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Abstract

The mammalian odorant receptor (OR) repertoire is an attractive model to study evolution, because ORs have been
subjected to rapid evolution between species, presumably caused by changes of the olfactory system to adapt to the
environment. However, functional assessment of ORs in related species remains largely untested. Here we investigated the
functional properties of primate and rodent ORs to determine how well evolutionary distance predicts functional
characteristics. Using human and mouse ORs with previously identified ligands, we cloned 18 OR orthologs from
chimpanzee and rhesus macaque and 17 mouse-rat orthologous pairs that are broadly representative of the OR repertoire.
We functionally characterized the in vitro responses of ORs to a wide panel of odors and found similar ligand selectivity but
dramatic differences in response magnitude. 87% of human-primate orthologs and 94% of mouse-rat orthologs showed
differences in receptor potency (EC50) and/or efficacy (dynamic range) to an individual ligand. Notably dN/dS ratio, an
indication of selective pressure during evolution, does not predict functional similarities between orthologs. Additionally,
we found that orthologs responded to a common ligand 82% of the time, while human OR paralogs of the same subfamily
responded to the common ligand only 33% of the time. Our results suggest that, while OR orthologs tend to show
conserved ligand selectivity, their potency and/or efficacy dynamically change during evolution, even in closely related
species. These functional changes in orthologs provide a platform for examining how the evolution of ORs can meet
species-specific demands.
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Introduction

Odorant receptors (ORs) expressed at the cell-surface of

olfactory sensory neurons (OSNs) in the main olfactory epithelium

detect chemical cues in the proximate environment. The ability to

detect these cues is crucial for survival of an individual and a

species; odorants can signify favorable or toxic food sources,

mating preferences, predators and habitat [1,2]. The ecological

niche that an animal inhabits is directly associated with the OR

repertoire in each species [3], but we do not know how the

functional OR repertoire evolves to maximize an animals’ fitness.

As a first step to understand the functional evolution of ORs, it is

essential to compare OR function in related species, paying

attention to the evolutionary relationship of each tested receptor.

Gene orthology is a key concept in evolutionary and functional

genomics. Here we define orthologs as genes derived from a single

ancestral gene that diverged since a speciation event; this is in

contrast to paralogs, which are genes related via gene duplication

[4,5] (Figure S1). Orthologous genes typically perform equivalent–if

not identical—functions, especially when comparing closely related

species, while paralogs are thought to be more divergent in function

[4–7]. Indeed, this is a key assumption in a wide variety of biological

research, as it allows research from model organisms to translate

into health interventions in humans [7]. Comparisons of sequenced

genomes show that many orthologous genes can be identified

between divergent species, but the functional equivalency of the vast

majority have not been experimentally tested [4].

The OR repertoire suffered extensive gains and losses of genes

between species, resulting in a significant decline in the number of

putatively functional ORs in primate species when compared to

the OR repertoires in other mammals [8–12]. Comparisons of

high-coverage primate genomes revealed that the size of the

functional OR repertoire and percentage of pseudogenized ORs is

quite similar between human, chimpanzee (Great Ape) and rhesus

macaque (Old World Monkey) [12,13]. However, between

humans and chimpanzees, approximately 25% of the OR

repertoire exists in only one species [13], suggesting adaptation

to differing environments to meet species-specific demands

[3,14,15]. Importantly, many ORs have clear orthologs in closely

related species [13]. Sequence similarity of ORs is often used as a

proxy for functional variability [9,16–19], but this assumption

remains largely untested [9,20] due to the paucity of functional

data matching ORs with ligands. While full-length sequence

comparison provides insight into the evolutionary relationship of

ORs, it is thought to have less predictive value about the binding

sites of these receptors [9]. Man et al. (2004) proposed a set of 22

amino acids important for ligand binding under the assumption

that orthologs will have more similar odor specificities than

paralogs, showing a greater conservation in amino acids residues

at odor-binding sites than across the entire coding region [9,17].
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Several studies have examined changes in ligand selectivity and

sensitivity of OR orthologs, but these studies were limited to a

single receptor set [17,21–23]. It is still unclear whether or not this

change in sensitivity of orthologs is restricted to a specific family of

ORs or is a more general phenomenon across all OR orthologs.

To understand how the olfactory system has evolved and how the

human OR repertoire was shaped, we must identify the functional

changes of orthologous ORs between species. With the develop-

ment of a high-throughput in vitro assay for OR function, we are

now able to directly test how well OR sequence similarity predicts

function [24–26]. Here we conduct the first multi-receptor

comparison of ligand selectivity and sensitivity of OR orthologs

in primates and rodents and, further, ask if orthologs respond to a

common ligand more often than OR paralogs from the same

subfamily.

Results

Putatively functional OR orthologs are broadly
distributed

Starting with a set of human ORs previously matched to at least

one ligand (deorphaned ORs) [27], we searched the chimpanzee

and rhesus macaque genomes for putatively functional ortholo-

gous gene sets where there was no evidence of gene duplication in

either species (one-to-one ortholog) [13]. We identified 18 ORs

that have putatively functional orthologs: 12 orthologous trios (in

all three species), five human-chimp duos that lack orthologs in

macaque and one human-macaque duo that lacks a chimp

ortholog. Additionally, we identified 17 mouse-rat ortholog sets

where there is at least one known ligand for the mouse OR (for

sequences of ORs used in functional experiments, see Table S1)

[27,28].

Using the similarity of amino acid properties [29], we

constructed a tree of all 390 putatively functional human ORs;

the 18 orthologous primate sets used for analysis are highlighted

on the tree (Figure 1A). These ORs represent Class I and II

receptors, seven of the 13 families described by Hayden et al.

(2010) [3] and contain human ORs shown to be both broadly and

narrowly tuned to odors [27]. Our mouse-rat orthologs also cover

both Class I and II ORs and represent 17 of the 228 families

described by Zhang and Firestein (2002) [18] (Figure 1B). This

suggests that our set of ORs is not significantly biased towards any

particular family of ORs.

Using the Jukes-Cantor model of nucleotide substitution rates

[30], comparison between orthologs are consistent with the

expected phylogeny between species. Human-chimp orthologs

are the most similar, followed by human-macaque and chimp-

macaque orthologs, with mouse-rat orthologs being the most

divergent (Figure S2A, Table S2). We used Grantham’s distance to

compare amino acid similarity of the entire open reading frame

(ORF) among ortholog sets [29]. Our results show our OR sets are

not biased to ORs with highly similar amino acid substitutions

(Figure S2B, Table S2). Additionally, we compared the Gran-

tham’s distance of the 22 amino acids predicted to be involved in

ligand binding by Man et al. (2004) [17]. We found that all

human-chimp orthologs are identical at these 22 positions, while

six human-macaque orthologs and two mouse-rat orthologs differ,

but the amino acid substitutions are fairly conservative (Table S2,

Figure S3A).

Selective pressures within OR coding regions
Previous literature suggests there is evidence for both positive

and purifying selection in the OR repertoire, so to determine if our

OR sets broadly represent genes evolving under different selective

pressures, we calculated the ratio of nonsynonymous to synony-

mous substitutions (v or dN/dS) for our 18 orthologous primate

sets and for each of the putatively functional 259 human-chimp or

152 human-macaque 1:1 orthologs from Go and Niimura (2008)

[13] (Figure S4). In the absence of selective pressure, the rates of

synonymous substitutions per synonymous site (dS) are equal to

that of nonsynonymous substitutions (change the resulting amino

acid) per nonsynonymous site (dN), thus, v = dN/dS = 1; v,1

suggests evidence of purifying selection and v.1 indicates

evidence of positive selection acting on a gene [31]. The

distributions of v are significantly different between human-chimp

and human-macaque (median human-chimp v = 0.608; median

human-macaque v = 0.319; z = 29.61, p,0.001, Wilcoxon Rank

Sum) (Figure S4). All human-macaque gene pairs have v,1,

while the human-chimp gene pairs show a wide distribution of v
values (for branch-test and branch-site tests, see [13]). The median

v value of mouse-rat orthologs was 0.124, consistent with previous

literature [32].

Similar ligand selectivity, differences in magnitude within
an orthologous set

To determine if gene orthology accurately predicts the

functional properties of orthologs, we expressed each OR in a

heterologous cell system, using a cyclic adenosine monophosphate

(cAMP)-mediated luciferase reporter gene to assay the function

[26]. We tested each orthologous OR set against a panel of

chemically diverse odors to compare their ligand selectivity and

responses. We chose a panel of 42 chemically diverse odors to

represent most of ‘‘odor space’’ using a method described

previously [27,33], and tested these chemicals in triplicate at

100 mM (Figure S5, Table S3). Within an OR set, the response of

orthologs across the panel of odors was consistent, but with

differences in the overall magnitude of the response of an OR

(negative values on the y-axis indicate an odor elicited an

inhibitory response) (Figure 2, Figure S6). For example, human

OR2W1 responded to 12 ligands, while chimp OR2W1 respond-

ed to the same 12 odors but with a diminished magnitude. In some

instances the response of the human and mouse ORs could not be

used to predict the OR function in other species, as the ligands

tested did not activate the orthologous receptors. To address

Author Summary

The mammalian odorant receptor repertoire has been
subjected to significant gene duplication and gene loss
between species, presumably to adapt to the environment
of an organism. However, even in distantly related species,
a clear orthologous relationship exists for many genes.
While ligands have been identified for several ORs, many
of these receptors remain uncharacterized, especially in
species other than human and mouse. Due to this paucity
of functional data, it is assumed that ORs with similar
sequence share functional characteristics. Here we inves-
tigate the functional evolution of OR orthologs—genes
related via speciation—and OR paralogs—genes related
via a duplication event—to provide insight as to how this
large gene family has evolved. We show that OR orthologs
have similar ligand selectivity to a panel of odors but differ
in response magnitude. Additionally, orthologs respond to
a common ligand more often than human OR paralogs,
but there are vast differences in the potency and efficacy
of individual receptors. This result stresses the broad
importance of combining evolutionary genomics and
molecular biology approaches to study gene function.
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concerns that there is a species-specific interaction between ORs

and variants of the Receptor Transporting Protein-1 short form

(RTP1S, the accessory protein necessary for functional expression

of ORs at the cell surface) we tested the functional consequence of

swapping human and mouse versions of RTP1S with four human

and four mouse ORs [25,26,34]. With the tested ORs, our data

did not support the idea that mouse RTP1S was the most efficient

for trafficking only mouse ORs and human RTP1S was the most

efficient at trafficking the human ORs (F(7,80) = 1.03, p = 0.416,

2-way ANOVA) (Figure S7).

Figure 1. Distribution of primate and rodent OR orthologs with known ligands among OR classes and families. (A) Unrooted tree of
human ORs based on similarity of amino acid properties. 12 human-chimpanzee-rhesus macaque orthologs, 5 human-chimp orthologs and 1 human-
macaque ortholog are highlighted in orange. (B) Unrooted tree of mouse ORs based on similarity of amino acid properties. 17 mouse-rat orthologs
are highlighted in blue. Receptor similarity was quantified using Grantham’s amino acid property scale [29].
doi:10.1371/journal.pgen.1002821.g001
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Sequence similarity and the functional properties of OR
orthologs

To determine how well sequence similarity among orthologs

can predict the function of ORs, we plotted the relationship of

Jukes-Cantor distance (J-C, nucleotide), Grantham’s distance

(amino acid similarity) using the entire ORF or 22 amino acid

positions predicted to be involved in ligand binding, and v (dN/

dS) versus the functional distance of the orthologous sets. Here we

define the functional distance as the correlation between OR

responses across the 42 odor panel, where a receptor responded to

three or more odors. Jukes-Cantor and pairwise v values do not

correlate with functional distance (J-C, rs = 0.14, p = 0.36; v,

rs = 0.18, p = 0.24, Spearman’s correlation) (Figure 3A, 3C).

Amino acid similarity using the ORF has a correlation to

functional distance (rs = 0.38, p = 0.01, Spearman’s correlation)

and amino acid similarity using predicted binding residues is

similar but slightly less significant (rs = 0.32, p = 0.04) (Figure 3B,

Figure S3B). Additionally, we did not find a correlation between

sequence similarity and the number of ligands that activate each

OR (v, rs = 0.02, p = 0.92; J-C, rs = 0.10, p = 0.49; Grantham

ORF, rs = 0.03, p = 0.83; Grantham 22AA, rs = 0.02, p = 0.87,

Spearman’s correlation, data not shown).

Finally, the removal of primate OR sets that lack orthologs in

one of the three primate species (five human-chimp duos and one

human-macaque duo) from our analysis did not change the overall

conclusions when comparing Jukes-Cantor, Grantham and v
values to the functional distance, suggesting that inclusion of these

data does not bias our results.

Changes in sensitivity to individual ligands within an
orthologous set

We next wanted to examine the functional changes in sensitivity

of orthologs to individual ligands by testing each ortholog across a

range of concentrations. We selected a single odor for a given OR

to construct a representative dose-response curve, fit the data to a

sigmoid curve, and then compared the response of the human

allele against the primate orthologs and the mouse allele with the

rat ortholog using an extra sum of squares test. Looking at both the

potency (EC50) and efficacy (dynamic range) of each OR to a

particular ligand, an orthologous pair was classified as either

indistinguishable, hyper/hypo functional (one OR had both a

lower potency and efficacy), or undefined (orthologs were different

but potency and efficacy did not change concordantly) (Figure S8).

Within each OR set, we saw dramatic differences in the overall

potency and efficacy to a particular ligand (Figure 4, Figure S9).

For example, human and chimp OR8K3 orthologs are indistin-

guishable in their response to (+)-menthol (Extra sum of squares

test, F(3,36) = 0.13, p = 0.944), but human and chimp OR8K3 are

hypofunctional in comparison to macaque OR8K3 when tested

with the same ligand (Extra sum of squares test, human to

macaque F(3,36) = 15.16, p,0.001, chimp to macaque F(3,36) =

17.40, p,0.001) (Figure 4C, Table S4). Macaque OR10G7 and

human OR10G7 are indistinguishable in response to eugenol

(Extra sum of squares test, F(3,36) = 0.97, p = 0.418), but chimp

OR10G7 is hypofunctional to human (Extra sum of squares test,

F(3,36) = 54.54, p,0.001) and macaque (Extra sum of squares test,

F(3,36) = 84.82, p,0.001) (Figure 4B, Table S4). Additionally,

mouse and rat ORs showed differential responses to a given ligand

(Figure 4D, 4E).

If we define functional differences as changes in potency and

efficacy of a common ligand, comparison of our set of human ORs

to primate orthologs revealed functional differences 87% of the

time, while mouse-rat orthologs differed 94% of the time

(Figure 5A–5D). If our human ORs are randomly compared to

other human alleles of the same OR, their dose-response curves

are functionally different 25% of the time (Mainland et al.,

Figure 2. Response of OR orthologs to 42 chemically diverse odors. (A) Tuning curves of human, chimp and macaque OR2W1 orthologs
tested against 42 odors using a cAMP-mediated luciferase assay [26]. Odorants are ordered along the x-axis according to the response elicited from
the human OR2W1, with the best ligands closer to the center. Y-axis represents the luciferase response to an odor at 100 mM (n = 3, 6 S.E.). Negative
values on the y-axis indicate the odor elicited an inhibitory response on OR signaling. See Figure S6 for additional tuning curves. (B) Response of
chimp and macaque OR2W1 orthologs (variant responses) plotted against the human OR2W1 response using the data from (A). X-axis and y-axis are
response in luciferase assay at 100 mM (n = 3, 6 S.E.). The black line represents the unit-slope line. Odor abbreviations in Table S3.
doi:10.1371/journal.pgen.1002821.g002
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unpublished). In other words, sequence variation within the

human population does not alter receptor function as much as

sequence variation between orthologs in closely related species.

Responses of OR orthologs and paralogs from the same
subfamily to a common ligand

To further address the question of how well orthology predicts

function, we compared the response of orthologous ORs from closely

related species to that of orthologs from more distant species and to

ORs that are classified in the same subfamily based upon sequence

similarity. For our sets of primate orthologs, we identified the

putative human-mouse ortholog, as defined by the reciprocal ‘best-

hit’ with .80% amino acid identity, and human OR paralogs—

members of the same subfamily [11,35]—and tested these receptors

against a common ligand. Comparison of sequences using Neighbor-

Joining phylogenetic analyses showed that our primate orthologs are

most similar to the human reference OR, while the mouse best-hit

ORs are more distantly related. Human paralogs have a unique

relationship for each OR group (Figure S10), but are generally less

related than the primate orthologs. In sum, our ortholog and paralog

assignment is congruent with speciation and gene duplication events.

Overall, we find that orthologs respond to a common ligand 82% of

the time while human OR subfamily members respond to a

common ligand 33% of the time. Species-specific comparison of

orthologs showed human-chimp orthologs respond to a common

ligand 93% (14/15) of the time, human-macaque 67% (8/12), and

human-mouse (10/12) 83%. Using the above criteria to define

changes in function to a given ligand, we again find significant

differences in the potency and efficacy of each OR within a group

(Figure 6, Figure S11, Table S5).

For example, human OR5K1 and mouse ortholog mOR184-3

respond to eugenol methyl ether (human to mouse F(3,39) = 21.59,

p,0.001, undefined) but human OR5K1 is hyperfunctional to

both chimp and macaque OR5K1 orthologs. None of the three

human 5K family paralogs respond to this ligand (Figure 6A,

Table S5). Human OR8D1 is hyperfunctional to chimp and

macaque OR8D1 orthologs, while human paralogs 8D2 and 8D4

do not respond (Figure 6B, Table S5). Mouse ortholog mOR171-

22 is hypofunctional to OR8D1 (F(3,42) = 873.69, p,0.001) while

mOR171-9 does not respond.

From our analysis, orthologs respond to a common ligand more

often than OR paralogs of the same subfamily, albeit with

differences in sensitivity, suggesting that OR paralogs in the same

subfamily may show distinct ligand selectivity.

Orthologs were more similar than paralogs when measuring

Grantham’s amino acid similarity using both the entire ORF and

the 22 predicted binding residues (z = 26.61, p,0.0001 ORF;

z = 27.35, p,0.0001 22AA, Wilcoxon Rank Sum) (Figure 7A,

Table S6, Figure S12). Orthologs that responded to the same odor

as the human reference OR were not significantly different from

orthologs that did not respond when comparing amino acid

similarity of both the ORF and the 22 predicted binding residues

(z = 0.89, p = 0.37 ORF; z = 1.22, p = 0.22, 22AA, Wilcoxon Rank

Sum) (Figure 7B). This suggests that amino acid similarity did not

accurately predict OR function among orthologs. While amino

acid similarity of the ORF did not predict the response of paralogs

(z = 21.47, p = 0.14, Wilcoxon Rank Sum), the amino acid

similarity of the 22 predicted binding residues was significantly

different, with responding paralogs being more similar in sequence

(z = 23.54, p,0.0004, Wilcoxon Rank Sum) (Figure 7B lower

panel, Table S6). Our data suggest that comparing the 22 residues

involved in ligand binding is better than the entire ORF when

predicting the response of OR paralogs.

OR surface expression does not predict receptor
response

To determine if individual differences in receptor activity are

influenced by the amount of receptor at the cell surface, we

Figure 3. Sequence similarity does not accurately predict the functional properties of ORs. For each OR pair, the (A) Jukes-Cantor
(nucleotide) distance (B) Grantham (amino acid) distance and (C) v (dN/dS) is plotted against the functional distance, as defined by the correlation (1-
R, Table S2) of the response across the 42-odor panel for ORs responding to more than three odors. v values for human-chimp OR2W1 were included
in the calculation but eliminated from the plot for better visual representation. Values closer to zero are more similar in sequence and function. Jukes-
Cantor and v do not correlate with functional distance (J-C rs = 0.14, p = 0.36; v, rs = 0.18, p = 0.24) while Grantham’s distance has a correlation to
functional distance (rs = 0.38, p = 0.01).
doi:10.1371/journal.pgen.1002821.g003
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assessed cell surface expression of each OR [36,37]. Using

fluorescent immunocytochemistry in live cells, we measured the

Cy3 signal intensity of each ortholog and paralog in our receptor

set and compared them against the human counterpart. Within

each set of receptors, we found cell-surface signal levels did not

predict the potency of the OR to a single ligand (Figure 8, Figure

S13). For example, human, chimp and macaque OR2W1 are

similar in their receptor tuning with differences in response

magnitude (Figure 2A, 2B) and have differences in EC50 values to

a common ligand, allyl phenyl acetate, while human paralogs

OR2W3 and OR2W5 do not respond to the common ligand

(Figure 4A, Figure 8A). Surface labeling of human OR2W1 was

not significantly different from either orthologs or paralogs

(Figure 8B, 8C, Table S7), consistent with the idea that surface

expression levels of ORs do not predict sensitivity of ORs. No OR

surface expression results in no response to known ligands [34].

However, ORs with very intense surface staining are not

necessarily responsive to a common ligand, nor are they the

most sensitive to that ligand if they do respond. ORs with very few

detectable receptors at the surface still showed functional

activity, suggesting receptor amount does not dictate response

(Figure S13).

Discussion

Here we showed that OR orthologs are similarly tuned within

an OR set, but that dramatic differences in efficacy and potency to

a common odor are frequent. These functional changes are not

specific to the primate lineage where significant gene loss has

impacted the size of the OR repertoire and a decline in the relative

importance of the olfactory system is commonly assumed

[8,10,13,14,38], as we see similar changes in rodent orthologs.

Comparison of primate orthologs, more distantly related orthologs

(human-mouse) and human OR paralogs of the same subfamily

suggest that orthologs respond to a common ligand more often

than other subfamily members. This idea is consistent with the

approach used by Man et al. (2004, 2007) comparing residues

conserved in orthologs and differing in paralogs to predict 22

amino acid residues involved in ligand binding [9,17]. In our

example of human OR8D1 and mouse orthologs mOR171-22

and mOR171-9, we see that mOR171-22 responds to a common

ligand while mOR171-9 does not (Figure 6B). Comparison of the

predicted binding residues shows that mOR171-22 is identical to

human OR8D1 at all 22 sites, while mOR171-9 differs at one

position (Figure S12, Table S6); each receptor has an overall

amino acid identity of 85% to the human ortholog. While the

amino acid similarity using the ORF or the 22 predicted binding

residues did not predict OR ortholog response, the amino acid

similarity of the 22 predicted binding residues was significantly

different for paralogs that responded to a common ligand,

(z = 23.54, p,0.0004, Wilcoxon Rank Sum) (Figure 7B lower

panel, Table S6). Thus, the identification of a true ‘functional

ortholog’ must be supported by both bioinformatics and exper-

imental approaches.

Figure 4. Dose-response curves of an OR ortholog set to a
given ligand. (A) Primate OR2W1 orthologs to allyl phenyl acetate. (B)
Primate OR10G7 orthologs to eugenol. (C) Primate OR8K3 orthologs to
(+)-menthol. (D) Rodent 268-1 orthologs to 1-octanol. (E) Rodent 272-1
orthologs to (+)-carvone. X-axis is the concentration of a given odor in
Log Molar. Y-axis is normalized response (n = 3, 6 S.E.M.). Human (h),
chimpanzee (c) and rhesus macaque (m) in primate ortholog sets;
mouse (m) and rat (r) for rodent ortholog sets. Vector control is Rho-pCI.
See Figure S9 for additional dose-response data.
doi:10.1371/journal.pgen.1002821.g004

Functional Evolution of Odorant Receptors
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A significant portion of mammalian ORs are orphan receptors,

although progress has been made in matching individual OR-

ligand interactions [9,27]. Not all ORs with an intact ORF are

necessarily functional. Similarities between coding sequences are

used to predict functionality in lieu of real experimental data, thus,

ORs grouped into the same subfamily are thought to share similar

functional properties based upon sequence homology [10,38–40].

This has also led to the idea that OR orthologs from different

species will maintain the same olfactory capabilities [9,16]. We

have taken the approach of using an evolutionary analysis to

examine the relationship of OR-ligand interactions.

Several studies have looked at changes in ligand selectivity and

sensitivity of OR orthologs using a single receptor. One functional

study identified 18 ligands that activate human paralogs OR1A1

and OR1A2. Human OR1A1 and mouse ortholog Olfr43 shared

9 common odors; twelve amino acids thought to influence ligand

binding properties overlap with the prediction from Man et al.

(2004) [17,21]. Krautwurst et al. (1998) showed that the

orthologous mouse I7 and rat I7 receptors show changes in the

fine-tuning of ligand selectivity, with mouse I7 preferring heptanal

to octanal, and the reverse was shown for the rat ortholog [22].

Zhuang et al. (2009) showed that OR7D4 orthologs from many

primate species differed in potency and efficacy to a common

ligand [23], but the question remained whether these functional

differences extended to many ORs or if OR7D4 was a special

case. Androstenone and androstadienone, the steroid ligands for

OR7D4, are found in human male sweat, urine and semen, and

have extreme perceptual differences in the human population

[41,42]. Additionally, these odorous steroids have been linked to

changes in physiological response in both males and females,

making them a unique case [43,44]. Our data suggest that many

ORs show dynamic functional changes during evolution, thus

OR7D4 is not the special case.

In the case of many mammalian OR orthologs, we show that

amino acid changes have dramatic functional consequences on the

OR. While the ligand selectivity across OR orthologs is similar,

there are changes in the magnitude of response; there are also

frequent functional changes in the potency and efficacy of

response to a common odor. We find that orthologs respond to

a common odor more often than paralogs (82% versus 33%,

respectively). Species-specific comparison of orthologs shows

human-chimp orthologs responding to a common odor 93%

(14/15) of the time, human-macaque orthologs 67% (8/12) of the

time and human-mouse orthologs 83% (10/12) of the time, again

with differences in potency and efficacy. While sequence

comparison predicts human-macaque orthologs to be more similar

than human-mouse best-hit pairs, it is interesting that human-

mouse orthologs respond to a common ligand more often. While

our results raises a possibility of accelerated functional changes in

the macaque lineage, further investigation with more ORs and

additional macaque species will be necessary. However, this result

must be interpreted with caution, as our sample size may not

extrapolate to a larger data set and our assignment of human-

mouse orthologs is based upon the mutual best-hit assignment in

BLAST. The use of best-hit to define our human-mouse orthologs

may result in an OR pair representing a one-to-many relationship,

in contrast to the more closely characterized one-to-one relation-

ship among primate and rodent orthologs. However, investigating

the phylogenetic relationship of our orthologs does reflect overall

predicted speciation events, supporting the idea that human-

macaque comparisons should be more functionally conserved

(Figure S10).

One caveat in our study is that we do not examine within-

species variation; we are using only one allele from one animal in a

particular species and using these data to represent the complexity

of OR response. Though we do not know functional variation

within non-human species, a study comparing human alleles of the

same OR shows much lower frequency of functional differences

(25%) when comparing response to a common ligand (Mainland et

al., unpublished), suggesting within species variation would

account for minor fraction of functional differences in our analysis.

Figure 5. Classification of functional changes in dose-response
between orthologous OR pairs. (A) human-chimp, (B) human-
macaque, (C) chimp-macaque and (D) mouse-rat. Using both the
potency (EC50) and efficacy (dynamic range) to a particular ligand, an
orthologous pair is classified as either indistinguishable, hyper/hypo
functional (one OR had both a lower potency and efficacy) or undefined
(orthologs were significantly different but potency and efficacy did not
change concordantly). Each pie chart refers to the first species in the
comparison (e.g. (A) human is ___ to chimp). For visual explanation, see
Figure S8.
doi:10.1371/journal.pgen.1002821.g005
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In the future, it would be very interesting to address the within-

species allelic variation from primates and rodents to examine how

sequence variation within species impacts OR function in

comparison with what is seen in the human population.

Aside from ORs, there are several examples where the functions

of orthologous genes are not equivalent [5–7]. First, the FOXP2

transcription factor that plays a role in speech and language in

humans, is highly conserved from mice to humans, differing at

only 3 amino acid positions; despite the similarity, the genetic

substitution of mouse Foxp2 with the human ortholog results in

differences in ultrasonic vocalizations and affects dopamine levels,

dendrite morphology, gene expression and synaptic plasticity of

medium spiny neurons in the basal ganglia [45–47]. Second, a

functional comparison of rhodopsin genes from 35 vertebrate

species and 11 reconstructed ancestral genes revealed that each

rhodopsin receptor has a specific wavelength of maximal

absorption that can be related to the environmental changes of

an organism’s habitat [48]. There are also studies elucidating

changes in ligand selectivity of nuclear hormone receptors using

ancestral reconstruction [49–51], showing changes in ligand

preference, sensitivity and general function over time. Human

and chimpanzee bitter taste receptors at the TAS2R38 locus show

changes in potency to the known ligand PTC (phenylthiocarba-

mide) when tested in a heterologous system [52], raising the

possibility that bitter receptors might also show dynamic functional

evolution in closely related species.

One concern is that our in vitro system does not mimic the in vivo

olfactory sensory system and that the expression of primate

receptors is systematically misrepresented. Our data suggest that

human RTP1S is capable of trafficking ORs from different species

and that these receptors can couple to the canonical signaling

pathway, sometimes outperforming the human version of the OR.

We can also interchange human and mouse versions of RTP1s

and do not see a pattern of species-specific RTP-OR interactions

(Figure S7). While our set of human ORs tends to be

hyperfunctional in comparison to primate orthologs, it does not

mean that human ORs as a whole are necessarily more functional.

Our selection process for OR orthologs began with previously

deorphaned human ORs, thus, we would expect all human

receptors to show a response while the chimp and macaque

orthologs are variable.

An additional concern is that codon bias between species may

alter the expression levels, leading to variability that would not

exist in the in vivo system. Our data include two human-chimp

orthologs (OR5P3 and OR8K3) that differ at the nucleotide level

but have identical amino acid sequence. For these pairs of OR

orthologs, the response is indistinguishable across 42 ligands and

within a single odor (Figure 4C, Figure S6, Figure S9). This

suggests that sequence variation at the nucleotide level does not

impact the results in our heterologous expression system.

Cell surface expression levels of individual ORs do not appear

to dictate the changes in potency of a given receptor in our assay,

suggesting the functional changes are an inherent property of the

receptor itself (Figure 8, Figure S13). While this assay may not

provide the resolution for low-levels of OR expression, our data is

consistent with the idea that cell-surface expression level does not

correlate with OR function, though a minimum level of cell-

surface expression, facilitated by the accessory proteins, is required

[25,26,34,42]. It is important to note that for ORs that do not

Figure 6. Dose-response curves of OR orthologs and paralogs
to a given ligand. (A) OR5K1 orthologs and 5 K subfamily to eugenol
methyl ether. (B) OR8D1 orthologs and 8D subfamily members to 4,5-
dimethyl-3-hydroxy-2,5-dihydrofuran-2-one. (C) OR2J2 orthologs and 2J
subfamily members to 1-octanol. X-axis is the concentration of a given
odor in Log Molar. Y-axis is normalized response (n = 3, 6 S.E.M.).
Human (h), chimpanzee (c) and rhesus macaque (m), mouse receptors

(m+number); para indicates a receptor that is a paralog to the human
reference OR. Vector control is Rho-pCI. See Figure S11 for additional
dose-response data from orthologs and subfamily members.
doi:10.1371/journal.pgen.1002821.g006
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have known ligands, a lack of response to a given odor does not

mean these ORs are nonfunctional. Rather, it is possible that these

ORs have acquired a new functional activation by different odors

not used in our assay. In addition to ligand binding to the ORs, it

is plausible that differences in G-protein coupling or receptor

recycling do exist between these receptors and should be

investigated in the future.

There are several studies that have shown the reliability of this in

vitro system to predict in vivo function and odor perception.

Comparison of patch-clamp recordings of olfactory sensory

neurons expressing the mouse receptor SR1 to heterologous cells

transiently expressing SR1 showed similar patterns of activation to

a panel of odors; however, the response from the heterologous

system did appear less sensitive than the intact olfactory sensory

neurons [53]. In another study, variants of human OR7D4 were

shown to respond differently to the ligands androstenone and

androstadienone in a heterologous system, and these differences

translated to perceptual differences to the odors in the human

population [42]. However, the in vitro system is not perfect. Our in

vitro assay lacks many components of an in vivo olfactory system,

including odorant binding proteins, a mucosal layer, intracellular

molecules, and sniffing behaviors. The failure of a specific OR to

respond to any of the tested odorants must be interpreted with

caution, since it may reflect a failure of the OR to function in our

assay rather than a lack of sensitivity to the tested odorant. Taken

together, probing the functional differences of OR genes across

species using an in vitro system is likely to provide useful

information in understanding the evolution of the OR family.

Comparisons of high-coverage sequenced genomes show that

orthologous relationships of genes between divergent species can

be identified for a majority of genes [4,7]. The idea that the

identified function of a gene is upheld for orthologs of that gene

across species is a widely accepted assumption for the progress of

bioinformatics, as most sequenced genes may never be subjected to

functional experimentation; for many examples in closely related

species, this idea of equivalent function is upheld [4,54–61]. In the

multi-gene family of ORs, it appears that even with a clear 1:1

evolutionary relationship of orthologs between closely related

species, that functional equivalency, in terms of efficacy and

potency, is limited. To further understand functional changes of

ORs, it will be necessary to test the functional properties of

individual mammalian ORs from many species to determine if any

ORs orthologs have undergone changes in ligand selectivity.

Hayden et al. (2010) showed that the olfactory subgenome in

different species is directly associated with the habitat in which the

animal exists [3]. Additionally, a comparison of fruit fly Drosophila

melanogaster with mosquito Anopheles gambiae OR repertoires suggests

ecology has shaped the repertoires and that odorants are

differentially encoded in a way consistent with ecological niches

Figure 7. Comparison of amino acid similarity among ortho-
logs and paralogs. Grantham’s distance was calculated for OR open
reading frame (ORF) and for 22 predicted binding residues (22AA) used
in Man et al. (2004) [17]. (A) Orthologs are paralogs are significantly
different using both ORF and 22AA (z = 26.61, p,0.0001 ORF;
z = 27.35, p,0.0001 22AA, Wilcoxon Rank Sum). (B) Grantham’s
distance ORF and 22AA for orthologs and paralogs segregated by
response to a common odor. Amino acid similarity of the 22 predicted
binding residues (22AA) was significantly different for paralogs, with
responding paralogs being more similar in sequence (z = 23.54,
p,0.0004, Wilcoxon Rank Sum). n.s. is not significant. Box plots show
minimum values,10% and 25% quantiles, median, 75% and 90%
quantiles, and maximum values for each data set. Each ortholog and
paralog is compared to the reference human OR in that group (listed
first in Table S6).
doi:10.1371/journal.pgen.1002821.g007
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of each organisms; the two species show different coverage of a

chemically defined odor space, tuned to their food-seeking

preferences [62]. In the case of rhodopsin orthologs from

vertebrate species, the change in functional wavelength adapted

to the environment of the organism [48]. While we do not know if

these OR functional changes have an impact on the behavior of an

individual or species, we can speculate that the OR repertoire in

each species has adapted to meet niche- and species-specific

demands.

Methods

Ortholog identification, cloning, and sequence analysis
Starting with a list of human and mouse ORs with previously

identified ligands [27], we identified orthologous genes between

human, chimpanzee and rhesus macaque [13] and between mouse

and rat [28]. Putative human-mouse OR orthologs were defined

as the reciprocal best-hit to the human reference OR with a

.80% amino acid identity. Selection of additional human OR

subfamily members (paralogs) were based upon receptors already

cloned and available in our library. ORs were amplified from

genomic DNA (Coriell Cell Repositories) using Phusion polymer-

ase (New England Biolabs) and subcloned into a mammalian

expression vector, pCI (Promega), containing the first 20 amino

acids of human rhodopsin (Rho-tag). Each receptor was sequenced

using a 3100 or 3730 Genetic Analyzer (ABI Biosystems). Analysis

of sequence variation was conducted in MATLAB. Evolutionary

distance of the nucleotide sequences for each ortholog pair was

calculated using the Jukes-Cantor model [30] and the amino acid

comparisons were made using Grantham’s scale [29]. The 22

amino acid alignment was conducted in Seaview using the

ClustalW2 alignment method. The pairwise dN/dS (v) was

determined using the Nei-Gojobori 1986 method, based on the

Jukes-Cantor model [63] The additional sequence data for ORs

used in Figure S4 originated in Go and Niimura [13], who

originally conducted this pairwise analysis using the modified Nei-

Gojobori method and additionally assessed selection pressure

using branch-test and branch-site test for ORs. Neighbor-Joining

trees were built in Seaview.

Luciferase assay
Dual-Glo Luciferase Assay System (Promega) was used for the

luciferase assay as previously described [26]. Rho-tagged ORs

(5 ng/well) were transfected into the Hana3A cell line in 95-well

Figure 8. Cell surface expression does not predict function of ORs. (A) Primate OR2W1 orthologs and 2W subfamily members to allyl phenyl
acetate. (B) Quantification of live cell-surface expression of each receptor. ** p,0.01 when compared to hOR2W1. Y-axis denotes the average Cy3
intensity in arbitrary units (a.u.) (n = 3, 6 S.E.M.). S6 is positive control and Rho-pCI is negative control. (C) Representative image of live cell-surface
staining for each receptor. For additional live-cell surface staining, see Figure S13, Table S7.
doi:10.1371/journal.pgen.1002821.g008
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plate format (Thermo Scientific) along with the human receptor

trafficking protein, RTP1S [25] (5 ng/well), pRL-SV40 (5 ng/

well; Promega), CRE-luciferase (10 ng/well; Stratagene) and

muscarinic acetylcholine receptor (M3) [24] (2.5 ng/well). Lumi-

nescence was measured using a Polarstar Optima plate reader

(BMG). First, all luminescence values were divided by the Renilla

Luciferase activity to control for transfection efficiency and cell

viability in a given well. Normalized luciferase activity was

calculated by the formula (LN-Lmin)/(Lmax-Lmin), where LN is the

luminescence of firefly luciferase in response to the odorant, Lmin is

the minimum luciferase value on a plate or set of plates, and Lmax

is the maximum luciferase value on a plate or set of plates. Data

was analyzed using GraphPad Prism 5.0 and MATLAB.

Screening 42 odors and dose–response curves
42 odorants that quantitatively span chemical space were

chosen using a method previously described [27,33]. Briefly, we

generated 20 physicochemical descriptors that predict 62% of the

variance in mammalian OR responses [27] for 2683 commonly

used odorants. We then divided the 2683 odorants into 42 clusters

using k-means clustering. For each cluster, we selected the odorant

closest to the centroid of the cluster among odorants that are

previously shown to activate at least one OR. If no such ligand was

present in the cluster, we selected the odorant closest to the

centroid of the cluster to maximize structural diversity. Each

orthologous set and a vector control (Rho-pCI) were tested against

each odorant at 100 mM (except androstenone, which was applied

at 10 mM) and compared to a no odor control; each comparison

was performed in triplicate and statistical significance was assessed

by a t-test with a correction for multiple comparisons (2-tailed t-

test, a= 0.05/42). The human and mouse ORs were used as the

reference OR and chimpanzee, rhesus macaque and rat orthologs

were the variant ORs. The order of odors is the same within a set

of OR orthologs, but is different across ORs. Odors are listed in

Table S3.

Dose–response curves
Dose-response curves were constructed using a single odor at

concentrations ranging from 10 nM to 10 mM for the OR-odor

pairs for each orthologous set. Each concentration was tested in

triplicate and a vector-only control (Rho-pCI) was included for

each odorant. The odors for dose responses were chosen before we

determined the responses to the comprehensive set of 42 odors,

thus, we did not always choose the best ligand for dose response

curves, although the chosen ligands always robustly activated at

least one of the tested orthologs. We tested all the orthologs against

this panel of 42 odors and since we did not find changes in ligand

selectivity among orthologs, we did not go back to test the best

ligands for dose-responses.

The dose-response data were fit to a sigmoid curve and the

resulting data were fit with a 3-parameter logistic model. An

odorant was considered an agonist if the 95% confidence intervals

of the top and bottom parameters did not overlap, the standard

deviation of the fitted log EC50 was less than 1 log unit, and the

extra sums-of-squares test confirmed that the odorant activated the

receptor significantly more than the vector-only transfected

control. For each pair of ORs, we determined if one model fit

the data from both ORs better than two separate models using the

extra sums-of-squares test. A pair of ORs is classified as hyper/

hypofunctional if one OR in the pair had both a higher EC50

(lower efficacy) and a lower potency (dynamic range, or top-

bottom). A pair of ORs was undefined if the potency and efficacy

showed discordant changes. Dose-response curve images were

graphed in GraphPad Prism 5.0 and further analyzed in

MATLAB. For dose-response curves, data was baslined and

normalized to the maximum response across a set of ORS

(Figure 4, Figure 6). In Figure S9, the left column was normalized

to the human or mouse OR variant response to show the

differences in receptor basline activity and the identical data in the

right column was baselined and normalized to the maximum

response across the set of receptors. Classification of ORs using the

above criteria was coducted in MATLAB.

Flourescent immunocytochemistry
Hana3A cells were maintained in minimal essetial medium

(Sigma) containing 10% fetal bovine serum (Sigma) (M10),

500 mg/ml peniciilin-streptomycin (Invitrogen) and 6 mg/ml

amphotericin B (Sigma) [34]. Live-cell surface staining was done

as previously described [25,36,37]. Briefly, Hana3A cells were

seeded on poly-d-lysine coared glass coverslips in 35 mm dishes

and transfected with 1000 ng OR, 250 ng RTP1S, and 50 ng of

EGFP to control for transfection efficiency. 24-hours post-

transfection, primary incubation was carried out at 4uC using

mouse monoclonal antibody anti-rhodopsin 4D2 (provided by R.

Molday) diluted 1:100 in M10 containing 15 mM NaN3 and

10 mM HEPES (Invitrogen) for 45 min. Cells were washed in

Hanks’ balanced salt solution containing containing 15 mM NaN3

and 10 mM HEPES (Invitrogen), followed by secondary incuba-

tion with Cy3-conjugated donkey anti-mouse IgG (Jackson

Immunologicals) for 30 min at 4uC, fixed in 1% paraformalde-

hyde and later mounted in Mowiol. Slides were analzyed on a

Zeiss Axioskop2 microscope at 40x oil lens and images were

captured using QImaging Retiga 2000R camera and QCapture

Pro 6.0 software. For ORs being compared, staining was

performed in parallel and pictures were taken with the same

exposure time, brightness and contrast. Images were anaylzed in

Adobe Photoshop. Cy3 intensity was measured as integrated

density (grey value mean X area) and quantifed for background

levels and cell-surface expression. Background was subtracted

from the cell-surface values and the average and S.E.M. were

calculated for each receptor. Cy3 intensity was then compared to

the human OR in each OR set using a student’s t-test (p,0.05).

Supporting Information

Figure S1 Relationship of hypothetical OR orthologs and

paralogs. Orthologs are defined as genes related via a speciation

event (compare OR A from human, chimp and macaque or

compare OR B from human, chimp and macaque), while paralogs

are genes related via a gene duplication event (compare human

OR A to human OR B). hOR is human, cOR is chimpanzee and

mOR is rhesus macaque.

(PDF)

Figure S2 Species-specific sequence comparison of OR ortholog

sets. (A) Nucleotide sequences of ortholog pairs were compared by

the Jukes-Cantor method [30]. Identical sequences will have a

Jukes-Cantor distance of zero. (B) Protein sequences of ortholog

pairs were compared using Grantham’s amino acid property scale

[29]. Sequences with highly similar amino acid substitutions will

have a Grantham distance closer to zero.

(PDF)

Figure S3 Analysis of 22 amino acid positions in orthologs

predicted to be involved in ligand binding. (A) Alignment of

corresponding 22 amino acids predicted to be involved in ligand

binding [17] from our primate and rodent OR orthologs. Amino

acid color categories: KR, red; AFILMVW, blue; NQST, green;

HY, teal; C, salmon; DE, purple; P, yellow; G, orange. (B) Amino
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acid similarity of the 22 amino acids using Grantham’s distance

plotted against functional distance, as defined by the correlation

(1-R, Table S2) of the response across the 42-odor panel for ORs

responding to more than three odors (rs = 0.32, p = .04, Spear-

man’s correlation; compare to Grantham’s amino acid similarity

for full length OR sequences (Figure 3B)).

(PDF)

Figure S4 Distribution of v (dN/dS) values for putatively

functional orthologous pairs of ORs. 259 1:1 putatively functional

orthologs from human-chimp (orange) and 152 1:1 human-

macaque functional orthologs (blue) from Go and Niimura

(GN2008) (26) are plotted with our OR ortholog sets (darker

shades). Dotted line v= 1.0.

(PDF)

Figure S5 Defining odor space. We calculated 20 chemical

descriptors previously shown to explain more than 62% of the

variance in functional responses in a heterologous system for 2683

odorants [27]. For display purposes, the odorants are projected

onto a 2D space made of the first and second principal

components. Black crosses represent all 2683 odorants, orange

circles represent the 42 odorants chosen to span olfactory space

and used in our tuning curve data (Figure 2, Figure S6). Odors are

listed in Table S3.

(PDF)

Figure S6 Sensitivity-ordered tuning curves for all OR ortholog

sets. 42 odors are displayed along the x-axis according to the

response elicited from the human OR for primate sets and mouse

OR for rodent pairs, with the best response in the center of the

distribution. The order of the odors is the same between orthologs

in a set, but different across receptors. The y-axis represents the

luciferase response to an odor at 100 mM (n = 3, 6 S.E.). Negative

values on the y-axis indicate the odor elicited an inhibitory

response on OR signaling. If a given odorant did not signifcantly

activate any of the ORs above the no-odor control (2-tailed t-test,

a= 0.05/42), the response was set to zero. Odors are listed in

Table S3.

(PDF)

Figure S7 Receptor transport protein, RTP1S, does not show a

species-specific interaction. Four mouse and four human ORs

were tested against a known ligand at 100 mM in a luciferase assay

using either human RTP1S (grey) or mouse RTP1S (black). Y-axis

denotes response (n = 6, 6 S.E). Mouse RTP1S outperformed

human RTP1S in most cases (F(1,80) = 11.44, p = 0.0011, 2-way

ANOVA), but this response was not species-specific

(F(7,80) = 1.03, p = 0.416, 2-way ANOVA). OR/ligand pairs were

as follows: MOR33-1 to octanoic acid, MOR170-1 to coumarin,

MOR204-6 to coumarin, MOR277-1 to (+)-camphor; OR2W1 to

allyl phenyl acetate, OR10G3 to ethyl vanillin, OR5P3 to

coumarin, OR8K3 to (+)-menthol.

(PDF)

Figure S8 Hypothetical dose-response curve explaining the

classification of functional changes. Using both the potency

(EC50, a) and efficacy (dynamic range, b) to a particular ligand,

an OR pair is classified as either indistinguishable (compare OR N
to OR m), hyper/hypo functional (one OR had both a lower

potency and efficacy, compare OR & to OR N/m) or undefined

(orthologs were significantly different but potency and efficacy did

not change concordantly, compare OR & to OR .).

(PDF)

Figure S9 Dose-response curves for all OR ortholog sets. X-axis

is the concentration of a given odor in Log Molar. Y-axis is

normalized response (n = 3, 6 S.E.M.). Human (h), chimpanzee

(c) and rhesus macaque (m) in primate ortholog sets; mouse (m)

and rat (r) for rodent ortholog sets. Vector control is Rho-pCI.

Data in the left column are normalized to the human OR

response. Identical data in the right column are baselined and

normalized to the maximum response across a set of receptors for

easier visual comparison.

(PDF)

Figure S10 Phylogenetic relationship of OR orthologs and

paralogs. A phylogenetic tree for each OR set was constructed

using the Neighbor-Joining method in Seaview. Bootstrap values

of 100 replicates are included for each branch. For all OR sets,

human-chimpanzee-rhesus macaque orthologs are most closely

related to each other, while mouse best-hit ORs (presumably

human-mouse orthologs) and human paralogs have unique

relationships among each OR set. Human reference OR is in

black text, ORs that responded to a common a ligand are in green

and ORs that did not respond to a common ligand are in red.

(PDF)

Figure S11 Dose-response curves for all OR orthologs and

paralogs. X-axis is the concentration of a given odor in Log Molar.

Y-axis is normalized response (n = 3, 6 S.E.M.). Human (h),

chimpanzee (c) and rhesus macaque (m), mouse receptors

(m+number); para indicates a receptor that is a paralog to the

human reference OR. Vector control is Rho-pCI. Data are

normalized to the human OR response.

(PDF)

Figure S12 Alignment of 22 amino acid positions in orthologs

and paralogs predicted to be involved in ligand binding.

Alignment of corresponding 22 amino acids [17] from our

orthologs and paralogs. Amino acid color categories: KR, red;

AFILMVW, blue; NQST, green; HY, teal; C, salmon; DE, purple;

P, yellow; G, orange. See Table S6 for corresponding Grantham’s

distance.

(PDF)

Figure S13 Live cell-surface staining for orthologs and subfamily

members. Each panel contains a quantification of live cell-surface

expression of each receptor. * p,0.05,** p,0.01, ***p,0.001

(student’s t-test) when compared to primary human OR in each

set. Y-axis denotes the average Cy3 intensity in arbitrary units

(a.u.) (n = 3, 6 S.E.M.) with S6 as positive control and Rho-pCI as

negative control. Representative images of live cell-surface staining

for each receptor. Cy3 intensity is plotted against the EC50 of each

receptor to a common ligand (and analyzed using Spearman’s

correlation; see Table S5, Table S7). If receptor did not respond,

EC50 was plotted at -3 Log Molar.

(PDF)

Table S1 Receptor Sequences. FASTA file of the amino acid

sequences of the ORs used in all functional experiments.

(PDF)

Table S2 Comparison of OR orthologs. For each pair of

orthologs, the Jukes-Cantor distance (38), Grantham distance (37)

of open reading frame (ORF) and 22 amino acids from Man et al.

(2004) [17] (22AA), v (dN/dS) and correlation values (R and p) for

tuning curve responses are listed.

(PDF)

Table S3 Odors used in the study. Odors are listed by their

common name, Chemical Abstract Service registry number

(CAS#), and corresponding abbreviation used in the tuning curve

data (Figure 2, Figure S6).

(PDF)
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Table S4 Comparison of dose-response curves from orthologous

sets. LogEC50 (M), Span (dynamic-range) for each OR is given.

DNR, does not respond. F-ratio and p-values from extra sum-of-

squares test.

(PDF)

Table S5 Comparison of dose-response curves from orthologs

and paralogs. LogEC50 (M), Span (dynamic-range) for each OR is

given. DNR, does not respond. F-ratio and p-values from extra

sum-of-squares test.

(PDF)

Table S6 Grantham’s distance for orthologs and paralogs. The

Grantham’s distance was calculated for OR open reading frame

(ORF) and for 22 amino acids (22AA) used in Man et al. (2004)

[17]. Each ortholog and paralog is compared to the reference

human OR in that group (listed first). The distribution of orthologs

to paralogs using ORF and 22A was significantly different

(z = 26.61, p,0.0001 ORF; z = 27.35, p,0.0001 22AA, Wil-

coxon Rank Sum), as was the distribution of paralogs that did or

did not respond using 22AA (z = 23.54, p,0.0004, Wilcoxon

Rank Sum) (Figure 7).

(PDF)

Table S7 Live cell-surface expression of individual receptors.

For each receptor in a group, the average Cy3 intensity in

arbitrary units (a.u.) (n = 3, 6 S.E.M.) and p-value to the main

human OR in the group is given. S6 is positive control and Rho-

pCI is negative control.

(PDF)

Acknowledgments

The authors thank Y. Niimura and Y. Go for providing alternative formats

of supplemental material from their published work [13]. We thank R.

Molday for providing anti-rhodopsion antibody. We also thank D.

Marchuk for access to sequencing technologies.

Author Contributions

Conceived and designed the experiments: KAA JDM HM. Performed the

experiments: KAA. Analyzed the data: KAA JDM. Contributed reagents/

materials/analysis tools: KAA JDM HM. Wrote the paper: KAA JDM

HM.

References

1. Mombaerts P (2004) Genes and ligands for odorant, vomeronasal and taste

receptors. Nat Rev Neurosci 5: 263–278.

2. Keller A, Vosshall LB (2008) Better smelling through genetics: mammalian odor

perception. Curr Opin Neurobiol 18: 364–369.

3. Hayden S, Bekaert M, Crider TA, Mariani S, Murphy WJ, et al. (2010)

Ecological adaptation determines functional mammalian olfactory subgenomes.

Genome Res 20: 1–9.

4. Koonin EV (2005) Orthologs, paralogs, and evolutionary genomics. Annu Rev

Genet 39: 309–338.

5. Studer RA, Robinson-Rechavi M (2009) How confident can we be that

orthologs are similar, but paralogs differ? Trends Genet 25: 210–216.

6. Nehrt NL, Clark WT, Radivojac P, Hahn MW (2011) Testing the ortholog

conjecture with comparative functional genomic data from mammals. PLoS

Comput Biol 7: e1002073. doi:10.1371/journal.pcbi.1002073

7. Gharib WH, Robinson-Rechavi M (2011) When orthologs diverge between

human and mouse. Brief Bioinform.

8. Gilad Y, Man O, Paabo S, Lancet D (2003) Human specific loss of olfactory

receptor genes. Proc Natl Acad Sci U S A 100: 3324–3327.

9. Man O, Willhite DC, Crasto CJ, Shepherd GM, Gilad Y (2007) A framework

for exploring functional variability in olfactory receptor genes. PLoS ONE 2:

e682. doi:10.1371/journal.pone.0000682

10. Gilad Y, Man O, Glusman G (2005) A comparison of the human and

chimpanzee olfactory receptor gene repertoires. Genome Res 15: 224–230.

11. Glusman G, Yanai I, Rubin I, Lancet D (2001) The complete human olfactory

subgenome. Genome Res 11: 685–702.

12. Matsui A, Go Y, Niimura Y (2010) Degeneration of olfactory receptor gene

repertories in primates: no direct link to full trichromatic vision. Mol Biol Evol

27: 1192–1200.

13. Go Y, Niimura Y (2008) Similar Numbers but Different Repertoires of Olfactory

Receptor Genes in Humans and Chimpanzees. Molecular Biology and

Evolution 25: 1897–1907.

14. Niimura Y, Nei M (2007) Extensive gains and losses of olfactory receptor genes

in Mammalian evolution. PLoS ONE 2: e708. doi:10.1371/journal.

pone.0000708

15. Kambere MB, Lane RP (2007) Co-regulation of a large and rapidly evolving

repertoire of odorant receptor genes. BMC Neurosci 8 Suppl 3: S2.

16. Godfrey PA, Malnic B, Buck LB (2004) The mouse olfactory receptor gene

family. Proc Natl Acad Sci USA 101: 2156–2161.

17. Man O, Gilad Y, Lancet D (2004) Prediction of the odorant binding site of

olfactory receptor proteins by human-mouse comparisons. Protein Sci 13: 240–

254.

18. Zhang X, Firestein S (2002) The olfactory receptor gene superfamily of the

mouse. Nat Neurosci 5: 124–133.

19. Malnic B, Hirono J, Sato T, Buck LB (1999) Combinatorial receptor codes for

odors. Cell 96: 713–723.

20. Glusman G, Bahar A, Sharon D, Pilpel Y, White J, et al. (2000) The olfactory

receptor gene superfamily: data mining, classification, and nomenclature.

Mamm Genome 11: 1016–1023.

21. Schmiedeberg K, Shirokova E, Weber HP, Schilling B, Meyerhof W, et al.

(2007) Structural determinants of odorant recognition by the human olfactory

receptors OR1A1 and OR1A2. J Struct Biol 159: 400–412.

22. Krautwurst D, Yau KW, Reed RR (1998) Identification of ligands for olfactory

receptors by functional expression of a receptor library. Cell 95: 917–926.

23. Zhuang H, Chien MS, Matsunami H (2009) Dynamic functional evolution of an
odorant receptor for sex-steroid-derived odors in primates. Proc Natl Acad

Sci U S A 106: 21247–21251.

24. Li YR, Matsunami H (2011) Activation state of the m3 muscarinic acetylcholine

receptor modulates mammalian odorant receptor signaling. Sci Signal 4: ra1.

25. Zhuang H, Matsunami H (2007) Synergism of accessory factors in functional
expression of mammalian odorant receptors. J Biol Chem 282: 15284–15293.

26. Zhuang H, Matsunami H (2008) Evaluating cell-surface expression and

measuring activation of mammalian odorant receptors in heterologous cells.
Nat Protoc 3: 1402–1413.

27. Saito H, Chi Q, Zhuang H, Matsunami H, Mainland JD (2009) Odor coding by

a Mammalian receptor repertoire. Sci Signal 2: ra9.

28. Grus WE, Zhang J (2008) Distinct evolutionary patterns between chemorecep-

tors of 2 vertebrate olfactory systems and the differential tuning hypothesis. Mol
Biol Evol 25: 1593–1601.

29. Grantham R (1974) Amino acid difference formula to help explain protein

evolution. Science 185: 862–864.

30. Jukes TH, Cantor C.R. (1969) Evolution of protein molecules; HN M, editor.

New York: Academic Press.

31. Liman E, Innan H (2003) Relaxed selective pressure on an essential component
of pheromone transduction in primate evolution. Proc Natl Acad Sci USA 100:

3328.

32. Nei M, Niimura Y, Nozawa M (2008) The evolution of animal chemosensory
receptor gene repertoires: roles of chance and necessity. Nat Rev Genet. pp.

951–963.

33. Haddad R, Khan R, Takahashi YK, Mori K, Harel D, et al. (2008) A metric for

odorant comparison. Nat Methods 5: 425–429.

34. Saito H, Kubota M, Roberts RW, Chi Q, Matsunami H (2004) RTP family
members induce functional expression of mammalian odorant receptors. Cell

119: 679–691.

35. Glusman G, Bahar A, Sharon D, Pilpel Y (2000) The olfactory receptor gene

superfamily: data mining, classification, and nomenclature. Mammalian
genome.

36. Dey S, Matsunami H (2011) Calreticulin chaperones regulate functional

expression of vomeronasal type 2 pheromone receptors. Proc Natl Acad
Sci U S A 108: 16651–16656.

37. Dey S, Zhan S, Matsunami H (2011) Assaying surface expression of

chemosensory receptors in heterologous cells. J Vis Exp.

38. Gilad Y, Przeworski M, Lancet D (2004) Loss of olfactory receptor genes

coincides with the acquisition of full trichromatic vision in primates. PLoS Biol 2:
e5. doi:10.1371/journal.pbio.0020005

39. Niimura Y, Nei M (2005) Evolutionary changes of the number of olfactory

receptor genes in the human and mouse lineages. Gene 346: 23–28.

40. Zozulya S, Echeverri F, Nguyen T (2001) The human olfactory receptor

repertoire. Genome Biology.

41. Bremner EA, Mainland JD, Khan RM, Sobel N (2003) The prevalence of
androstenone anosmia. Chem Senses 28: 423–432.

42. Keller A, Zhuang H, Chi Q, Vosshall LB, Matsunami H (2007) Genetic

variation in a human odorant receptor alters odour perception. Nature 449:
468–472.

Functional Evolution of Odorant Receptors

PLoS Genetics | www.plosgenetics.org 13 July 2012 | Volume 8 | Issue 7 | e1002821



43. Wyart C, Webster WW, Chen JH, Wilson SR, McClary A, et al. (2007) Smelling

a single component of male sweat alters levels of cortisol in women. J Neurosci
27: 1261–1265.

44. Jacob S, Kinnunen LH, Metz J, Cooper M, McClintock MK (2001) Sustained

human chemosignal unconsciously alters brain function. Neuroreport 12: 2391–
2394.

45. Enard W, Gehre S, Hammerschmidt K, Holter SM, Blass T, et al. (2009) A
humanized version of Foxp2 affects cortico-basal ganglia circuits in mice. Cell

137: 961–971.

46. Fujita E, Tanabe Y, Shiota A, Ueda M, Suwa K, et al. (2008) Ultrasonic
vocalization impairment of Foxp2 (R552H) knockin mice related to speech-

language disorder and abnormality of Purkinje cells. Proc Natl Acad Sci U S A
105: 3117–3122.

47. Teramitsu I, Kudo LC, London SE, Geschwind DH, White SA (2004) Parallel
FoxP1 and FoxP2 expression in songbird and human brain predicts functional

interaction. J Neurosci 24: 3152–3163.

48. Yokoyama S, Tada T, Zhang H, Britt L (2008) Elucidation of phenotypic
adaptations: Molecular analyses of dim-light vision proteins in vertebrates. Proc

Natl Acad Sci U S A 105: 13480–13485.
49. Bridgham JT, Carroll SM, Thornton JW (2006) Evolution of hormone-receptor

complexity by molecular exploitation. Science 312: 97–101.

50. Thornton JW, Kelley DB (1998) Evolution of the androgen receptor: structure-
function implications. Bioessays 20: 860–869.

51. Thornton JW, Need E, Crews D (2003) Resurrecting the ancestral steroid
receptor: ancient origin of estrogen signaling. Science 301: 1714–1717.

52. Wooding S, Bufe B, Grassi C, Howard MT, Stone AC, et al. (2006) Independent
evolution of bitter-taste sensitivity in humans and chimpanzees. Nature 440:

930–934.

53. Grosmaitre X, Fuss SH, Lee AC, Adipietro KA, Matsunami H, et al. (2009)
SR1, a mouse odorant receptor with an unusually broad response profile.

J Neurosci 29: 14545–14552.

54. Acampora D, Avantaggiato V, Tuorto F, Barone P, Reichert H, et al. (1998)

Murine Otx1 and Drosophila otd genes share conserved genetic functions
required in invertebrate and vertebrate brain development. Development 125:

1691–1702.

55. Ang SL, Jin O, Rhinn M, Daigle N, Stevenson L, et al. (1996) A targeted mouse
Otx2 mutation leads to severe defects in gastrulation and formation of axial

mesoderm and to deletion of rostral brain. Development 122: 243–252.
56. Duboule D, Dolle P (1989) The Structural and Functional-Organization of the

Murine Hox Gene Family Resembles That of Drosophila Homeotic Genes.

Embo Journal 8: 1497–1505.
57. Malicki J, Schughart K, Mcginnis W (1990) Mouse Hox-2.2 Specifies Thoracic

Segmental Identity in Drosophila Embryos and Larvae. Cell 63: 961–967.
58. Matsuo I, Kuratani S, Kimura C, Takeda N, Aizawa S (1995) Mouse Otx2

Functions in the Formation and Patterning of Rostral Head. Genes &
Development 9: 2646–2658.

59. McClintock JM, Jozefowicz C, Assimacopoulos S, Grove EA, Louvi A, et al.

(2003) Conserved expression of Hoxa1 in neurons at the ventral forebrain/
midbrain boundary of vertebrates. Development Genes and Evolution 213: 399–

406.
60. Nagao T, Leuzinger S, Acampora D, Simeone A, Finkelstein R, et al. (1998)

Developmental rescue of Drosophila cephalic defects by the human Otx genes.

Proceedings of the National Academy of Sciences of the United States of
America 95: 3737–3742.

61. Westmoreland JJ, McEwen J, Moore BA, Jin YS, Condie BG (2001) Conserved
function of Caenorhabditis elegans UNC-30 and mouse Pitx2 in controlling

GABAergic neuron differentiation. Journal of Neuroscience 21: 6810–6819.
62. Carey AF, Wang G, Su CY, Zwiebel LJ, Carlson JR (2010) Odorant reception in

the malaria mosquito Anopheles gambiae. Nature 464: 66–71.

63. Nei M, Gojobori T (1986) Simple methods for estimating the numbers of
synonymous and nonsynonymous nucleotide …. Molecular Biology and

Evolution.

Functional Evolution of Odorant Receptors

PLoS Genetics | www.plosgenetics.org 14 July 2012 | Volume 8 | Issue 7 | e1002821


