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The olfactory bulb (OB) ratio is the size of the OB relative to the cerebral
hemisphere, and is used to estimate the proportion of the forebrain devoted
to smell. In birds, OB ratio correlates with the number of olfactory receptor
(OR) genes and therefore has been used as a proxy for olfactory acuity. By
coupling OB ratios with known OR gene repertoires in birds, we infer mini-
mum repertoire sizes for extinct taxa, including non-avian dinosaurs, using
phylogenetic modelling, ancestral state reconstruction and comparative
genomics. We highlight a shift in the scaling of OB ratio to body size
along the lineage leading to modern birds, demonstrating variable OR reper-
toires present in different dinosaur and crown-bird lineages, with varying
factors potentially influencing sensory evolution in theropods. We investi-
gate the ancestral sensory space available to extinct taxa, highlighting
potential adaptations to ecological niches. Through combining morphologi-
cal and genomic data, we show that, while genetic information for extinct
taxa is forever lost, it is potentially feasible to investigate evolutionary
trajectories in extinct genomes.

1. Introduction

With more than 10 000 species, birds are the most diverse extant tetrapod clade
[1], displaying highly specialized ecological and sensory niche adaptations.
Originating within theropod dinosaurs, birds have undergone numerous mor-
phological [2] and genomic [3] transformations. Adaptation to novel ecological
niches often requires changes in sensory perception [4,5]. Of these, olfaction is a
crucial sensory system, through which many vertebrates interact with their
environment. Birds have been shown to use smell to forage, navigate, avoid
predators and recognize conspecific individuals [6-9].

Olfaction is governed by a family of G-protein coupled receptors, known as
olfactory receptors (ORs), found in the olfactory epithelium of the nasal passage.
Each nasal cilium in the olfactory epithelium expresses a single OR, and extends a
neuron connecting to the olfactory bulb (OB) in the forebrain. When an odorant
molecule binds to the expressed OR, the OB is signalled via this neuron, which
constitutes the sensation of smell. At the genomic level, OR proteins are encoded
by single-exon OR genes, which have evolved through complex interactions of
gene duplication and selection [10]. OR genes fall into two major classes: Class
I, which principally binds aquatic-borne odorant molecules and Class II, binding
air-borne odorants. Within these classes, OR proteins are further divided into
monophyletic gene subfamilies based on shared sequence identity [5]. The
number and proportion of functional and non-functional OR genes varies greatly
across vertebrates, with genes in several related gene families gaining or losing
function across phylogeny [10-12].

A gross correlation between reliance on a sensory system and the proportion
of total brain size devoted to that sense has long been observed [13]: e.g. the
large optic lobes of actinopterygian fishes [14] or the large OBs of mammals
[15]. Because the OB receives neuronal extensions from the nasal cilia, bulb
size must correlate, to some extent, with the number of cilia in the nasal epi-
thelium, and general olfactory acuity should be represented by relative OB
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size. Because each cilium expresses only one OR protein,
some of the variation in OB size may reflect the number of
functionally expressed OR genes or previously functioning,
but currently pseudogenized, genes. The OB ratio is defined
as the greatest diameter of the OB divided by the greatest
diameter of the cerebral hemisphere [16,17], and has been
used as a proxy for the proportion of the forebrain devoted
to olfaction. Extant birds exhibit a large disparity in OB ratios,
and a correlation between OB ratio and OR repertoire size has
been observed [8,17,18]. It is possible that this correlation also
existed in extinct theropod dinosaurs.

Increasing availability of sequenced vertebrate genomes
permits inference of genomic information about ancestral
taxa, such as gene composition and chromosome number
[19-24]. Here, we combine morphological (OB ratios for
extant and fossil taxa) and genomic data (genomes for
extant sauropsid taxa) to estimate the number of OR genes
in extinct theropod dinosaurs using a combination of ances-
tral state reconstruction, conserved sequence identity and
phylogenetically informed linear modelling. We determine
that the minimum ancestral OR repertoire size for Dinosauria
would have been between 360 and 500 genes, and that tyran-
probably possessed highly expanded OR
repertoires. Using shared sequence identity across extant

nosaurus

taxa, we explore the potential odorant space that extinct
taxa may have experienced. This study represents an initial
step at combining genomic information with morphometrics
to infer aspects of the ecology of long extinct taxa.

2. Material and methods

The total OR repertoire size (counts of functional and non-
functional genes) for extant birds were taken from Khan et al.
[18]. OR gene sequences for birds and non-avian sauropsid taxa
were downloaded from RefSeq and augmented with genes
mined from raw genome files (electronic supplementary
material). We obtained OB ratios for 42 extant and two extinct
avian species, four extinct stem birds, Alligator mississippiensis,
and 25 non-avian theropod and three ornithiscian dinosaurs (elec-
tronic supplementary material, table S1) [17,18,25-28]. Where
multiple OB ratios were available, values were averaged. All OB
ratios are expressed as percentages. Body mass and diet data
were collated from Lislevand et al. [29], the Encyclopedia of Life
[30] and Animal Diversity Web ([31], accessed 2018; electronic
supplementary material, table S1). We investigated the correlation
of OB ratio with total OR repertoire and individual gene family
sizes using phylogenetically corrected correlation. Correlations
of OB ratios with trait data were done using phylogenetic
generalized least squares (PGLS), using a composite phylogeny
for all 76 taxa (electronic supplementary material; figure 1).

We estimated ancestral OB ratios at internal nodes using maxi-
mum likelihood (ML), phylogenetic independent contrasts (PIC)
and generalized least squares (GLS), with an all-taxon phylogeny
and a tree limited to extant birds (with and without outlier taxa,
see the electronic supplementary material). Additionally, PGLS
was used to model OR gene repertoire size as a function of OB
ratio and predict OR gene numbers across all extinct taxa. See
the electronic supplementary material for further details.

3. Results
(a) Olfactory bulb and olfactory receptor repertoires

The distribution of OB ratios observed in extant birds is sig-
nificantly smaller than that of non-avian dinosaurs (t-test,

p <0.001). OB ratios in extant birds range from 5.0 (Amer- [ 2 |

ican crow, Corvus brachyrhynchos) to 28.7 (turkey vulture,
Cathartes aura). OR gene repertoires range from 182
(medium ground finch, Geospiza fortis) to 688 (zebra
finch, Taeniopygia guttata). The smallest OB ratio among
non-avian dinosaurs is observed in Archaeopteryx lithographica
(17.1), whereas Albertosaurus sarcophagus and Tyrannosaurus
rex possess OB ratios of 71.0 (electronic supplementary
material, table S1).

There is a significant, positive correlation between OB
ratio and OR repertoire size in extant birds (phylogenetically
corrected: p =0.021, r = 0.428; uncorrected: p <0.001, r =
0.651; electronic supplementary material table S2). We also
observed significant correlations between OB ratio and sev-
eral OR gene families (electronic supplementary material,
table S2). Modelling OB ratios as a function of diet, while
accounting for phylogeny, recovers piscivory as significantly
correlated with OB ratio (p = 0.005), with the mean and
range of OB ratios being smaller in piscivores (electronic
supplementary material, figure S1).

The correlation between body mass and bulb ratio was
significant when accounting for phylogeny across (i) all
taxa (p = 0.031, r = 0.529; electronic supplementary material,
figure S2), (ii) non-avian dinosaurs (p < 0.001, r = 0.836), and
(iii) non-avian dinosaurs + stem birds (p < 0.001, r = 0.77).
However, the correlations are not significant when consider-
ing all of Avialae (p=0.719, r=10.160) or restricting the
analysis solely to crown Aves (p = 0.564, r = 0.359). Finally,
there is no significant correlation between body mass and
repertoire size among extant birds (all taxa: p=0.334,
r= —0.152, electronic supplementary material, figure S3;
removing the three anomalous outlier taxa: p=0.751,
r= —0.052).

(b) Ancestral olfactory bulb and repertoire ratios
Estimates for the ancestral sauropsid OB ratio based on extant
data (ML: 32.09, GLS: 25.49, PIC: 25.49) and OR repertoire size
in the ancestral genome (ML: 488, GLS: 497, PIC: 497) were
remarkably consistent across methods, both with and without
outlier taxa (electronic supplementary material, figures S4, S5
and tables S3, S4). No significant differences were found
among the distributions of reconstructed OB ratios among
the different methods. Upon addition of fossil data, OB ratio
estimates were 31.82, 43.21 and 43.21 for ML, GLS and PIC,
respectively. Species estimates are given in the electronic
supplementary material, figures S6—-S8 and table S5.

(c) Estimates of dinosaur olfactory receptor repertoire

size
PGLS modelling of OR repertoire size using OB ratio data
from all extant birds resulted in

ORrepertoire = 5.41(OB ratio) + 260.77.

Using this, OR repertoire sizes for extinct taxa were
estimated from OB ratios (electronic supplementary material,
table S1; figure 1). Fossil OR estimates ranged from
approximately 344 (Hesperornis regalis) to approximately 645
(Tyrannosaurus rex, Albertosaurus sarcophagus). Inclusion
of Alligator mississippiensis in the modelling produces similar
reconstructions of OR repertoire size (electronic supplementary
material, table S6).
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Figure 1. Species phylogeny. Olfactory receptor bulb ratios were analysed across a total of 76 taxa. OR gene repertoires (both functional and non-functional) from
extant birds were used to infer repertoire sizes for extinct species (blue). Additional life-history data were analysed for evolutionary correlations. Species within the

clade Avialae are labelled in red. (Online version in colour.)

(d) Inferring minimum repertoire size using genomic data

A total of 2975 sauropsid and 5899 avian ORs gene sequences
were collated, with 1321 representative sauropsid ORs chosen
after clustering (electronic supplementary material, tables S7
and S8). Using sequence identity between sauropsids and
birds, 363 orthologous OR genes (87 mined and 276 collated
from other studies) were present in both sauropsid and avian
taxa (65% shared identity). This gives a minimum estimate of
the number of OR genes present in the most recent common
ancestor of all Sauropsida, as this taxon also possessed an
unknown number of OR pseudogenes, free from the con-
straints of selection. Class I ORs show a propensity for
hydrophilic ligands [32], and are associated with aquatic
odorants, whereas Class II ORs have a tendency to bind
hydrophobic odorants, and are considered terrestrial ‘air-
borne” ORs [12]. The number of shared OR genes within
the aquatic odorant Class I («) subfamily was estimated at
47 ORs. Only a single receptor was found shared across saur-
opsids and birds in the Class I (8) subfamily OR55. The
terrestrial odorant Class II (y) had 315 shared OR genes
(table 1). Based on their presence in modern birds and alliga-
tors, it is likely that at least one copy of each of these genes
existed in all dinosaur taxa.

Table 1. OR genes showing at least 65% shared identity between
sauropsids and birds were considered present in extinct dinosaur taxa. (The
number of inferred OR genes per family are displayed.)

number of estimated

OR genes
Class | (o, B) OR 51 23
OR 52 24
OR 55 1
class total 48
Class Il (+y) OR 173/7 2
R213 30
R4 38
OR 5/8/9 72
OR 6 58
OR 10 82
OR 11 3
R2Z 18
OR14 12
class total 315
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4. Discussion
(a) Olfactory bulb and diet

Across all niches, only piscivory showed a significant
association with OB ratio, after correcting for phylogeny.
Previous studies have found ‘semi-aquatic” habitat [9] or pis-
civorous diet [18] to be associated with larger OB ratio and
OR repertoire size in birds. Given the similarity of OB size
in piscivorous birds across a vast time-span, it is possible
that the odorant space associated with aquatic habitats may
constrain the OR repertoire evolution and, therefore, relative
OB size, as has been observed in semi-aquatic mammals [5].
The average number of OR genes (functional and non-
functional) in the ‘water-borne’” odorant gene families
across all four extant piscvores was higher compared to all
other diets (OR 51: piscivore: 21, other diets: 15; OR52:
piscivores: 18, other diets: 15), suggesting an expansion of
one receptor class (Class I) over the other (Class II) for this
dietary niche. A similar pattern may have been present in
the repertoires of Hesperornis, Lithornis and Ichthyornis.

(b) Body mass and olfactory bulb scaling

As Steiger et al. [8] observed, OB ratio in extant birds corre-
lates significantly with the number of OR genes. OB ratio is
also positively correlated with body mass across all taxa.
However, this correlation with body mass is a function of
the non-avian dinosaurs: no such relationship is observed
within crown clade Aves (electronic supplementary material,
figure S2). Stem birds represent an ambiguous case, given
their position and low sample size, fitting equally with
Aves or non-avian dinosaurs. Lower OB ratios are observed
across Avialae [25,33], and there is no relationship observed
between body mass and OR repertoire size among birds,
with modern birds having a roughly constant OR repertoire
relative to body size. Modern birds are generally smaller
than their non-avian dinosaur relatives. Interestingly, this
pattern implies that, despite a severely reduced OR repertoire
relative to other sauropsids and mammals, modern birds
have larger OBs (and by implication, larger OR repertoires)
than non-avian dinosaurs of comparable size would have
had (electronic supplementary material, figure S2).

The larger estimates of repertoire sizes for dinosaurian
superfamilies are coincident with trends of increasing body
size in these lineages [34]. Yet this is not simply an association
between larger size and more OR genes. The positive corre-
lation indicates that, as these dinosaurian lineages became
larger, the relative size of the OB increased, implying
increased investment in olfaction as a sensory modality.
There is a subsequent shift away from olfaction along the
lineage leading to modern birds, coincident with the funda-
mental change in the OB ratio scaling to body size,
probably representing a shift to vision as the dominant
sensory modality in the avian lineage [35].

(c) Inferred olfactory receptor repertoires of extinct taxa
Using a variety of methods, we estimated OR repertoire size
for all extinct taxa. These suggest a minimum estimate of
approximately 500 OR genes in the ancestral dinosaur
genome. The reconstructions are dependent on high-quality
gene sequences. Given the large number of pseudogenes in
the OR repertoire, only highly conserved OR genes will be

found. Any OR genes that were subsequently lost and
obscured to the point of not being recognizable cannot be
recovered from genomic data. Additionally, unique ORs
that emerged in specific dinosaurian lineages will not be
identified. Therefore, these estimates must represent minima
for the complete ancestral OR repertoire. The PGLS models
assume that dinosaurs reflect avian OB ratio/OR repertoire
scaling, rather than that of the crocodilian or testudine
lineages, and therefore may not completely reflect OR reper-
toire size among theropods. However, the other estimates do
not rely on this assumption about OB ratio/OR repertoire
correlations, and the minimum estimates we reconstruct
across methods are consistent with the 400-600 OR gene
range found in many extant vertebrates.

The largest reconstructed repertoires were for Tyranno-
sauroidea, specifically the large-bodied taxa, such as
Tyrannosaurus rex (electronic supplementary material, table
S1). The substantially smaller Dilong paradoxus has OBs that
are both absolutely and relatively much smaller than Tyran-
nosaurus rex, consistent with the body size scaling
relationship. Among tyrannosaurs, the large taxa had larger
OR repertoires than any other non-avian dinosaurs, whereas
Dilong paradoxus falls within the inner 95th quantiles of the
modern bird distribution, even if the outlier taxa (zebra
finch, chicken and budgerigar) are excluded. This overall
increase in olfactory capability within Tyrannosauroidea
may reflect ecological adaptation, allowing the tracking of
prey over large distances, as in modern wolves [36], or to
effectively scavenge carrion, as in the modern turkey vulture
(electronic supplementary material, table S1).

Some of the smallest theropod repertoire sizes were
inferred for the ornithomimosaurs (417-437 OR genes),
with a similar repertoire size in the oviraptorid Citipati osmols-
kae. Omnivorous diets have been inferred for these taxa and
the mean reconstructed OR repertoire is significantly smaller
than the distribution of reconstructions in carnivorous non-
avian dinosaurs (t=5.403, p <0.001). Interestingly, the
inferred repertoire of the therizinosaur Erlikosaurus andrewsi
was larger than most dromaeosaurids and Troodon formosus,
despite a transition to herbivory. The expanded gene reper-
toire potentially signals a transition to complex sociality
and/or low visual acuity, as has been inferred for this
taxon [26]. OR repertoires for non-avian dinosaurs with
inferred herbivorous diets are not significantly smaller than
those of carnivorous taxa (t = 1.055, p = 0.306). It should be
noted that olfaction also plays a crucial role in ecological
adaptations other than diet, such as conspecific communi-
cation, which may explain similar repertoire sizes across
different dietary niches. This has been observed in eutherian
mammals, where OR repertoire size is also a function of
pheromone detection and sociality [10]: e.g. the herbivorous
and highly social African elephant (Loxodonta africana) pos-
sesses the largest known vertebrate OR repertoire (greater
than 4000 OR genes) and a large OB [37].

(d) Minimum repertoire estimates using orthology

When comparing putative orthologues shared across extant
birds and sauropsids, a minimum of 363 OR genes were esti-
mated for the ancestral sauropsid genome, consistent with
previous estimates [38]. As with terrestrial mammals, Class
II air-borne odorant binding genes were more numerous
than the aquatic odorant binding Class I genes [5,10]. The
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low number of genes in OR families 1/3/7 and 14, inferred
for the ancestral species compared to extant birds suggests
expansion of these families in the lineage leading to birds
[18]. However, the expansion of family 14 may be the result
of convergent expansions of this group in a limited number
of extant taxa, as this pattern appears to be driven by the
zebra finch, chicken and budgerigar [18]. While it is not yet
known what odorants family 14 binds, there is also evidence
for extensive gene expansion in this family among various
‘reptile’ lineages and monotreme mammals [5,39]. Families
2/13, 4, 6, 10 and 12 have probably undergone significant
contraction in birds. A number of the receptors in these
families and their odorant ligands have had ‘odorant descrip-
tors” characterized in tests of human subjects. Associated
odours range from fruity to rancid, and include a compound
found in blood (heptanal, OR6A2 [38]). This documents a
decrease in the reliance on sensing these odorants among
modern birds, but defines a plesiomorphic amniote odorant
space. Putative detectable ligands and their odorant descriptors
are given in the electronic supplementary material, table S9.
This study complements a growing literature on combin-
ing comparative genomics with morphological data to infer
genome composition in ancient organisms (e.g. OR reper-
toires in Neanderthals and Denisovans [40] and Smilodon
[41]). In addition to demonstrating a shift in the relationship
between body mass and OB ratio along the lineage leading to
modern birds, the results presented here demonstrate that
variable OR gene repertoires were present in different
dinosaurs, potentially highlighting adaptations to different
ecological strategies over time. Genetic information from
long extinct taxa will forever be lost to us. However by

combining comparative genomics and morphology, we
show that it is possible to investigate evolutionary trajectories
in ancient genomes.
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