon 2 using the

primers RNA F 1a and RNA R la developed by Strand

et al. (2007) for black grouse. This 125 bp fragment failed

to yield a dN/dS ratio greater than one, possibly because

it contained only 40% of the peptide-binding region

(PBR), and so we designed a new primer, Blex2F

(50CCGCAGCGTTCTTCTTCTA30) that in combination

with the RNA R 1a reverse primer (Strand et al. 2007)

amplified 239 bp (primers not included) of the BLB gene.

The Blex2F primer annealed in intron 1, 6 bp upstream

from the beginning of exon 2, and extended to position 13

of exon 2. This 239 bp fragment begins at position 14 and

ends at position 252 of exon 2.

PCRs contained approximately 100 ng of DNA, 0.2 lM

of each primer (50 phosphorylated), 25 ll of Phusion Flash

High Fidelity PCR Master Mix (New England Biolabs,

Ipswich, MA), and water to a total volume of 50 ll.

Cycling conditions included an initial denaturation step at

94�C for 2 min followed by 30 cycles of 94, 62 and 72�C

each for 30 s and a final extension of 72�C for 10 min. If

any non-target PCR products (identified by expected

amplicon size), smearing or excess primer dimers were

present on the gel, the target products were gel excised

before purification in spin columns (Qiagen-QIAquick,

Germantown, MD). PCR amplicons were then cloned using

Clonesmart blunt end high count kanamycin cloning kits

with chemically competent cells (Lucigen, Middleton, WI).

Colonies were diluted in 20 ll of water, and gene products

were amplified by whole colony PCR using the vector

primers SL-1 and SR-2 in the Clonesmart kit. Whole

colony PCR amplifications contained 3 ll of template,

0.625 lM of each primer, 0.5 mM of each dNTP, 1.5 mM

MgCl2, 1X PCR buffer and 1.0 U of Gotaq Flexi poly-

merase in a total volume of 20 ll. The cycling conditions

included an initial denaturation at 94�C for 2 min followed

by 30 cycles of 94, 55 and 72�C each for 1 min and a final

extension of 72�C for 10 min. At least 24 colonies per

individual were then sequenced using Applied Biosystems
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3730XL and 3130 automated DNA sequencers (University

of Chicago Cancer Research Center). All sequences

(alleles) were verified by at least two independent PCR,

cloning and sequencing rounds. Ten of the 14 individuals

were cloned twice to verify their genotypes, and all of the

confirmed alleles occurred in at least two different

individuals.

YLB

We also amplified a 367 bp fragment (primers not inclu-

ded) of a putative Mhc YLB gene from four individuals

using the primers Ex2a and Ex3b that were developed for

domestic chickens (Zoorob et al. 1993). The fragment

contains 214 bp of exon 2 (beginnning at the 57th bp of

exon 2) and extends to the 56th bp of exon 3, spanning the

entire second intron. PCR conditions were identical to

those described above for BLB. Thermal cycling condi-

tions included an initial denaturation at 94�C for 2 min

followed by 30 cycles of 94, 55 and 72�C each for 30 sec

and a final extension of 72�C for 2 min. We cloned and

sequenced the individuals in the same manner as for the

BLB locus.

Sequence analysis

The exon 2 fragments of greater prairie-chickens were

aligned with published sequences from several other gal-

liform taxa (Genbank) using BioEdit Sequence Alignment

Editor Version 7.05.2 (Hall 1999). A phylogenetic tree was

generated using the Kimura 2-parameter model with a

neighbor-joining method in the program MEGA version

3.1 (Kumar et al. 2004) with bootstrap support (1,000

replications).

Calculated ratios of synonymous (dS) and non-synony-

mous (dN) substitution rates greater than one are often used

as a test for selection at Mhc loci, with ratios significantly

greater than one suggesting either balancing or positive

directional selection (reviewed by Garrigan and Hedrick

2003). We used the modified Nei–Gojobori/Jukes–Cantor

method (Nei and Gojobori 1986) in MEGA to calculate dN/

dS ratios for the BLB sequences. Peptide-binding and non-

peptide-binding amino acids were identified based on the

human class II molecule described by Brown et al. (1993).

We used DnaSP 4.50.3 (Rozas et al. 2003) to calculate

nucleotide diversity (p, Tajima 1989) and segregating sites

(S).

Results

We verified 10 distinct BLB sequences from 14 individuals

(Table 1) and two YLB sequences from four individuals.

Although we found several additional recombinant

sequences in the BLB samples, they could not be verified

with additional PCRs and cloning and were attributed to

PCR artifacts such as mispriming and Taq error or

mismatch heteroduplex repair by E. coli during cloning

(Longeri et al. 2002; Zorn and Krieg 1991) and were not

included in our data set.

BLB sequence diversity

For the 239 bp fragment of BLB exon 2, we found two to

eight different sequences in each individual (mean = 3.71)

suggesting this primer set amplifies at least four loci

(Table 1). There were 34 polymorphic sites across the 10

different BLB sequences. The average number of nucleo-

tide differences (k) was 11.77, and p for these sequences

was 0.100 (Table 2). No stop codons or frameshift muta-

tions were present in any of the sequences.

YLB

The 214 bp YLB exon 2 fragments in greater prairie-

chicken were nearly monomorphic, similar to black grouse

(Strand et al. 2007) and domestic chicken (Zoorob et al.

1990, 1993). Since it is unclear whether YLB genes are

expressed, we limited our survey to four individuals. In

greater prairie-chickens we found two sequences that dif-

fered by a single point mutation at position 92 that resulted

in an amino acid substitution. When comparing the YLB

exon 2 across species, nucleotide diversity was similar

Table 1 Genotypes of 14 greater prairie-chicken individuals sam-

pled at Buena Vista Marsh, Wisconsin

Tycu BLB sequence

Individual 4 5 6 8 9 10 11 12 13 14

BV3 * * * *

BV7 * * *

BV8 * *

BV9 * * * *

BV10 * * * * * * * *

BV11 * * *

BV13 * *

BV15 * * * * * * *

BV16 * * * *

BV18 * *

BV19 * * * *

BV20 * * * * *

BV26 * * *

BV27 * *

* Denotes the presence of a particular BLB sequence in an individual
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between domestic chicken (0.007, n = 4), black grouse

(0.009, n = 4) and greater prairie-chickens (0.005, n = 4).

Evidence for balancing selection

Translation of the 10 different nucleotide sequences from

greater prairie-chicken BLB genes yielded 10 different

amino acid sequences and 40% of the 57 amino acids in the

fragment were variable. Nucleotide diversity (p) was 3.1

times higher at the peptide-binding sites (PBS; 0.198) than

the non-PBS (0.063; Table 2). There was a significant dN/dS

mutation ratio of greater than one (2.15; P = 0.025) at the

PBS and a non-significant mutation ratio at the non-PBS

(1.92; P = 0.073), suggesting balancing selection at the

PBS.

Phylogeny

As in other Galliformes, the greater prairie-chicken BLB

and YLB sequences formed two separate clusters in a

neighbor-joining tree (Fig. 1). The greater prairie-chicken

BLB sequences grouped with BLB and BLB-like sequences

from other species, clustering most closely to the black

grouse sequences. These sequences tended to cluster by

species, although not uniformly, rather than by locus.

These sequences also displayed the relatively high diver-

gences typically seen at classical Mhc genes, except for

four greater prairie-chicken sequences (Tycu 05, 06, 10,

and 11) which had short branch lengths and fell into a well-

supported cluster (98% bootstrap support). The YLB

sequences clustered separately from the rest with 100%

bootstrap support. Despite high interspecific sequence

similarity (inferred from p), the YLB sequences segregated

into species-specific groups (with the exception of the

Coturnix coturnix sequence, which grouped with Gallus;

bottom of Fig. 1) with strong bootstrap support.

Discussion

We found that the Mhc region of greater prairie-chickens

has both BLB and YLB loci, and these loci differed sig-

nificantly in both diversity and phylogenetic history. We

found evidence for the presence of at least four BLB loci,

higher than in most Galliformes studied to date, and there

was moderate diversity at these loci (10 sequences in 14

individuals). In contrast, the diversity at the YLB was

much lower with only two sequences recovered from four

individuals, similar to other Galliformes. We also found

strong evidence of balancing selection at exon 2 of the

BLB.

Balancing selection

Mhc variation is generally thought to be maintained by

balancing selection that is driven by host-parasite coevo-

lution, although mate choice may play an important role

(reviewed by Bernatchez and Landry 2003; Piertney and

Oliver 2006). One line of evidence for balancing selection

acting on the Mhc is an excess of non-synonymous muta-

tions (dN [ dS) at the PBS (Hughes and Nei 1988, 1989).

In 48 studies surveyed by Bernatchez and Landry (2003),

PBS dN/dS ratios were significantly greater than one in all

but a single species. A previous study of the closely related

black grouse found that dN was higher than dS, although not

significantly, at a 123 bp fragment of the BLB (Strand et al.

2007) which suggests balancing selection may be acting at

these loci. Strand et al. (2007) suggested the lack of

stronger evidence of selection was due to the short length

of the fragment analyzed or possibly the number of

sequences (nine) analyzed. By analyzing nearly the entire

exon (239 bp) we were able to find a dN/dS ratio signifi-

cantly greater than one at the PBR in the greater prairie-

chickens (Table 2), and thus evidence of balancing

selection.

YLB sequences

Only a few other studies have described Y-complex genes

in birds, and all of these examples occur in Galliformes: the

domestic chicken (Briles et al. 1993; Miller et al. 1996;

Zoorob et al. 1990), black grouse (Strand et al. 2007),

domestic turkey (Chaves et al. 2007) and common quail

(Coturnix coturnix) (Nishibori et al. 2007, unpublished

data, Genbank accession number AB020333). Similar to

our study, YLB sequence variation was significantly lower

Table 2 Number of codons, number of polymorphic sites, nucleotide diversity (p), non-synonymous (dN) and synonymous (dS) mutation rates

for 10 greater prairie-chicken BLB sequences of the 239 bp BLB fragment

Region Codons Segregating sites p dN (±SE) dS (±SE) dN/dS

PBS 22 28 0.198 0.286 ± 0.078 0.134 ± 0.053 2.15*

Non-PBS 57 26 0.0627 0.077 ± 0.019 0.040 ± 0.017 1.92

Combined 79 54 0.100 0.128 ± 0.024 0.065 ± 0.018 1.96*

Values are calculated using only peptide-binding sites (PBS), only non-PBS, and both combined. * indicates P \ 0.05 for Z-test with

HA = dN [ dS
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than that of BLB in all Galiformes studied to date. For

example, Strand et al. 2007 found five different YLB

sequences in 13 individuals that resulted in three different

amino acid sequences (only two amino acid sites were

variable). Similarly, we found only two YLB sequences

differing by a single non-synonymous mutation in four

individuals. YLB sequences of greater prairie-chickens

show very high similarity with both black grouse (0.958–

0.966 sequence identity) and domestic chicken (0.912–

0.920 sequence identity) suggesting that the YLB is highly

conserved, possibly the result of purifying selection (Strand

et al. (2007).

Phylogeny

Evolution of Mhc genes in birds is still poorly understood,

although it appears to be substantially different from the

pattern seen in other vertebrates (Edwards et al. 1995; Hess

and Edwards 2002; Kaufman 2008). Mammalian Mhc loci

evolve independently of each other, with exon 2 sequences

from different species clustering by locus (orthology)

rather than by species on phylogenetic trees (Nei et al.

1997). Evidence of orthologous loci has been found in a

few species of birds, primarily non-passerines (Burri et al.

2008; Wittzell et al. 1999). However, in many cases avian

exon 2 sequences do not cluster by locus or by species

(e.g., Bonneaud et al. 2004; Edwards et al. 1995). The

occurrence of different avian Mhc loci intermixing on trees

may be the result of more frequent gene conversion among

loci (concerted evolution) or more recent gene duplication

in birds (Edwards et al. 1995, 1999; Klein et al. 1998). For

example, exon 2 sequences from two class II genes (BLB1

and BLB2) mapped for the domestic chicken and red

jungle fowl do not cluster by locus (Worley et al. 2008),

nor do alleles from the BLB1 and 2 orthologues (Phco-

DAB1, 2) in the ring-necked pheasant (Wittzell et al.

1999). Similar to the chicken and pheasant, greater prairie-

chicken BLB sequences generally did not appear to form

well-supported, divergent clusters corresponding to sepa-

rate loci (Fig. 1). One exception was the strongly supported

cluster of four sequences (Tycu 05, 06, 10 and 11) that were

from at least two loci (individuals may have 3 or 4 of these

sequences). More data are needed to determine the nature

of this pattern (e.g., non-classical loci).

There is clear support for the independent evolution of

the BLB and YLB loci, which are unlinked in domestic

chickens (Briles et al. 1993) and turkeys (Chaves et al.

2007). Our data add further support that BLB and YLB

regions may be common in Galliformes. The YLB in all

species for which data are available formed a single cluster

with 100% bootstrap support. Furthermore, within this

YLB group, each species formed well-supported clusters

(Fig. 1).

There is a growing body of evidence demonstrating that

bird taxa vary in the number of Mhc class II genes they

possess due to gene duplication and deletion (Nei et al.

1997, Westerdahl 2007). Some avian taxa appear to con-

form to the ‘‘minimal Mhc’’ proposed by Kaufman et al.

(1995, 1999) by having only one or two class IIb genes

(e.g., parrotlets, Forpus passerinus, Hughes et al. 2008;

several penguin species, Tsuda et al. 2001), including some

Tete EF174544
Tete EF174545

Tete EF174547
TycuBLB12 GQ176849

Phco AJ224348
TycuBLB04 FJ232512
TycuBLB09 FJ232517
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TycuBLB05 FJ232513

TycuBLB11 GQ176848
TycuBLB06 FJ232514
TycuBLB10 FJ232518
TycuBLB13 GQ176850

TycuBLB14 GQ176851
Pacr AY928096

Pacr AY928098
Coja AB110480

Coja AB078884
Coja AB282648

Gaga L08203
Pacr AY928097
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Phco X75407
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Gaga AY770603
Gaga AY786312
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Fig. 1 Neighbor-joining tree of 10 greater prairie-chicken BLB

sequences and 2 YLB sequences aligned with six other species of

Galliformes using the Kimura 2-parameter model. Numbers represent

bootstrap values (1,000 replicates). Bootstrap values below 50 are not

shown. YLB sequences are labeled ‘‘YLB’’. All other sequences are

homologous sequences to the BLB (non-Tycu not labeled due to

differences in nomenclature). The scale bar indicates genetic

distance. The tree is based on a 192 bp fragment of BLB and YLB

sequences shared with the other species. Tycu: Tympanuchus cupido;

Tete: Tetrao tetrix; Phco: Phasianus colchicus; Pacr: Pavo cristatis;

Coco: Coturnix coturnix; Coja: Coturnix japonica; Gaga: Gallus
gallus
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species of Galliformes (Wittzell et al. 1999). However,

other Galliformes show evidence of an expanded Mhc,

including seven class IIb loci in the Japanese quail (Shiina

et al. 2004), similar to passerines which may have four or

more class IIb genes (e.g., Westerdahl et al. 2000; Miller

and Lambert 2004). Greater prairie-chickens appear to

have an intermediate number of class IIb genes, more than

the chicken and black grouse but fewer than the Japanese

quail. These studies demonstrate that there can be a great

deal of variation in basic Mhc genetic architecture, even

between closely related avian species.
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