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Fic. 2. Consensus phylogeny of the avian genomes following Jarvis et al. (2014) with alligator and sea turtle as outgroups showing a heat map reflecting
the relative percentage of functional OR genes in each family (0-96%) of each species. The corresponding reconstructed ancestral states nodes in the

tree are labeled 1-25.

Bird activity patterns also influenced olfaction patterns. For
example, nocturnal species such as the night jar had an OBR
of 23.8% and 352 OR genes and the barn owl had an OBR of
18.5% and 321 OR genes (which is closer to the average of
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17% and 343 genes; supplementary table S5, Supplementary
Material online). Comparisons of OBR and OR gene repertoire
among water birds, birds of prey, vocal learners, and the
remaining land birds suggest that birds with specialized
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olfaction also have a broader OBR and OR subgenomes. In
addition, birds with specialized foraging adaptations, includ-
ing the carnivore birds of prey (Zelenitsky et al. 2011) and
water birds, had very similar patterns of OBR and OR genes
(birds of prey had an OBR of 21% and a mean number of OR
genes of 336 and water birds had an OBR of 19% and mean
number of OR genes of 356). In contrast, vocal-learning spe-
cies had a relatively reduced OBR of 8.7% and a mean number
of OR genes of 243, which is possibly linked with their more-
highly developed cognitive abilities (Lefebvre et al. 1997, 2002;
Emery 2006; Zelenitsky et al. 2011).

OR Subgenomes and Ecological Adaptation in Birds

The principal component analysis (PCA) and naive Bayes as-
signment algorithm assigned most species into their respec-
tive ecogroups with only a few exceptions (duck, egret, zebra
finch, and budgerigar), suggesting that ecological adaptation
played a role in determining the configuration of the avian
olfactory subgenome (figs. 3 and 4 and supplementary fig. S5,
Supplementary Material online). The duck and egret have
shared land-characteristics possibly because of their semia-
quatic adaptations, whereas zebra finch and budgerigar had
pattern more similar with land birds (e.g, zebra finch similar
to land birds had expanded OR14 under positive selection).

OR families 51, 52, and 2/13 were most-closely associated
with the aquatic birds group (fig. 4) and OR families 6 and 10
contributed the most to defining the vocal learner group of
species. Gene family 5/8/9 was concentrated in the birds of
prey, whereas most of the specialized land birds had an ex-
panded number of genes from OR family 14 (y-c clade). The
two components explained more than 68% variance within
data (supplementary table S6, Supplementary Material online,
analysis of similarities [ANOSIM] r=0.58, P < 0.05). Each of
the ecogroups was significantly different (had unique pat-
terns) relative to land birds (fig. 4). This further demonstrates
that the relative percentage of functional OR genes in each
OR gene family are correlated with the ecological adaptations
of each species and are less a function of shared ancestry and
phylogenetic relationships (supplementary figs. S6 and S7,
Supplementary Material online).

The ecological partitioning of birds based on the propor-
tion of functional OR gene family suggests a correlation with
adaptive requirements. Birds with higher olfactory requisites
such as birds of prey (carnivores/piscivores) that use olfaction
for foraging (Zelenitsky et al. 2011) clustered together in the
PCA, whereas vocal-learner birds, which rely more on cogni-
tive ability and have reduced olfaction ability and reduced
OBR, clustered separately. The water birds, with their special-
ized anatomical modifications for aquatic life (Bang and Cobb
1968; Bang 1971; Zelenitsky et al. 2011) and their use of ol-
faction in foraging navigation and nest recognition
(Bonadonna et al. 2003; Nevitt and Bonadonna 2005), also
clustered together in the PCA (fig. 4).

The passerine birds (song birds) had an overall reduced
repertoire of OR genes, which suggests a possible loss of func-
tions. The presumed reduced dependence on olfaction in
these vocal learners birds might possibly be compensated

for by a highly developed cognitive ability (Emery 2006)
that helped lead to true tool use and a high frequency of
foraging innovations (Lefebvre et al. 1997; Timmermans et al.
2000; Lefebvre et al. 2002). The zebra finch had a compara-
tively large number of OR gene and a notable species-specific
expansion of OR14 influenced by positive selection.

Overall, OR families 2/13, 51, and 52 were more common
in aquatic lineages and families 6 and 10 were more determi-
nant in vocal learners (fig. 4). Birds of prey had a compara-
tively high percentage of OR families 5/8/9. These were also
the largest OR families observed in alligator, which like birds,
depend heavily on pursuit, hunting or scavenging for prey.
Similar ecological partitioning of gene characteristics was also
apparent with the sea turtle and alligator. The sea turtle
grouped with aquatic birds and the alligator (a semiaquatic
species) was more closely aligned with aquatic prey birds
(carnivory, supplementary fig. S8, Supplementary Material
online).

A few species had unique patterns, and they did not cluster
together with the other species from their purported ecolog-
ical cluster. This was most noticeably in species that had an
expanding OR14 repertoire, such as the zebra finch and bud-
gerigar. Similarly the egret and duck grouped into land birds
instead of aquatic birds (fig. 4) possibly because of their semi-
aquatic requirements combined with their dependency on
land environments. The Psittaciformes (budgerigar) have
highly developed vision together with a large OR gene reper-
toire and it has been suggested that certain parrot species use
olfactory cues to forage (Hagelin et al. 2003; Roper 2003).

Reconstruction of the ancestral states at 25 nodes (figs. 2
and 3), using PCA and naive Bayes assignment tests generally
matched the ecological grouping of birds (supplementary figs.
S5 and S8, Supplementary Material online; e.g, nodes A1 and
A2 grouped in vocal learners).

OR Adaptive Evolution: Positive Selection Hotspots in
OR Ligand Binding Domains

To detect evidence of positive selection, we used Single
Likelihood Ancestral Counting (SLAC), Fixed Effects
Likelihood (FEL), Random Effects Likelihood (REL), Fast
Unconstrained Bayesian AppRoximation (FUBAR), and
Mixed Effects Model of Evolution (MEME) (Pond and Frost
20052; Delport et al. 2010; Murrell et al. 2013), as well as an
integrative approach that considered multiple phylogenies
based on the inferred potential breakpoints. This approach
is generally more reliable compared with PAML, which de-
pends on a single phylogeny and may lead to more false
positives, especially when recombination and gene conver-
sion rates are high (Steiger et al. 2010). Using both individual
and integrative approaches, we identified signals of positive
selection in the expanded OR family 14 in birds (eight bird
species) and in OR family 51 and 52 in the sea turtle (sup-
plementary table S7, Supplementary Material online), sugges-
tive that positive selection is playing a role in the functional
diversification and ecological adaptation of the OR genes.
The alignment-wide test for positive selection using the
PARRIS method, a robust inference of positive selection from
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Fic. 3. Heat map partition of informative OR gene families considering the broad ecological traits groups in birds (land birds, water birds, vocal learners,
and birds of prey). The four outlier birds, ANAPL (duck), EGRGA (egret), TAEGU (zebra finch) and MELUN (budgerigar), were grouped with land birds
in our analysis. For convenience, the MANVI (manakin) was included in the vocal learner group, due to its potential courtship dance learning behavior
(Z'gr;igner et al. 2002). The LEPDO (cuckoo roller) was included as prey bird.
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Component 2

I Land Birds

0 Vocal Learners
Il Aquatic Birds
I Birds of Prey

Component 1 -0.49]

Fic. 4. PCA scatterplots showing the partitioning of ecological traits groups (land birds, water birds, vocal learners, and birds of prey); see legend of
figure 3 for further details) and the OR gene families contribution for each group. The two components explained more than 68% variance within data

(ANOSIM r =058, P < 0.05).

recombining coding sequences (Scheffler et al. 2006) was sig-
nificant with a P valve < 0.001 for OR14 family in chicken,
zebra finch, and little egret and for OR52 in sea turtle (sup-
plementary table S8, Supplementary Material online). Sites
with evidence of positive selection that were identified with
two or more methods and in two or more bird species were
plotted against the chicken OR14 protein sequence (supple-
mentary fig. S9, Supplementary Material online) clearly dem-
onstrating that the majority of these positive-selected sites is
restricted to the protein TM domains (Steiger et al. 2010).
Most of the sites found in the sea turtle OR51 (supplementary
table S9a, Supplementary Material online) and OR52 (supple-
mentary table S9b, Supplementary Material online) were also
located in TM domains. These positive-selected sites provide
additional evidence of the important role that ecological ad-
aptation has had in the evolution of olfactory capabilities.

Some of these families, such as family 14 in birds and family
51and 52 in the sea turtle, showed evidence of extensive gene
expansion and members of these expanded families had spe-
cies-specific clustering in the phylogeny due to events of gene
conversion and recombination detected by the analysis of
putative recombination breakpoints (Pond et al. 2006;
Steiger et al. 2008; supplementary table S10, Supplementary
Material online).

Conclusions

Differences in the olfactory abilities among birds reflect di-
verse specialized functions, such as foraging, orientation/nav-
igation, homing, nesting activity pattern, and individual
recognition (Cobb 1959; Cobb 1960; Bang 1965; Bang and
Cobb 1968; Bang 1971; Bang and Wenzel 1985; Waldvogel
1989; Healy and Guilford 1990; Papi 1991; Culik 2007;

Wallraff 2001; Bonadonna and Nevitt 2004; Van Buskirk and
Nevitt 2008; Zelenitsky et al. 2011). These complex behaviors
depend on multiple modes of perception, and the observed
differences in OR subgenomes described here are possibly
interrelated with other sensorial abilities, including vision
and vocalizations (Martin et al. 2004; Nevitt et al. 2004;
Partan and Marler 2005; Hagelin and Jones 2007). For exam-
ple, giant petrels use multimodal cues of odor and vision for
foraging. Similarly, the Psittaciformes (parrots), typically as-
sumed to be highly reliant on visual cues, are thought to
use also olfactory cues when foraging (Hagelin et al. 2003;
Roper 2003).

Differences in rearing environment could lead to differ-
ences in sensory function, as birds that nest in dark locations
may depend more on olfaction, whereas birds exposed to
light may use visual, aural, and olfactory cues (Hagelin and
Jones 2007; Van Buskirk and Nevitt 2007). Olfactory memo-
ries, such as olfactory imprinting, also help in prey avoidance
and self-recognition (Burne and Rogers 1995; Sneddon et al.
1998; Cunningham et al. 2003). Our study analyzed the OR
repertoire from 48 birds and 2 reptiles with in-depth charac-
terization of gene gain, gene loss (functional and nonfunc-
tional genes), and differential evolution of OR families. We
found gene loss to be an important driving force in OR di-
versification among birds with the detection of a high pro-
portion of pseudogenes in the avian lineage. This contrasting
trend is also observed between the OR repertoires of the two
reptilian genomes, with gene loss being more prominent in
sea turtle than alligator, but with concurrent differential evo-
lution of OR gene families in the two genomes. The drastic
expansion of OR51 and OR52 in sea turtle and the expansion
of OR14 in the bird lineage strongly support the role of OR51
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and OR52 in the detection of hydrophilic compounds and
OR14 in hydrophobic volant compounds.

The rapid expansion of those OR gene families was fol-
lowed by positive selection favoring gene diversification lead-
ing to differences in olfactory ability linked with adaptations
to different environmental requirements. The relative size of
the olfactory bulb in birds correlates well with ecological ad-
aptations, including habitat association (e.g, water birds),
type of nesting strategy, and diet (Cobb 1959; Bang 1971;
Zelenitsky et al. 2011). For example, birds of prey, including
vultures and seabirds, hunt and recognize food by smell, and
have relatively large olfactory bulbs (Cobb 1959; Stager 1964;
Bang and Cobb 1968; Bang 1971; Zelenitsky et al. 2011),
whereas the Passeriformes (song birds) that rely more on
cognitive abilities helpful in tool making (Emery 2006),
vocal learning (Lefebvre et al. 2002) and feeding innovations
(Lefebvre et al. 1997; Timmermans et al. 2000) have reduced
olfactory bulb sizes (Cobb 1959; Bang and Cobb 1968; Wenzel
1971; Zelenitsky et al. 2011). The relatively large olfactory
bulbs observed in the earliest neornithines relative to basal
birds possibly reflect adaptations that improved foraging and/
or navigation skills that helped these ancestral birds to adapt,
and thus to survive the end-Cretaceous mass extinction
(Zelenitsky et al. 2011).

Earlier studies have highlighted the positive correlation
between OBR and olfactory ability. Here, we estimated the
relationship between the OBR and the OR genes repertoire of
48 birds species and found a positive correlation (r = 0.66).
This finding provides evidence that olfactory ability is deter-
mined by the repertoire of OR genes. We demonstrated that
birds of prey (carnivorous/piscivorous) had the largest OR
gene repertoire, whereas passerine birds (vocal learners) had
the least number of OR genes. The PCA analysis showed that
the ecological partitioning of vocal learners, birds of prey,
water birds, and land birds strongly influences olfactory ability
and that differences in the OR subgenome (e.g, OR51, OR52,
and OR2/13) contribute toward aquatic olfactory adaptation,
which are further supported by anatomical specializations
(Cobb 1959; Bang 1965; Bang and Cobb 1968; Bang 1971;
Zelenitsky et al. 2011). In addition, OR6 and OR10 were prom-
inent in vocal learners, OR5/8/9 was linked with foraging be-
havior of prey birds, and most of the specialized land birds
had an expanded number OR14 (y-c clade). The comparison
of our results with Hayden et al. (2010) suggested that OR2/
13, together with OR51 and OR52, is important in aquatic
adaptation in both mammals and birds. Similarly OR12,
ORS55, and OR56 contributed the least to olfactory ability in
both birds and mammals. In contrast, we observed that OR14,
which is expanded in the bird lineage, is less useful in mam-
mals as a measure of the relative importance of OR genes.
However, overall, the role of ecological adaptation in shaping
the OR subgenome is consistent in both birds and mammals.

The diverse olfactory ability seen across animals was
shaped by varied adaptive requirements, as was highlighted
by differences among birds and reptiles. Although birds are
often thought to be less dependent on olfaction, we provide
evidence supporting the premise that a wide range of avian
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olfactory abilities are linked with different uses of olfaction in
crucial behaviors (e.g, foraging, homing, and navigation), and
that the crucial roles of these genes are reflected in the genetic
architecture of their OR subgenomes.

Materials and Methods

Annotation of OR Genes in Bird Genomes

To identify the OR genes in bird genomes, we downloaded
the known amino acid sequences of OR genes excluding non-
OR theta genes, from anole lizard, chicken, and zebra finch
(Steiger, Kuryshey, et al. 2009). We have followed the proce-
dure described by Steiger, Kuryshev et al. (2009). Overall we
got putative OR genes from 48 avian genomes (Jarvis et al.
2014; Zhang et al. 2014) and two reptiles, alligator and green
sea turtle

First, TBLASTN searches with an E-value cut-off of 10 were
conducted to identify candidate OR loci. Then, the results of
TBLASTN were clustered together according to the locations
of BLAST hits in the genome. For a given locus, the best hit
with smallest E value and with length of >150 bp was retained
for subsequent analysis. For the candidates lacking start/stop
codons, we searched 90 bp upstream to find start codons and
90 bp downstream to find stop codons.

Second, RepeatProteinMask was adopted to distinguish
OR genes from non-OR GPCRs. The above known full-
length OR sequences from Steiger, Kuryshev, et al. (2009)
and 328 non-OR GPCR sequences from Lagerstrom et al.
(2006) were merged together as the library to run
RepeatProteinMask for each genome. Based on the results
of RepeatProteinMask, the candidate loci from the
TBLASTN step that matched non-OR GPCR regions (over-
lapping length/candidate length > 50%) were filtered out.
The remaining OR candidates can be classified into three
categories: Intact genes with normal start codons and stop
codons and more than 650 bp in size thus can code for seven
TM domains, partial genes without start codon or stop codon
or both, and pseudogenes with frame shift mutations and/or
premature stop codons.

We investigated the relationship between the normalized
mapping depths of OR genes and sequencing depths. After
mapping the reads back to the assemblies (~30x coverage
reads for each bird; for chicken and zebra finch, we mapped
the available lllumina reads), we calculated the mapping
depth for each OR gene locus and normalized them by di-
viding the genome average mapping depth.

OR Assignments of Group, Families, and Subfamilies

To assign all functional genes to their respective OR families,
we performed HMMER searches against a local database con-
sisting of protein profiles of all known OR families present in
HORDE database (OR1-14 and OR51-56) and other known
OR groups from river lamprey, zebrafish, and frog (Freitag
et al. 1999; Niimura 2009b) thereby covering all known ORs
(a-m) from all major vertebrate groups. The sensitive search
against the database allowed us to assign each OR gene based
on best similarity to the closest known OR gene profiles with
high confidence. The accuracy of assignment was tested, by
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assigning known human and lizard ORs against the database
with each known OR being correctly assigned to their respec-
tive family.

Avian Phylogeny of ORs

The amino acid sequences of all intact functional OR genes
>650bp found in this study were aligned using MUSCLE
(Edgar 2004) and the alignment was manually corrected
and used to construct a Neighbor-Joining tree in MEGA5
(Tamura et al. 2011) with Poisson correction method and
1,000 replicates (Felsenstein 1985). We used all available pre-
viously described representative ORs families (OR1-14 and
OR51-56) and groups (a—-1) from zebrafish, river lamprey,
frog, and human (Niimura 2009b), which improved the res-
olution of the OR gene family tree.

Positive Selection

The ratio of nonsynonymous and synonymous mutations
(@ = dN/dS) provides an estimate of changes that are advan-
tageous, reflecting positive selection (w > 1), neutral (w=1),
or disadvantageous, reflecting negative selection (w < 1)
(Yang 1997). Because of gene conversion and recombination,
no single tree can represent a correct phylogeny, and meth-
ods such as PAML, which are based on single phylogeny, can
give false positives. Therefore, we used five different individual
methods along with an integrated approach to allow use of
multiple phylogenies based on inferred potential breakpoints
and thus obtain ostensibly more-accurate signals of positive
selection. All these methods are implemented in Datamonkey
web server http://www.datamonkey.org (last accessed March
10, 2014) (Pond and Frost 2005a) and also in the HyPhy
package (Pond et al. 2005). These includes SLAC, FEL, REL
(Pond and Frost 2005b), MEME (Murrell et al. 2012),
FUBAR (Murrell et al. 2013), and integrative approach.
SLAC model uses ancestral sequences reconstruction. FEL cal-
culates site-by-site dN/dS without assuming a prior distribu-
tion. REL assumes a prior distribution across site. FUBAR
ensures robustness against model misspecification. MEME is
the most appropriate to detect episodic diversifying selection
affecting individual codon sites. The integrative approach in-
corporates all sites detected by SLAC, FEL, REL, FUBAR, and
MEME. The sites detected by two different methods can be
supportive of positive selection. Combined with the PARRIS
method, our approach provides a robust inference of positive
selection in recombining coding sequences by allowing for
variable tree topologies and branch lengths across detected
recombination breakpoints and variable synonymous substi-
tution rates across sites. These methods make use of multiple
phylogenies resulting from each recombinant fragment and
thus are less prone to false positives. All these methods were
used with default settings.

Principal Component Analysis and Analysis of
Similarities

The proportion of OR functional genes was used for PCA.
PCA was conducted to assess the degree of correlation of
specific OR gene families with the four avian ecological

groups (fig. 4 and supplementary fig. S5, Supplementary
Material online). PCA analysis of all functional genes was car-
ried out using PAST v1.89 (Hammer et al. 2001). The covari-
ance matrix was used to assess patterns of variation in OR
family distribution in different bird groups based on their
shared traits (namely land birds, water birds, vocal learners,
and birds of prey). The significance of these groupings was
tested using a nonparametric test for ANOSIM (Clarke 1993)
between groups using Euclidean distances and derivations of
R statistics. The observed values were compared with 95%
confidence interval of a simulated distribution.

Ancestral State Reconstruction

The ancestral state construction of OR gene repertoire for
nodes 1-25 in figure 2 was carried out using Mesquite v2.75
(Maddison WP and Maddison DR 2011) using the consensus
avian phylogeny from Jarvis et al. (2014) and Zhang et al.
(2014). The parsimony method using continuous character
was used to estimate the ancestral OR familial distribution at
each node. The OR family distribution at each ancestral node
was determined based on the assignment test.

Bayesian Assignments

Naive Bayes assignment is a machine learning algorithm im-
plemented in the WEKA package (Whitten and Frank 2005).
It uses independent assumptions to determine how best to
categorize a data set based on the expressed variation (here
based on OR familial distribution and ecological trait catego-
ries including land birds, water birds, vocal learners, and birds
of prey). This training data set is then used to assign each
species to a respective ecological group based on OR family
distribution. The species to be assigned (the target species) is
removed from the training set and subsequently assigned.

Supplementary Material

Supplementary figures S1-59 and tables S1-S10 are available
at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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