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Abstract   

Olfactory receptor (OR) gene families are the largest gene families for all mammals with published genomes. We performed a clustering 
analysis of the protein sequences of all identified functional olfactory receptor genes for Homo sapiens, Mus musculus, Rattus norvegicus, 
and Loxodonta africana. To accomplish this, we used the k-means clustering methodology. The best resolved separation of olfactory receptor 
genes was achieved by distributing the reduced-dimension OR sequence representations into 18 clusters. Olfactory receptor genes for the four 
organisms were present in all the 18 clusters, with differing populations for the organisms in each cluster. The analysis did not presuppose 
gene characteristics such as chromosomal locations or previously identified gene families and subfamilies but focused only on the OR protein 
sequences. The results show the distribution of clusters in olfactory space with the tabulation of the number of olfactory receptors per cluster per 
organism. We conclude from the assessments, supported by previous work, of these four organisms with well characterized olfactory repertoires 
that the overall olfactory space for mammals is representative of all mammals.
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Introduction

The discoverers of olfactory receptors (ORs) in the early 1990s 
[1] were awarded the Nobel Prize in Medicine or Physiology in 
2004 [2]. An added impetus to research in the chemical senses 
was provided after the publication of the human genome [3]. It 
was discovered that olfactory receptors constituted the largest 
gene family in the human genome [4-6]. Subsequent publications 
of other mammalian olfactory sub-genomes: mouse [7-8], rat, 
dog [9], and, relatively recently, that of the African bush elephant 
[10] proved that indeed, the mammalian olfactory genes belong 
to super-families. From the perspective of the chemical senses, 
this is likely evolutionarily justified. Olfactory receptors are the 
first line of interaction with odorants and odors (combinations of 
odorants) that result in a smell response. A few hundred receptors 
in each of the mammalian olfactory repertoires are responsible 
for discriminating several thousand odors. The sense of smell 
was likely responsible for the fight-or-flight response and the  

 
acquisition of nourishment: both necessary for an organism’s 
survival [11-13].

Interestingly, more than half of the receptors mined from these 
mammalian genomes have been identified as non-functional or 
pseudogenic. One likely theory posits that as species (particularly 
humans) evolved, and other faculties became more finely tuned 
and developed, species relied less on the sense of smell for survival. 
[14-16] A lesser-known theory is currently being explored that 
genetic variants among olfactory receptor genes are distributed 
based on different racial demographics and different geographic 
locations [17].

In the current work, we explored the protein sequence 
variation among functional olfactory receptor genes for H. 
sapiens, M. musculus, R. norvegicus, and L. africana.  The protein 
sequences were clustered based on their sequence similarities 
and the distribution pattern was visualized using multisequence 
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alignment tool (Clustal-Omega), t-distributed stochastic neighbor 
embedding (tSNE) and k-means clustering methods. Distance 
matrix values between the genes of four different species were 
calculated by Clustal-Omega. The dimensionality of the data for 
each gene protein sequence was reduced to two dimensions using 
tSNE. K-means clustering was used to cluster the data and obtain a 
graphical representation to understand their distribution in two-
dimensional space–namely, an illustration of the olfactory space.

Methods
i. The olfactory protein sequences were downloaded from 

the Olfactory Receptor Database (ORDB–https://ordb.biotech.
ttu.edu/ORDB/) using the EAV/CR- (Entity Attribute Values with 
Classes and Relationships) driven database-architecture search 
system. (https://ordb.biotech.ttu.edu/ORDB/mam after [18,19].
This search system identifies information from ORDB based on 
attributes for a specific class (in this case olfactory receptors) and 
retrieves the values associated with these attributes. The search 
for the sequences needed for this analysis was defined thusly CR 
(Chemosensory Receptor) Type–ORL (Olfactory Receptor Like); 
Organism–Homo sapiens, Rattus norvegicus, Mus musculus, 
Loxodanta africana; Type of Sequence–mRNA, cDNA and Genomic 
DNA; Amino Acids, Nucleotides. This search resulted in the 
following information: ORLXXX (ORDB identifier), Amino Acid 
Sequence, Nucleotide Sequence for each OR sequence that met the 
search filter/criteria.

ii. Nucleotide sequences were included in the search 
results. For some sequences, the amino acids are not available in 
ORDB. Each nucleotide sequence was then entered into the search 
field in the ExPASy [20] Translate tool (https://web.expasy.org/
translate/). The nucleotide sequences were translated into protein 
sequences. Any sequences that were identified as pseudogenic 
(presence of a stop codon in an incomplete sequence) were 
discarded from further analysis.

iii. Clustal-Omega: The gene sequences were aligned 
using the Clustal Omega multisequence alignment tool, which 
is integrated into the EMBL European Bioinformatics Institute 
Job Dispatcher tools (https://www.ebi.ac.uk/jdispatcher/msa/

clustalo) [21]. The platform was used to calculate pairwise 
similarity values between the genes of four different species. 
This resulted in a comprehensive distance matrix, with each 
score ranging between 0 and 1, with a score of 0 indicating 100% 
sequence identity. Clustal Omega was chosen over other sequence 
alignment tools because of its ability to handle large numbers of 
protein sequences, as very large alignment problems can be solved 
very quickly by using the mBED algorithm [21,22].

iv. t-SNE: t-distributed stochastic neighbor embedding 
(tSNE), a nonlinear dimensionality reduction method was then 
applied to the distance matrix determined from the above step 
[23]. This approach projected the gene sequence similarities onto 
two-dimensional space while preserving the local relationships 
and nonlinear structures present in the original similarity data. 
The Euclidean distance between each gene pair was calculated, and 
then tSNE was applied to the data to reduce the high-dimensional 
similarity data into a two-dimensional representation. This 
allowed the data to be prepared as input into the next clustering 
and visualizing step.

v. K-means: k-means clustering [24] was used to identify 
clusters from the two-dimensional tSNE data. The olfactory 
receptor genes with similar sequence patterns were clustered. 
The number of clusters is determined by considering the number 
of members of the olfactory receptor gene family. The resulting 
18 clusters were analyzed and interpreted as part of comparing 
the gene distribution of different species in each cluster to identify 
potential patterns.

Results
The results of the cluster analysis with 18 clusters are 

presented in (Table 1) and (Figures 1, 2a&2b). The table and 
figures illustrate the number of ORs in each cluster and how each 
species is represented. 947 human ORs, 793 elephant ORs, 1257 
mouse ORs, and 321 rat ORs were extracted and downloaded from 
ORDB. These 3318 ORs were included in the clustering analysis, 
which followed a multiple sequence analysis using the Clustal-
Omega software.

Table 1: The table shows the specific number of ORs in each cluster for 

each species (HS= Homo sapiens, RN= Rattus norvegicus, MM= Mus musculus, LA= Loxodanta africana).

Cluster # HS LA MM RN Total

1 49 40 114 20 223

2 36 5 48 25 114

3 71 83 22 4 180

4 75 50 48 10 183

5 72 26 92 19 209

6 71 60 72 49 252

7 65 99 131 21 316

8 15 14 79 31 139

9 69 21 100 23 213

10 2 18 45 26 91
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11 21 23 111 17 172

12 74 28 66 24 192

13 17 86 61 3 167

14 41 15 108 18 182

15 70 60 84 10 224

16 75 54 10 7 146

17 67 95 15 2 179

18 57 16 51 12 136

Figure 1: The figure shows the number of ORs of each species, indicated by abbreviations (HS= Homo sapiens, RN= Rattus norvegicus, 
MM= Mus musculus, LA= Loxodanta africana) The light blue line at the top of the graphs shows the total number of ORs per cluster.  
Individual numbers and comparative numbers per cluster are shown by the yellow, dark blue, orange and gray lines.

Figure 2a: The eighteen clusters of the 3318 olfactory receptor genes for genes from the four organisms.  The color legends depict the 
cluster numbers.  The clusters are demarcated by dotted circles.
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Figure 2b: The eighteen clusters of the 3318 olfactory receptor genes showing the distribution of the genes for the four organisms in each 
cluster.  The color legends show the genes for each species. The clusters are demarcated by dotted circles.

The number of ORs in each cluster ranged from 91 to 316. 
Cluster #7 had the largest number of ORs with 316 (65 [HS], 99 
[LA], 131 [MM], and 21 [RN]), Cluster #10 had the fewest ORs with 
91 (2 [HS], 18 [LA], 45 [MM], and 26 [RN]). The greatest number 
of ORs in each cluster were: #4 &16 for humans, #7 for elephant, 
#7 for mouse, and #6 for rat. The fewest number of ORs in each 
cluster were: #10 for humans, #2 for elephant, #16 for mouse, and 
#17 for rat.

As might be concluded from (Figure 1), the mouse olfactory 
receptors number higher than the other three species and are 
therefore the highest represented in most clusters. There are a 
few discrepancies, however. The elephant ORs number the least 
in cluster #2, while higher than in mouse in clusters #3, #13, and 
#17. Mouse ORs are fewer in number in clusters #3, #16, and #17. 
The human ORs trend as is expected from the relative number of 
ORs when compared to mouse, rat and elephant, but are fewest in 
cluster #10 and considerably fewer than mouse and elephant ORs 
in cluster #13. 

(Figures 2a&2b) show the distribution of the 18 clusters with 
dotted circles representing each cluster. (Figure 2a) illustrates 
the distribution of clusters with each cluster color-coded. (Figure 
2b) shows the clusters with representations of the olfactory 
receptor genes for each organism (color-coded), each sequence 
is represented with a filled circle, following dimensionality 
reduction described in the Methods section. The position of each 
circle in this representation of the olfactory space was determined 
through a high dimensionality distance matric following multiple 
sequence alignment.

Discussion
In a previous paper [25], we showed that ORs and mouse 

and humans were found in the same clusters, though because 
of the larger number of functional ORs in mice, each cluster 
had a larger number of mouse ORs than human ORs. This study 
showed that each cluster is populated by olfactory receptor gene 
representations for human and mouse and there were no unique 
clusters composed of only human or only mouse ORs. In this work, 
while (Figure 1) and (Table 1) shows that there is variation in the 
OR populations of each cluster, the results of the previous study 
are largely confirmed. And this study considers two additional 
species whose olfactory repertoires are well characterized. While 
additional mammals would have to be included to definitively 
state this, it is more likely that the mammalian olfactory space is 
the similar.

A potential extension to this study is to repeat the assessments 
presented in this work using additional strategies–after increasing 
the cohort to include functional amino acid sequences for all 
mammalian ORs, assuming that a genome for that mammal is 
published.

Olfactory receptors are membrane bound sequences that can 
be seen as structurally three separate components–the N-termini 
and the extracellular loops, the transmembrane helical domain, 
and the intracellular loops and the C-termini (though there are 
exceptions to this sequence-structure paradigm). The upper part 
of the transmembrane helical domain contains a binding region 
that does not allow access to the interacting odorant with the 
cytoplasmic region of the cell. Namely, the helices 3 and 4 cross 
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to form a “cone” structure in the interior of the transmembrane 
bundle. We have previously shown through computational 
simulation studies that a putative transit path exists through 
which the odorant likely enters and exits (following OR activation), 
the binding region of the OR [26].

Hypothetical sequences consisting of only the binding 
region (the top half) and cytoplasmic side could be clustered 
independently to assess whether the clusters of the odorant-
binding regions are different from the G-protein binding regions 
or different from those of the entire amino acid sequence of the 
olfactory receptor.

OdorDB (https://ordb.biotech.ttu.edu/odordb) is a 
companion database to ORDB and is a repository of odorant 
molecules that have been shown through experimental functional 
analysis to interact with (activate or inhibit) ORs. The process 
of deorphanizing ORs is challenging. These membranes bound 
proteins are difficult to express and purify [27-28]. OR-odorant 
interactions are considered promiscuous. ORs are known to 
interact with a wide range of odorants, whereas others are 
narrowly tuned. Odorants, on the other, hand are known to 
interact with different ORs [29]. Identifying rational panels of 
odorants which will establish a pattern of interaction between 
ORs, and odorant interaction behavior has yet to be established. 
Our methodology when extended will allow clusters comprising 
of sequences that represent the binding regions of ORs to be 
created. The next step would be to place odorants known to bind 
and activate ORs in the clusters containing these ORs. This would 
be a significant step towards identifying ORs that are likely to bind 
odorants with specific functional groups or electronic structural 
features [30].

Conclusion
We have performed a comprehensive analysis of the 

distribution of functional olfactory receptor genes of four species: 
human, mouse, rat and elephant. This is with a view to determine 
and provide visual evidence of the distribution of these genes 
based on protein-sequence similarity in what we can identify 
as the olfactory space. Our studies reveal that the best resolved 
distribution of these gene sequences is in 18 clusters. Each 
cluster is populated. This leads to the primary conclusion that the 
olfactory space while varied is consistent for mammals. Additional 
work needs to be done to include more mammalian olfactory 
repertoires to confirm this.
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