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Abstract

The major histocompatibility complex (MHC) is a cornerstone in the study

of adaptive genetic diversity. Intriguingly, highly polymorphic MHC

sequences are often not more similar within species than between closely

related species. Divergent selection of gene duplicates, balancing selection

maintaining trans-species polymorphism (TSP) that predate speciation and

parallel evolution of species sharing similar selection pressures can all lead

to higher sequence similarity between species. In contrast, high rates of con-

certed evolution increase sequence similarity of duplicated loci within spe-

cies. Assessing these evolutionary models remains difficult as relatedness

and ecological similarities are often confounded. As sympatric species of

flamingos are more distantly related than allopatric species, flamingos repre-

sent an ideal model to disentangle these evolutionary models. We character-

ized MHC Class I exon 3, Class IIB exon 2 and exon 3 of the six extant

flamingo species. We found up to six MHC Class I loci and two MHC Class

IIB loci. As all six species shared the same number of MHC Class IIB loci,

duplication appears to predate flamingo speciation. However, the high rate

of concerted evolution has prevented the divergence of duplicated loci. We

found high sequence similarity between all species regardless of codon posi-

tion. The latter is consistent with balancing selection maintaining TSP, as

under this mechanism amino acid sites under pathogen-mediated selection

should be characterized by fewer synonymous codons (due to their common

ancestry) than under parallel evolution. Overall, balancing selection main-

taining TSP appears to result in high MHC similarity between species regard-

less of species relatedness and geographical distribution.

Introduction

The multigene family of major histocompatibility com-

plex (MHC) genes plays a central role in adaptive

immunity of vertebrates (Janeway et al., 2005). Classi-

cal MHC genes are among the most polymorphic genes

of vertebrate species, both in terms of allelic diversity

and sequence diversity (Klein, 1986; Potts et al., 1994;

Steele & Lloyd, 2015). Therefore, MHC genes have

become an important model to elucidate how genetic

diversity is maintained through evolutionary time

(Sommer, 2005; Spurgin & Richardson, 2010). MHC

diversity is consensually thought to be predominantly

selected by pathogen-mediated selection, although sex-
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ual selection may also play a role (Sommer, 2005;

Spurgin & Richardson, 2010). Whether the current

diversity results from the maintenance of an initial

diversity over relatively long-evolutionary timescales or

from recurrent selection pressures regenerating eroded

diversity remains nonetheless difficult to determine.

In addition to high sequence polymorphism in

regions coding for antigen-binding sites (ABS) in MHC

genes, an intriguing observation is that sequences are

often not more similar within species than between clo-

sely related species (Klein, 1986, 1987; Nei et al., 1997;

Klein et al., 1998; van Oosterhout, 2009). Understand-

ing this pattern requires to assess the influence of four

different mechanisms susceptible to influence sequence

similarity both within and between species: (i) prespeci-

ation gene duplication followed by divergent selection;

(ii) concerted evolution; (iii) long-lasting balancing

selection maintaining ancestral trans-species polymor-

phism (TSP); and (iv) parallel evolution.

Gene duplication, frequent in MHC evolution, is an

important mechanism that may lead to higher similarity

between MHC sequences of different species than

within species. Indeed, when duplication predates spe-

ciation and each gene duplicate is under divergent

selection across long-evolutionary timescales (which

can be traced across orders, i.e. gene orthology), then

higher sequence similarity is expected within loci rather

than between the duplicated loci, regardless of species

identity (Nei et al., 1997; Gu & Nei, 1999; Nei & Roo-

ney, 2005).

Concerted evolution is defined as the process which

leads to higher sequence similarity between sequences

from paralogous loci within one species than between

sequences of orthologous loci of different species, even

though gene duplication occurred prior to speciation

(Liao, 1999). The main mechanism driving concerted

evolution is frequent recombination and gene conver-

sion events between closely related loci, which results

in frequent genetic exchange between loci (Hess &

Edwards, 2002; Burri et al., 2008, 2010). In order for

the divergence of duplicated loci to occur, the rate of

concerted evolution needs to be low. Therefore, phylo-

genetic reconstruction of MHC genes that has under-

gone an ancient prespeciation duplication event with

low rates of concerted evolution should result in gene

clustering by gene loci rather than by species (Nei et al.,

1997; Gu & Nei, 1999; Nei & Rooney, 2005). In con-

trast, high concerted evolution will disrupt the diver-

gence of duplicated loci and phylogenetic

reconstruction of MHC sequences should then cluster

by species or genus (Nei et al., 1997; Hess & Edwards,

2002; Nei & Rooney, 2005; Burri et al., 2008, 2010).

Two additional mechanisms can generate high

sequence similarities between species. First, the TSP

hypothesis predicts that ancient allele lineages are

maintained beyond speciation events by strong patho-

gen-mediated balancing selection at ABS (Klein, 1987).

If pathogen-mediated balancing selection maintaining

TSP is the main driver of MHC sequence similarity

between species, then the genealogy of ABS sequences

should be strongly intermixed, independently of spe-

cies, following phylogenetic reconstruction. The second

mechanism is parallel evolution, which occurs when

similar pathogen selection pressures between species

(e.g. sympatric species) select for functionally similar

MHC alleles (Yeager & Hughes, 1999). Under parallel

evolution, sympatric species exposed to similar patho-

gens are expected to have more sequence similarity at

ABS codons under similar pathogen-mediated selection

than allopatric species (Yeager & Hughes, 1999). In this

case, ABS codon similarity occurs independently of bal-

ancing selection maintaining ancestral lineages and,

therefore, allelic genealogy of codons under positive

selection should cluster allelic lineages from species that

share the same habitats, independently of phylogenetic

inertia. However, phylogenetic analyses from the highly

polymorphic short sequences of ABS MHC exons, with

high rates of concerted evolution and positive selection,

biases phylogenetic interpretation (Schierup & Hein,

2000). Alternative methods to phylogenetic reconstruc-

tion of MHC ABS sequences are therefore needed to

disentangle mechanisms of MHC evolution (Edwards

et al., 1999; Kriener et al., 2001; Burri et al., 2008,

2010; Lenz et al., 2013).

Here, we study the evolution of the MHC by charac-

terizing the MHC Class I exon 3, MHC Class IIB exon 2

and MHC Class IIB exon 3 for all six extant flamingo

species. Although we know little about how pathogen

load varies between and within flamingo species, it is

reasonable to expect historical contrasting differences in

pathogen communities across the two sides of the

Atlantic Ocean. Furthermore, dispersal limitation and

autocorrelation of environmental variables between

closely situated habitats is predicted to reduce differ-

ences in pathogen communities (Steinitz et al., 2006;

Soininen et al., 2007). The latter therefore implies that

there should be similar pathogen-mediated selection

pressure between sympatric flamingo species. An

important beneficial feature of the flamingo model in

respect to the understanding of MHC evolution is that

the phylogeny of the flamingo species does not match

with their cross-Atlantic geographical distribution (Tor-

res et al., 2014; Fig. 1). Flamingos therefore present an

ideal model to test hypotheses of MHC macro-evolution

by investigating MHC sequence similarity across sym-

patric and allopatric flamingo species. Examining the

two main classes of the classical MHC molecules

allowed us to investigate the MHC sequence similarity

of loci which may be under different selection pres-

sures. Using these markers, we simultaneously consider

all of the four aforementioned mechanisms (divergent

selection of ancient gene duplicates, concerted evolu-

tion, balancing selection maintaining TSP and parallel

evolution) to account for the high level of sequence
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similarity observed between all of the six species. In

addition to traditional phylogenetic analyses, we com-

plemented our analyses using: (i) the comparison of

highly polymorphic regions with more conserved

regions of the MHC as this has been shown to reveal

gene orthology independently from the effect of patho-

gen-mediated balancing selection (Edwards et al., 1999;

Kriener et al., 2001; Burri et al., 2008, 2010); (ii) the

comparison of the codon structure of amino acids

under strong positive selection. Indeed, we can exploit

the redundancy of the genetic code to draw different

predictions of codon structure under balancing selection

maintaining TSP and parallel evolution. If sequence

similarity is due to balancing selection maintaining TSP,

amino acid sites under strong positive selection should

be characterized by fewer synonymous codons (due to

their common ancestry) than under parallel evolution.

Indeed under balancing selection maintaining TSP,

amino acids shared between alleles should present a

high frequency of identical codons regardless of species

sympatry. In contrast, under parallel evolution, as a

result of codon redundancy in the genetic code, the

proportion of identical codons for amino acids shared

between species should be the same, regardless of

whether codons are under positive selection or not

(Lundberg & McDevitt, 1992; Lenz et al., 2013).

Materials and methods

Model organism and samples

The six extant flamingo species appear to form a single

genus distributed into two distinct clades (Torres et al.,

2014). One subclade includes an old world species, the

greater flamingo (Phoenicopterus roseus), along with two

new world species, the closely related American fla-

mingo (Phoenicopterus ruber) and the Chilean flamingo

(Phoenicopterus chilensis). The second subclade includes

the remaining old world species, the lesser flamingo

(Phoeniconaias minor), along with the other two new

world species, the Andean flamingo (Phoenicoparrus and-

inus) and James’s flamingo (Phoenicoparrus jamesi) (Tor-

res et al., 2014).

For greater flamingos, we used 127 blood and feather

samples collected from chicks between 1998 and 2009

from four breeding colonies which cover the distribution

of the species across the Mediterranean basin (Table 1):

Garaet Ezzemoul, northern Algeria (35°530N, 06°300E);
Camargue, southern France (43°250N, 04°380E); Fuente
de Piedra, southern Spain (37°060N, 04°450W); and

finally, Gediz delta, western Turkey (38°320N, 26°520E).
A fresh liver sample was also collected and frozen from a

deceased adult greater flamingo in the Camargue. In

addition to the greater flamingos sampled, three individ-

uals from each of the other five extant species of flamin-

gos were sampled (Table 1). Blood samples were

collected from three captive American flamingos and

three captive Chilean flamingos, at the ‘Parc des

Oiseaux’ (Villars-les-Dombes, France). Three feather

samples from lesser flamingos were collected on the

ground at Lake Nakuru in Kenya (02°220S, 36°050E).
Four feathers were collected on the ground at the Salar

de Surire (18°510S, 69°000W) in Chile, two belonging to

two Andean flamingos, and two to two James’s flamin-

gos. Finally, one feather from an Andean flamingo and

one from a James’s flamingo were collected from captive

Greater Flamingo

American Flamingo

Chilean Flamingo

Lesser Flamingo

Andean Flamingo

James's Flamingo

87

99

99

99

4.37 MYA
(2.38, 7.16)

2.29 MYA
(1.07, 4.06)

1.01 MYA
(0.34, 1.98)

2.56 MYA
(1.26, 4.37)

1.34 MYA
(0.54, 2.47)

Fig. 1 Cladogram showing the

relationships of the extant flamingo

species adapted from Torres et al. (2014)

(copyright pending) and the

approximate geographical distribution

of each flamingo species. The flamingos

fall out in two subclades with high

support, which is not congruent with

their geographic distribution. Bootstrap

support values (maximum likelihood)

are shown above each node and ages

for divergences (95% confidence

intervals) within Phoenicopteridae

based on 12 loci with two fossil

calibrations are shown below each node

(Torres et al., 2014).
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individuals at the Wildfowl & Wetlands Trust (Slim-

bridge, UK). Blood samples were obtained from punctua-

tion of the brachial vein and stored in preservation

buffer (Seutin et al., 1991), whereas feathers were stored

in silica gel (Sigma , St. Louis, MO, USA).

We identified the species of the feather samples

found on the ground in Kenya and Chile by PCR

amplifying and Sanger sequencing a 722-bp part of the

cytochrome oxydase domain I (COI), (primers: ‘Pr-

COIa-F’ 50-ACGCTTCAACACTCAGCCAT-30, and ‘Pr-

COIa-R’ 50-TAATTCCAAAGCCTGGTAGG-30) using

identical methods as described by Geraci et al. (2012).

The resulting sequences were BLAST searched in the

GenBank database (99–100% of identity on 98–100%
of coverage). The mitochondrial COI marker has previ-

ously been demonstrated to fully resolve flamingo spe-

cies (Torres et al., 2014).

DNA and RNA extraction

Genomic DNA from blood, feather and liver samples

was extracted using a standard phenol–chloroform
method, and quality was UV assessed (Spectramax plus

384, Molecular devices) before normalization at ca

50 ng lL�1. Total RNA was extracted from the liver

sample, using the QIAGEN RNeasy Animal Tissue kit

following the manufacturer’s protocol, and reverse

transcription to complementary DNA (cDNA) was per-

formed with the iScript select cDNA synthesis kit (BIO-

RAD) and oligo(dT) primer.

Characterization of MHC Class I exon 3, MHC Class
IIB exon 2 and MHC Class IIB exon 3

For MHC Class I, we chose to target exon 3 of the

MHC Class I as it is the most frequently used and the

better known of the two highly polymorphic regions of

MHC Class I (the other being exon 2) known to code

for antigen-presenting regions (Alcaide et al., 2009). For

MHC Class IIB, we chose to target to exon 2 and 3. The

former is a highly polymorphic region which codes for

antigen-presenting regions, whereas the latter is a more

conserved region of the MHC which codes for the CD4-

binding site involved in T lymphocyte binding. Infer-

ring gene duplication based on highly polymorphic

regions of the MHC from phylogenetic reconstruction

Table 1 Summary of samples used for MHC Class I exon 3 and MHC Class IIB exon 2 analysis.

Species Population

Year

of sampling Type of sample N

Nb. of PCR

replicates

Nb. of

PCRs

Mean read coverage

of MHC Class I exon 3

Mean read coverage

of MHC Class IIB

exon 2

Greater flamingo

(Phoenicopterus

roseus)

Algeria 2008 & 2009 Feather 31 1 Duplicate 32 1535.59 (� 80.11) 1368.03 (� 130.99)

France 1998 Blood 32 1 Duplicate 33 1572.7 (� 90.33) 972.33 (� 70.93)

Spain 2007 Blood 32 1 Duplicate 33 1534.64 (� 69.14) 1115.39 (� 80.36)

Turkey 2007 & 2009 Blood (2007) &

feather (2009)

31 1 Duplicate 32 1463.78 (� 79.77) 1016.94 (� 111.09)

France*

(reference

sample)

2008 Blood 1 1 Duplicate 2 940 (� 128) 671 (� 171)

France*

(liver sample)

2010 Liver 1 Triplicate of

cDNA and

gDNA

6 1895.67 (� 195.45) 1277 (� 170.8)

American flamingo

(Phoenicopterus

ruber)

Cuba 2010 Blood

(zoo samples)

3 1 Duplicate 4 1846.75 (� 108.48) 967.25 (� 352.47)

Chilean flamingo

(Phoenicopterus

chilensis)

Unknown 2010 Blood

(zoo samples)

3 1 Duplicate 4 1766 (� 240.52) 1138 (� 180.95)

Lesser flamingo

(Phoeniconaias minor)

Kenya 2010 Feather 3† 1 Duplicate 4 841.5 (� 350.65) 492.5 (� 347.6)

Andean flamingo

(Phoenicoparrus

andinus)

Chile 2010 Feather (including

one zoo sample)

3 1 Duplicate 4 1680 (� 750.39) 1138.25 (� 626.67)

James’s flamingo

(Phoenicoparrus

jamesi)

Chile 2010 Feather (including

one zoo sample)

3 1 Duplicate 4 1128.25 (� 432.95) 728 (� 296.65)

Total 1998–2010 143 11 158 1524.22 (42.02) 1089.08 (� 48)

N, number of individuals. Mean read coverage is the mean number of sequences passing quality filtering criteria according to the standard

amplicon pipeline from 454 Genome Sequencer FLX System Software. Values in brackets are standard errors of the mean.

*Samples used to optimize primers.

†Identical MHC genotypes between the three feather samples would suggest that all samples came from the same individual.
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can be challenging because the effects of intense patho-

gen-mediated selection will mask gene duplication his-

tory (Edwards et al., 1999; Wittzell et al., 1999; Kriener

et al., 2001; Burri et al., 2008, 2010). Using exon 3 of

the MHC Class IIB, which is a more conserved region

not under pathogen-mediated balancing selection, can

therefore help to infer duplication history of MHC Class

IIB, as has been achieved in owls (Burri et al., 2008,

2010). See the supporting information for detailed

methods of MHC Class I exon 3 and MHC Class IIB (in-

tron 1, exon 2, intron 2 and exon 3) characterization

(using previously published primers and traditional

cloning of amplicons), PCR conditions and design of fla-

mingo-specific primers. Clones of MHC Class I exon 3

(48 clones), MHC Class IIB exon 2 (24 clones) and

MHC Class IIB exon 3 (48 clones) from two indepen-

dent PCRs for each species of flamingo were sent for

Sanger sequencing. Sequences that were identical

between two independent PCRs were assigned as alle-

les.

Barcoded primer design, amplicon pooling and 454
GS-FLX Titanium pyrosequencing

We chose to target 204–207 bp of exon 3 of MHC

Class I and 165 bp of exon 2 of MHC Class IIB for

454 Titanium pyrosequencing. Primers FLACI-EX3-F

and FLACI-EX3-R for exon 3 MHC Class I, and FLA-

CII-EX2-R and FLACII-EX2-R for exon 2 MHC Class

IIB (see supporting information for primer sequence)

were modified to include a 7-bp barcode and the 30-

bp adapters at the 50 end of the primers for the 454

Titanium sequencing reagent series as described in

Galan et al. (2012). Each barcode differed from one

another by at least 3 bp to minimize the risk of

assignment error due to PCR or sequencing errors in

the barcode. As summarized in Table 1, for each

MHC marker (MHC Class I exon 3 and MHC Class

IIB exon 2) we pooled 158 amplicons which included

the following: several internal controls of replicate

amplicons from a random sample from each popula-

tion; triplicate amplicons from the genomic DNA of

the liver sample; triplicate amplicons from the cDNA

of the liver sample; the duplicate of the greater fla-

mingo sample sequenced by Sanger method during

the optimization of the primers; and a duplicate from

a random sample for each of the remaining five spe-

cies of flamingos. For each MHC marker, amplifica-

tion was confirmed by the visualization of 3 lL of

PCR products on a 1.5% agarose gel and all 158

amplicons were pooled in equal proportions. Five

microlitre of each of the two pools was then visual-

ized once again on a 1.5% agarose gel. Samples were

subsequently processed by Beckman Coulter Genomics

(Danvers, MA, USA) which included eliminating non-

specific PCR products by running the two pools a

microfluidic electrophoresis Pippin Prep (Sage Science,

Beverly, MA, USA) and selection fragments of the

expected size (� 50 base pairs). In addition following

emulsion PCR (emPCR), the two pools were

sequenced on a 454 Genome Sequencer FLX (Roche,

Basel, Switzerland) on two independent Titanium

picotiter plates. Only reads that passed the initial GS

run processor filtering were used in subsequent analy-

ses. Details of assigning barcoded reads to individuals

using the SEquence Sorter & AMplicon Explorer

(SESAME) software (Megl�ecz et al., 2011), allele vali-

dation, allele amplification efficiencies and minimum

number of reads per amplicon are presented in the

supporting information and followed a protocol

adapted from Sommer et al. (2013).

Positive selection

We tested for positive selection of MHC Class I exon 3,

MHC Class IIB exon 2 and MHC Class IIB exon 3 alle-

les by testing for an excess of nonsynonymous substi-

tutions (dN) over synonymous substitutions (dS) in

amino acid sites (x = dN/dS ratio) using CODEML,

which is included in the PAML 4.7 package (Yang,

2007). We investigated the following models: M1a

(nearly neutral), M2a (positive selection), M7 (b : x
ratio varies among sites according to a b distribution)

and M8 (b + x: similar to M7 but with an additional

site class that allows x > 1). We built a phylogenetic

tree for CODEML analysis using maximum-likelihood

(ML) estimation of phylogenetic relationships in

PHYML 3.0 (Guindon et al., 2010) with the substitu-

tion model with the most support as estimated by

JMODELTEST 2.1.4 (Posada, 2008). Both M2a and M8

assume that amino acid sites may undergo positive

selection, whereas their respective counterpart M1a

and M7 consider a neutral scenario. Models M7 and

M8 are thought to perform better under the occur-

rence of frequent recombination than M1a and M2a

models implemented in CODEML but are thought to

be less conservative (Anisimova et al., 2003; Yang,

2007). For comparative purposes, we therefore perform

a likelihood ratio test on both sets of models (M1a vs.

M2a and M7 vs. M8). Because positive selection was

detected, we then inferred which amino acid sites

were under significant positive selection through 1100

permutations using the Bayes Empirical Bayes proce-

dure (BEB). This analysis therefore precludes the need

to assume that sites that are ABS, the sites predicted

to be under balancing selection, are the same between

chickens (the only birds for which ABS are known for

MHC Class I exon 3) or mammals (for MHC Class IIB

exon 2) and flamingos. The sequence of one MHC

Class I exon 3 allele, which was found to have a pre-

mature stop codon (see Results), was excluded from

this analysis.
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Recombination analyses

As recently recommended, we used a set of several

methods to detect signals of recombination (Mansai &

Innan, 2010; Martin et al., 2011). We tested for a corre-

lation between distance and linkage disequilibrium,

which is consistent with evidence of recombination, by

running PERMUTE (implemented within the OMEGAMAP

package; Wilson & McVean, 2006). Further evidence of

recombination in the alignment was tested using the

RDP3 package (Martin et al., 2010) to apply the methods

RDP (Martin & Rybicki, 2000), MAXCHI (Smith, 1992), CHI-

MAERA (Posada & Crandall, 2001), GENECONV (Padidam

et al., 1999) and SISCAN (Gibbs et al., 2000) to detect

recombination breaking points.

Phylogenetic analyses

The phylogenetic relationship between MHC Class I

exon 3, MHC Class IIB exon 2 and MHC Class IIB exon

3 of flamingo species was visualized using the software

SPLITS TREE 4.13.1 (Huson & Bryant, 2006) using Neigh-

bor-Net networks based on Kimura’s two-parameter

model (which is the only available substitution model

available for this analysis in Splits Tree). Neighbor-Net

networks allow us to visualize the complex evolution-

ary histories of genes in the presence of reticulate

events such as hybridization, horizontal gene transfer

and/or recombination. They are therefore ideal to

investigate relationships between MHC alleles whose

evolution is characterized by gene duplication and loss

as well as interlocus recombination events. However,

the simple Kimura’s two-parameter model is unlikely

to be appropriate for the complex evolutionary history

of the MHC and we therefore complemented phyloge-

netic analysis with Bayesian phylogenetic reconstruc-

tions, which was achieved using MrBayes 3.2.4

(Ronquist & Huelsenbeck, 2003) with the implemented

substitution model that had the most support as esti-

mated by JMODELTEST 2.1.4 (Posada, 2008). We parti-

tioned the coding sequence, and each position was

assumed to have different rates of evolution. We con-

ducted two independent runs consisting four chains

and 5 9 107 generations. We evaluated convergence by

investigating the average standard deviation of split fre-

quencies between runs and the potential scale reduc-

tion factor. Finally, posterior distributions were

examined in TRACER 1.6 (Rambaut et al., 2014) and the

first half of the topologies was discarded as burn-in.

Burri et al. (2008), using the more conserved

sequences of exon 3 of MHC Class IIB from 14 owl spe-

cies, found that alleles clustered according to two gene

lineages rather than species following phylogenetic

reconstruction. Such clustering of genes may indicate

early gene duplication and high sequence similarity

between species by descent or recent parallel duplica-

tion followed by functional convergence. To distinguish

these hypotheses, Burri et al. (2010) contrasted phylo-

genetic trees derived from third codon positions to

those derived from full sequences. As third codon posi-

tion of sequences can be considered nearly neutral,

similar sequence topology between the two analyses

suggests early duplication prior to speciation rather

than recent duplication. We applied a similar strategy

to investigate gene duplication history of the MHC

Class IIB. For MHC Class IIB exon 3, we included

sequences of avian species from the public domain

database of NCBI and compared the Bayesian phyloge-

nies of complete sequences with that of the Bayesian

phylogenies of only the third codon position.

For MHC Class I exon 3 and MHC Class IIB exon 2,

we first produced a Neighbor-Net network of full

sequences and a second Neighbor-Net network using

nucleotides that were under positive selection only, as

these are the sites that are predicted to be ABS and to

be under pathogen-mediated balancing selection

(Bjorkman et al., 1987). Finally, in order to compare

flamingo MHC alleles to that of other avian species, we

reconstructed a Bayesian phylogenetic tree for each loci

using sequences of avian species from the NCBI data-

base (see supporting information for list of species and

GenBank accession numbers).

Codon usage analysis

Under balancing selection maintaining TSP, amino acid

sites under strong positive selection should be charac-

terized by fewer synonymous codons (due to their com-

mon ancestry) than under parallel evolution. Therefore,

to distinguish between balancing selection maintaining

TSP and parallel evolution, we assessed the proportion

of identical codons encoding the same amino acids at

positively selected sites between pairs of species follow-

ing Lenz et al.’s (2013) study. Then, we assumed that

under parallel evolution identical amino acids have the

same proportion of identical codons at amino acid sites

independently of them undergoing strong positive

selection or not. We therefore drew codons with

replacement from within the pool of all codons present

in the complete exon of each species, to simulate new

sequences synonymous to those observed at the peptide

level. We measured codon similarity between species

using these simulated data as described above, and we

reiterated this process (simulation + measurement)

9999 times to generate the distribution of similarity

measurements under the hypothesis of parallel evolu-

tion. Computing the proportion of simulated similarity

values greater or equal to observed values, thereby pro-

vide the P-value of the test of parallel evolution. This

analysis was implemented in R 3.0 (R Core Team, 2014)

using functions provided by the package SEQINR (Charif

& Lobry, 2007), which allows for straightforward

sequence manipulations.
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Results

Characterization of MHC Class I and MHC Class IIB

In total, 105 different MHC Class I exon 3 (accession

numbers: KU054001–KU054105) and 136 MHC Class

IIB exon 2 alleles (accession numbers: KU054106–
KU054241; Table 2) were identified by 454 sequencing

(see supporting information for details of 454 sequenc-

ing output) across all six species of flamingos (see

Table 1 for coverage of each species). This included all

22 MHC Class I exon 3 and 15 MHC Class IIB exon 2

alleles found by cloning and Sanger sequencing (only

sequences found in two independent PCRs were

retained) from one sample of each flamingo species and

the cDNA sample from the liver of a greater flamingo.

However, for these samples, 15 MHC Class I exon 3

and 22 MHC Class IIB exon 2 alleles were identified by

454 sequencing that were not identified by cloning and

Sanger sequencing. Allele calling repeatability was

higher for MHC Class IIB exon 2 (100%) than for MHC

Class I exon 3 (88%) (see supporting information for

more details of allele calling repeatability). However, as

in this study we are interested in sequence similarity

and we did not perform any analysis based on allele

frequency, allele dropout that is responsible for imper-

fect repeatability (Sommer et al., 2013; Burri et al.,

2014) should not have any adverse effects on our

results. We also identified 27 MHC Class IIB exon 3

alleles (accession numbers: KU053963–KU053985 &

KU053997–KU054000) through traditional cloning and

sequencing methods based on six genomic samples

from each species of flamingos and a cDNA sample of

greater flamingo. Note that MHC Class IIB exon 3 was

not characterized using 454 sequencing. In addition, we

also identified 11 sequences of intron 1 (accession

numbers: KU053986–KU053996) and 23 sequences of

intron 2 of MHC Class IIB (accession numbers:

KU053963–KU053985). As flamingo introns showed lit-

tle to no sequence similarity with other avian species,

we focused on the functional markers (i.e. exons) of

the MHC to infer MHC evolution (see supporting infor-

mation for more details of MHC Class IIB introns).

The maximal number of alleles within a single indi-

vidual was found in the greater flamingo with 11 MHC

Class I exon 3 and 4 MHC Class IIB alleles (for both

exon 2 and 3), which suggests at least six and two loci,

respectively (Table 2). Results from our limited sam-

pling of the other five flamingo species suggested a sim-

ilar number of loci between species, with the

maximum number of MHC Class I exon 3 alleles found

to be ten for the lesser flamingo, nine for the Chilean

flamingo, eight for the American and the Andean

flamingos, and six for the James’s flamingo (Table 2a).

A maximum of four MHC Class IIB (for both exon 2

and 3) alleles were found within an individual for all

flamingo species, except for the lesser flamingo that

showed two alleles for exon 2 and three for exon 3

(Table 2b). As expected, the number of segregating sites

was much lower for MHC Class IIB exon 3 than for

MHC Class IIB exon 2 (Table 2c). The high divergence

and number of alleles captured within individuals sug-

gest that our primers efficiently amplified alleles across

MHC loci (Figs 2 and 3).

All 105 MHC Class I exon 3 alleles and all of the 136

MHC Class IIB exon 2 are potentially functional except

for one of the 105 MHC Class I exon 3 alleles (belong-

ing to an Andean flamingo sample: SOSU11-05; acces-

sion number: KU054028), as no other alleles presented

a premature stop codon. However, comparison between

the genomic DNA and cDNA amplicons of the liver

sample of the greater flamingo sampled in 2010

revealed that only five of eight MHC Class I exon 3

alleles identified in the genomic DNA amplicon were

also detected in the cDNA sample. The latter suggests

that, at least in the greater flamingo, a minimum of

Table 2 Summary statistics of MHC Class I exon 3 and MHC Class

IIB exon 2 variation for the six species of flamingos sampled in

this study.

Species N m S

Nb. of alleles

per individual

Nb. of private

alleles

(a) MHC Class I exon 3

Greater flamingo 128 86 89 3–11 67

American flamingo 3 13 60 6–8 1

Chilean flamingo 3 10 62 8–9 1

Lesser flamingo 3* 10 55 7–10 4

Andean flamingo 3 13 68 3–8 9

James’s flamingo 3 11 65 4–6 4

Total 143 105 98 3–11 86

(b) MHC Class IIB exon 2

Greater flamingo 128 113 68 1–4 106

American flamingo 3 10 46 3–4 7

Chilean flamingo 3 6 35 4 5

Lesser flamingo 3* 2 18 2 1

Andean flamingo 3 5 43 2–4 4

James’s flamingo 3 8 48 2–4 5

Total 143 136 71 1–4 128

(c) MHC Class IIB exon 3†

Greater flamingo 2 8 23 4 4

American flamingo 1 4 20 4 2

Chilean flamingo 1 3 13 3 3

Lesser flamingo 1 4 23 4 2

Andean flamingo 1 4 15 4 4

James’s flamingo 1 4 20 4 3

Total 7 23 31 3–4 18

N, number of individuals; m, number of alleles; S, number of seg-

regating sites.

*Identical MHC genotypes between the three feather samples

would suggest that all samples came from the same individual.

†Data of MHC Class IIB exon 3 from cloning and sequencing of

two individuals of greater flamingos (1 genomic DNA sample and

1 cDNA sample) and one individual from each of the other fla-

mingo species.
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Fig. 2 The Neighbor-Net network constructed from the 105 MHC Class I exon 3 alleles (accession numbers: KU054001–KU054105) from
the six flamingo species. Allele 148 (*) is a suspected pseudogene since it has a premature stop codon within the exon.

Fig. 3 The Neighbor-Net network constructed from the 136 MHC Class IIB exon 2 alleles (accession numbers: KU054106–KU054241) from
the six flamingo species.
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two MHC Class I exon 3 loci amplified may not be

expressed although more extensive analyses are needed

to confirm this. In contrast, all four MHC Class IIB

exon 2 alleles that were identified in the genomic DNA

amplicon were also detected in the cDNA sample, sug-

gesting that both MHC Class IIB exon 2 loci amplified

are expressed.

Evidence for positive selection

Table 3 summarizes the results of the ML analyses in

CODEML. Fifty-one of the 70 amino acid positions

(73%) of MHC Class I exon 3 were polymorphic, and

five codon positions were found to be under significant

positive selection by both M2a and M8 models

(BEB > 0.95 posterior probabilities; Table 3a). Twenty

of the 55 amino acid positions (36%) of MHC Class IIB

exon 2 were polymorphic, and seven codon positions

were found to be under significant positive selection by

both M2a and M8 models (BEB > 0.95 posterior proba-

bilities; Table 3b), with an additional codon found to be

under significant positive selection by model M8.

Finally, none of the codons of MHC Class IIB exon 3

were under significant positive selection and positive

selection models were not better supported than neu-

tral models (Table 3c). Therefore, we confirmed that

exon 3 of MHC Class IIB was relatively conserved

between flamingo species as found in other bird species

and is therefore ideal to infer gene duplication history

while controlling for positive selection (Burri et al.,

2008).

Evidence of recombination

We found significant evidence for recombination in all

exons investigated. Indeed, there was a significant neg-

ative correlation between linkage disequilibrium rate

estimates and physical distance between sites in MHC

Class I exon 3, MHC Class IIB exon 2 and MHC Class

IIB exon 3 (permutation test implemented in OMEGA-

MAP: r = �0.08, P < 0.001; r = �0.10, P = 0.002; and

r = �0.78, P = 0.001, respectively). However, we could

Table 3 Log-likelihood values and parameter estimates of models testing for positive selection at the MHC Class I exon 3, MHC Class IIB

exon 2 and MHC Class IIB exon 3 alleles of all six flamingo species.

Models lnL Estimates of parameters Positively selected sites†

(a) MHC Class I exon 3

M1a (neutral) �2559.722 p0 = 0.955, p1 = 0.045*

x0 = 0.051, x1 = 1

Not allowed

M2a (selection) �2503.316 p0 = 0.937, p1 = 0.058, p2 = 0.004

x0 = 0.071, x1 = 1, x2 = 5.151

9G**, 15S**, 54E**, 57Q**, 58W**

M7 (b) �2569.595 p = 0.019, q = 0.132 Not allowed

M8 (b and x) �2506.075 p0 = 0.996, p1 = 0.004, p = 0.120, q = 0.845, xs = 5.04 9G**, 15S**, 54E**, 57Q**, 58W**

(b) MHC Class IIB exon 2

M1a (neutral) �3318.089 p0 = 0.909, p1 = 0.091

x0 = 0.024, x1 = 1

Not allowed

M2a (selection) �3203.963 p0 = 0.816, p1 = 0.164, p2 = 0.020

x0 = 0.030, x1 = 1, x2 = 4.716

2Y**, 23Y**, 33D**, 43I**, 46D**, 47E**, 53T**, 54F**

M7 (b) �3311.609 p = 0.012, q = 0.077 Not allowed

M8 (b and x) �3204.072 p0 = 0.984, p1 = 0.016, p = 0.011, q = 0.035, xs = 4.84 2Y**, 23Y**, 33D**, 43I**, 46D**, 47E**, 50S*, 53T**, 54F**

(c) MHC Class IIB exon 3

M1a (neutral) �655.744 p0 = 0.828, p1 = 0.171

x0 = 0.008, x1 = 1

Not allowed

M2a (selection) �655.744 p0 = 0.828, p1 = 0.029, p2 = 0.142

x0 = 0.008, x1 = 1, x2 = 1

None

M7 (b) �655.748 p = 0.010, q = 0.053 Not allowed

M8 (b and x) �655.738 p0 = 0.977, p1 = 0.023, p = 0.013

q = 0.074, xs = 1.388

None

Values p and q are parameters of the beta distribution. x = dN/dS. pn is the proportion of sites falling into the xn.

Sites found to be under significant positive selection according to Bayes Empirical Bayes (BEB) at the 95% (*) and 99% (**) confidence

interval level are also shown.

†Site positions for MHC Class I exon 3 sequences according to the 204–207 bp sequence positions (accession numbers: KU054001–
KU054027 & KU054029–KU054105) and for MHC Class IIB exon 2 sequences according to the 163–165 bp sequence positions obtained

from 454 sequencing (accession numbers: KU054106–KU054241). Site position for MHC Class IIB exon 3 sequences according to the

207 bp of exon 3 obtained through cloning and traditional sequencing (accession numbers: KU053963–KU053985 & KU053997–
KU054000). The MHC Class I exon 3 sequence with a stop codon (accession number: KU054028) was excluded from the analysis. In bold

are sites that are known to be antigen biding in chickens for MHC Class I exon 3 (Wallny et al., 2006) and in humans for MHC Class IIB

exon 2 (Brown et al., 1993).
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not detect the location of recombination breaking

points for any of the MHC markers (RDP, MAXCHI, CHI-

MAERA, GENECONV and SISCAN).

Evidence of gene orthology masked by concerted
evolution between flamingo species

Neighbor-Net network analysis of the full codon

sequences of MHC Class IIB exon 3 showed that fla-

mingo sequences tended to cluster into two lineages

and each lineage tended to cluster closely (but not

within) to the two orthologous genes previously identi-

fied in owls and charadriiformes (Burri et al., 2008,

2010; Fig. 4). Furthermore, flamingo MHC Class IIB

exon 3 sequences were segregated by distantly related

species of birds of prey, petrels and herons (Fig. 4).

Both clusters of flamingo sequences hold alleles from

all species which is a strong indicator of gene orthol-

ogy.

However, some flamingo individuals had more than

three alleles within a cluster of alleles (Fig. 4), suggest-

ing that sequences did not cluster into loci. Further-

more, Bayesian phylogenetic reconstruction of the full

codon sequence of avian MHC Class IIB exon 3

sequences did not reveal the same two clusters of fla-

mingo sequences identified by the Neighbor-Net net-

work analysis and basal nodes had low statistical

support with distantly related species of birds of prey,

petrels and herons (Fig. 5a). Bayesian phylogenetic

reconstruction of the third codon positions retained the

two ancient lineages previously identified in owls

(DAB1 and DAB2; Burri et al., 2010) but sequences

from flamingos tended to remain clustered together

(although once again basal nodes had low statistical

support; Fig. 5b).

Visual inspection of sequence alignment (Fig. 6)

revealed that 5 of the 16-nt sites located near the 50

end of the MHC Class IIB exon 3 sequence that showed

strong signals of orthology in owls were polymorphic in

flamingos (Burri et al., 2008, 2010). Four of these 5-nt

sites were in positions 13–16 and were identical to the

polymorphisms found between DAB1 and DAB2 in

owls. The latter tentatively suggests that the two lin-

eages identified in flamingos may be the ancient dupli-

cated avian DAB1 and DAB2 lineages, but the high rate

of concerted evolution has homogenized these two lin-

eages within flamingos and has prevented divergence.

Evidence for balancing selection maintaining TSP
but not parallel evolution of antigen-presenting
regions

The Neighbor-Net analyses show no clustering for both

MHC Class I exon 3 allele lineages and MHC Class IIB

exon 2 allele lineages into sympatric distribution of fla-

mingo species (Figs 2 and 3). The results remained

Fig. 4 The Neighbor-Net network constructed from the 27 MHC Class IIB exon three (accession numbers: KU053963–KU053985 &

KU053997–KU054000) alleles from the six flamingo species and sequences isolated in other avian species (list of species and accession

number within figure) from full sequences.
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(a) (b)

Fig. 5 Consensus Bayesian topology (50% majority consensus) constructed from the 27 MHC Class IIB exon three alleles (accession

numbers: KU053963–KU053985 & KU053997–KU054000) from the six flamingo species and sequences isolated in other avian species (list

of species and accession number within figure) from full sequences (a: GTR + G + I) and third codon positions (b, a: HKY + G). Only

supports for avian orders and families are provided.

Fig. 6 Nucleotide sequence alignment of the first 100-nt sites of MHCIIB exon 3 of flamingo species in comparison with a DAB1 and

DAB2 sequence of the Eurasian eagle owl (Bubo bubo). Sites that were identified as strong signals of locus signature by Burri et al. (2008)

are highlighted in grey.
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highly similar when Neighbor-Net analysis was carried

out on nucleotide positions under positive selection

only (Figs S3 and S4). Bayesian phylogenetic recon-

struction of both ABS exons of flamingos and other dis-

tantly related avian species had low statistical support

at basal nodes, although sequences from flamingos

tended to cluster together (Fig. S5). We also found that

19 of the MHC Class I exon 3 of 105 alleles identified

and 8 of 136 MHC Class IIB exon 2 alleles presented

the same nucleotide sequences between flamingo spe-

cies (Table 4). The latter supports balancing selection

maintaining TSP because it is unlikely that long identi-

cal sequences may result from parallel evolution.

To formally investigate this possibility, we studied the

similarity of codons encoding the same amino acid in

positively selected regions between flamingo species.

We found an average (� SD) of codon similarity

between species of 89.22% (� 1.69) for MHC Class I

exon 3 and of 99.70% (� 1.12) for MHC Class IIB exon

2 (see Table 4 for pairwise comparison between all six

flamingo species). These values were higher than all

similarity values obtained while simulating the hypoth-

esis of parallel evolution, therefore rejecting this

hypothesis in favour of balancing selection maintaining

TSP (all P < 0.0001; see Fig. S6).

Discussion

In this study, we first characterized the MHC Class I

exon 3, MHC Class IIB exon 2 and MHC Class IIB exon

3 of all flamingo species. We then used the relatively

conserved region of MHC Class IIB exon 3 to infer

duplication orthology. Finally, we used the contrasting

patterns of phylogeny and sympatric distribution of the

six extant flamingo species to investigate the relative

role of parallel evolution and balancing selection main-

taining TSP in generating high sequence similarity at

the ABS sites of the MHC between closely related spe-

cies. We found evidence of up to six MHC Class I loci

and two MHC Class IIB loci in flamingo species. Com-

parison between Neighbor-Net networks of full codon

sequences and sequence alignments of the conserved

region of the MHC Class IIB exon 3 suggests that gene

duplication of MHC Class IIB occurred prior to flamingo

speciation. However, high rates of interlocus concerted

evolution are preventing divergence of loci even in this

conserved region of the MHC. Finally, sequence analy-

sis of alleles of ABS coding regions of the MHC Class I

and MHC Class IIB strongly supports balancing selec-

tion maintaining TSP rather than parallel evolution at

these sites.

Characterization of the MHC in flamingo species

We found a variable number of gene duplications

between MHC Class I and MHC Class IIB in flamingos

suggesting that patterns of gene duplication cannot be

generalized between MHC classes. Using 454 sequenc-

ing, we identified up to 11 MHC Class I exon 3 alleles

in greater flamingos and four MHC Class IIB exon 2

alleles within an individual in all flamingo species, indi-

cating the presence of at least six and two different

MHC loci, respectively. Similarly to the blue petrel

(Halobaena caerulea) both MHC Class IIB loci were

expressed but not all of six MHC Class I loci were (in

the greater flamingo, at least three of six MHC Class I

exon 3 loci were expressed compared to at least five of

eight MHC Class I exon 3 loci for the blue petrel;

Strandh et al., 2011).

Repeatability of MHC Class I exon 3 allele calling was

below 99.9% between replicates in our study as

reported in other studies which amplify a large number

of MHC loci in a single PCR (Galan et al., 2010; Zagal-

ska-Neubauer et al., 2010; Sepil et al., 2012; Strandh

et al., 2012). We therefore cannot exclude the possibil-

ity that more extensive analyses of MHC Class I exon 3

in flamingo species may reveal more than the six loci

we have identified in this study. Indeed, MHC charac-

terization by PCR may selectively amplify particular

genes in multigene families (Wagner, 2005; Sommer

et al., 2013; Burri et al., 2014) biasing our estimated

absolute values of MHC loci. In contrast, for MHC Class

IIB exon 2, we are confident that there are only two

duplicated loci based on the following lines of evidence.

First, repeatability of allele calling for MHC Class IIB

exon 2 was 100%, with no individual found to have

more than four alleles. Second, the independent ampli-

fication, cloning and sequencing of MHC Class IIB exon

3 also revealed no more than four alleles per individual

for each individual per flamingo species. To unravel the

Table 4 Matrix of the proportion of identical amino acids and the number of identical full sequences between species (in brackets) for

MHC Class I exon 3 (below diagonal) and Class IIB exon 2 (above diagonal).

Greater, % American, % Chilean, % Lesser, % Andean, % James’s, %

Greater 97.52 (3) 98.82 (1) 100 (1) 97.76 (0) 97.37 (2)

American 90.56 (12) 98.20 (0) 100 (0) 97.77 (0) 96.72 (0)

Chilean 90.99 (9) 89.74 (5) 100 (0) 99.11 (0) 98.27 (0)

Lesser 88.92 (6) 87.80 (4) 88.02 (3) 100 (0) 97.37 (0)

Andean 88.48 (4) 87.10 (2) 88.22 (2) 86.23 (2) 98.70 (1)

James’s 91.86 (7) 91.24 (3) 91.34 (2) 89.18 (2) 88.57 (2)
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complex history of MHC duplication in birds, a PCR-

based approach such as the one we used here should

ideally be complemented by Southern blots (Wester-

dahl et al., 1999; Wittzell et al., 1999; Silva & Edwards,

2009) and/or genome characterization (Balakrishnan

et al., 2010) as these labour-intensive methods allow

for higher confidence in the inference of MHC loci

number.

The number of duplication events for MHC Class I in

flamingos is larger than those reported for a large num-

ber of nonpasserine species (1–4 loci; fowl (Gallus gal-

lus), Kaufman et al., 1999; mallard duck (Anas

platyrhynchos), Moon et al., 2005; birds of prey, Alcaide

et al., 2009; turkey (Meloeagris gallopavo), Chaves et al.,

2010; red-billed gull (Larus scopulinus), Cloutier et al.,

2011) but relatively similar to what has been found in

blue petrels (8 loci; Strandh et al., 2011) and red knots

(Calidris canutus) (6 loci; Buehler et al., 2013). For the

MHC Class IIB, the number of loci we identified is in

line with most nonpasserine species (1–3 loci; Kaufman

et al., 1999; Wittzell et al., 1999; Alcaide et al., 2007,

2014; Strand et al., 2007; Burri et al., 2008; Hughes

et al., 2008; Kikkawa et al., 2009; Juola & Dearborn,

2012; Strandh et al., 2012; Promerov�a et al., 2013).

Overall, flamingos present a complex gene duplication

history and an associated loss of gene function, with

substantial differences with other avian groups.

Evidence of gene orthology masked by concerted
evolution between flamingo species

As found in most vertebrates, there was no evidence

that the MHC Class IIB exon 3, which codes for the

more conserved CD4-binding site, was under significant

positive selection. This exon was therefore relatively

more conserved than the other exons, which precludes

this region from the strong biases during phylogenetic

analyses resulting from strong signals of positive selec-

tion (Schierup & Hein, 2000). However, we did detect

strong signals of recombination and/or conversation

events, which may significantly bias terminal branch

length during phylogenetic analyses (Schierup & Hein,

2000). That we have failed to identify the locations of

recombination breaking points may be explained by a

lack of statistical power of the tests we used (Mansai &

Innan, 2010), especially in the light of the small size of

fragments used in this study (Martin et al., 2010). We

could not assign alleles to loci; therefore, significant

recombination events found in this study may be the

result of interlocus and/or intralocus recombination

(and cannot be interpreted as conclusive evidence of

concerted evolution). Therefore, conclusions of gene

orthology from phylogenies should be considered with

caution and in conjunction with other lines of evi-

dence.

Under a scenario of divergent selection, we would

expect phylogenetic reconstruction to segregate

sequences into loci, even when considering the short

fragment lengths used in this study (see Burri et al.,

2010 for simulations). On the other hand, under a sce-

nario of high rates of concerted evolution disrupting

divergent selection as a result of frequent interlocus

genetic exchange (via recombination and gene conver-

sion), we would expect phylogenetic reconstruction to

cluster sequences by species or genus. Bayesian phylo-

genetic reconstruction of full codon MHC Class IIB

exon 3 sequences revealed low statistical support of

basal nodes with no evidence of alleles segregating into

separate lineages. Furthermore, all flamingo sequences

tended to cluster together. Bayesian phylogenetic

reconstruction of MHC sequences in flamingo species is

therefore consistent with high rates of concerted evolu-

tion disrupting divergence of orthologs. We are

nonetheless confident that MHC Class IIB duplication

occurred prior to flamingo speciation around 3–6 mil-

lion years ago (Torres et al., 2014), based on the follow-

ing lines of evidence. First, we found the same number

of gene duplications of MHC Class IIB across all six

extant flamingo species. Second, allele sequences

tended to cluster in two lineages with at least one

sequence from each species present in each cluster of

the full codon Neighbor-Net network, suggesting slight

divergence between loci. However, close inspection of

the full codon Neighbor-Net network revealed that

some individuals had up to three alleles within a single

cluster, which is further evidence of concerted evolu-

tion homogenizing the two MHC loci in flamingo spe-

cies.

Although phylogenetic reconstruction of MHC Class

IIB exon 3 of third codon positions did retain the two

ancient lineages in owls identified by Burri et al.

(2010), we found no evidence of a such pattern for

other avian species. We therefore cannot exclude the

possibility that any pattern in allele clustering between

flamingos and other distantly related birds may result

from functional convergence rather than the mainte-

nance of orthologous genes across avian orders. Eluci-

dation of the functional similarities between exon 3 of

flamingos with that of distantly related species would

require analysis of the structure of the MHC Class IIB

protein (Burri et al., 2010). Furthermore, characteriza-

tion of the MHC in grebes, the sister clade of flamingos

(van Tuinen et al., 2001; Chubb, 2004; Ericson et al.,

2006; Hackett et al., 2008; McCormack et al., 2013),

would help to disassociate these hypotheses and further

refine the duplication history of MHC Class IIB in

flamingos. Nonetheless, we believe that functional con-

vergence is unlikely because none of the positions seg-

regating allele lineages in MHC Class II exon 3 were

found to be under positive selection. Furthermore,

identical polymorphisms (at all three codon positions),

which were found to be strong signals of gene orthol-

ogy in distantly related species of owls, were identified

in flamingo sequences tentatively suggesting that the
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two gene lineages identified in flamingos may be of the

ancient orthologous DAB1 and DAB2 genes.

Regardless of whether flamingo orthologous genes

belong to the DAB1 and DAB2 avian lineages, our

results therefore suggest that the divergence of ortholo-

gous genes following early gene duplication across

avian orders, as observed in mammals, owls and

charadriiformes, appears to be the exception rather

than the rule in birds (see also Edwards et al., 1995;

Wittzell et al., 1999; Miller & Lambert, 2004; Kikkawa

et al., 2005). The latter is explained by the higher rates

of concerted evolution homogenizing loci in most birds

(Hess & Edwards, 2002), including in the more con-

served region of the exon 3 MHC Class IIB.

Evidence of balancing selection maintaining TSP
but not of parallel evolution in the MHC of
flamingos

Phylogenetic analyses of MHC alleles at MHC Class I

exon 3 and MHC Class IIB exon 2 revealed no cluster-

ing by flamingo species distribution which argues for

balancing selection maintaining TSP and against parallel

evolution. However once again, phylogenetic analyses

from short fragments, with high rates of concerted evo-

lution and positive selection, biases phylogenetic inter-

pretation (Schierup & Hein, 2000). Other lines of

evidence must therefore be used to disassociate

between balancing selection maintaining TSP and paral-

lel evolution.

Despite our limited sampling of flamingo species

other than P. roseus, we found a high number of MHC

alleles that were identical between flamingo species.

We confirmed that balancing selection maintaining TSP

was more likely than parallel evolution by also per-

forming an analysis of codon usage that could be

employed irrespective of the relationship between relat-

edness and habitat distribution. This analysis was based

on sites under positive selection, which we detected

both at exon 3 of MHC Class I and exon 2 of MHC

Class IIB, as found in most vertebrate. We found that

amino acid sites under strong positive selection at the

ABS of both MHC Class I and MHC Class IIB showed

significantly higher codon similarity of identical amino

acid sites than expected under parallel evolution. As in

most MHC studies not conducted on model organisms,

we could not assign alleles to loci in our study which

may bias the latter result. Nonetheless, pooling loci to

identify sites under positive selection is likely to be con-

servative rather than leading to false positives, as differ-

ent selection patterns between the pooled sites should

reduce the overall selection signal.

So far, evidence of parallel evolution influencing

MHC evolution is limited. It has been suggested to be

responsible for high sequence similarity between sym-

patric species of racoons and skunks (Srithayakumar

et al., 2012). In addition, Schwensow et al. (2010)

found that two alleles with high sequence similarity

between two sympatric species of lemurs were nega-

tively associated with locally prevalent Ascaris infection,

which may also suggest parallel evolution. However,

both of these examples are limited by the fact that in

these biological systems relatedness is confounded with

ecological similarities. In flamingos, sympatric species

are more distantly related and some closely related spe-

cies (Fig. 1) are cross-Atlantic allopatric species which

inhabit contrasting habitats. We therefore expect fla-

mingo species to be an ideal model to observe parallel

evolution in the MHC while controlling for the effects

of common ancestry. However, and consistent with

Lenz et al.’s (2013) study on sticklebacks, our results

support ancestral TSPs that pre-date the first speciation

event of the ancestor of extant flamingos (3–6 Ma; Tor-

res et al., 2014), whereby MHC alleles are maintained

across long-evolutionary timescales by balancing selec-

tion despite the contrasting environments encountered

by some allopatric species.

Conclusion

Our study suggests gene orthology within the recently

diverged species of flamingos. However, high rates of

concerted evolution is homogenizing polymorphism

between loci, preventing divergence within species

even in conserved regions of the MHC, and thus, in

turn preventing the clear identification of the ancient

orthologs identified in other distantly related birds.

MHC alleles at ABS have been maintained over long-

evolutionary timescales by balancing selection despite

the distinct geographical ranges covered by allopatric

species and the high rates of concerted evolution. There

is currently limited empirical evidence of parallel evolu-

tion at the MHC (Lenz et al., 2013), and instead, our

study supports the hypothesis that balancing selection

maintaining ancestral alleles that predate speciation is

the main mechanism that results in sequence similarity

at the MHC between closely related species in verte-

brates.
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Supporting information

Additional Supporting Information may be found in the

online version of this article:

Figure S1 Schematic illustration of primer position

(represented by arrows) used in this study for amplifi-

cation of MHC Class I and MHC Class IIB. Boxes repre-

sent exons.

Figure S2 Phylogenetic reconstruction by maximum

likelihood (TrN + G; 1000 bootstraps) of the 23 MHC

Class II intron 2 flamingo alleles (accession numbers:

KU053963–KU053985).
Figure S3 The Neighbor-Net network constructed from

the positively selected sites of the 105 MHC Class I

exon 3 alleles (accession numbers: KU054001–
KU054105) from the six flamingo species.

Figure S4 The Neighbor-Net network constructed from

the positively selected sites of the 136 MHC Class II

exon 2 alleles (accession numbers: KU054106–
KU054241) from the six flamingo species.

Figure S5 Consensus Bayesian topology (50% majority

consensus) constructed from the 105 MHC Class I exon

3 alleles from the six flamingo species and sequences

isolated in other avian species (see below for list of spe-

cies and accession number) with a Ctenosaura clarki

sequence used as an outgroup (a: HKY + G) and from

the 136 MHC Class II exon 2 alleles from the six fla-

mingo species and sequences isolated in other avian

species (see below for list of species and accession num-

ber) with a Homo sapiens sequence used as an outgroup

(b: GTR + G). Only supports for avian orders and fami-

lies are provided.

Figure S6 Expected frequency distribution of the pro-

portion of identical antigen binding sites (ABS) codons

at MHC Class I exon 3 (below diagonal) and MHC Class

IIB exon 2 (above diagonal) under parallel evolution

between each species of flamingos.
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