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ARTICLE INFO ABSTRACT

Keywords: Olfactory receptors (OR), expressed on olfactory neurons, mediate the sense of smell. Recently, OR have also

OR . been shown to be expressed in non-olfactory tissues, including cells of the immune system. An analysis of single-

gnnlote.mon cell transcriptomes of splenocytes of the grey short-tailed opossum (Monodelphis domestica) found OR are
volution

Ectopic expression
Atypical T cells
Marsupials

expressed on a subset of T cells, the yp T cells, that are unique to marsupials and monotremes. A majority of
opossum yp T cells transcriptomes contain OR family 14 transcripts, specifically, from the OR14C subfamily.
Amongst the mammals, the OR14 gene family is expanded in the genomes of marsupials and monotremes, and

rarer or absent in placental mammals. In summary, here we demonstrate the intriguing correlation that a family
of OR genes, abundant in the genomes of marsupials and monotremes, are ectopically expressed in a particular
subset of T cells unique to the marsupials and monotremes.

1. Introduction

There are three living lineages of mammals: the so-called placentals
(e.g. humans and mice), the marsupials (e.g. opossums and kangaroos),
and the egg-laying monotremes (e.g. the duckbill platypus). Compara-
tive analyses between the three mammalian lineages have revealed
gains, losses, and expansions of various genetic components of different
systems. For example, nearly all jawed vertebrates have two lineages of
T cells defined by their T cell receptors (TCR): the ap and y5 T cells (Rast
et al.,, 1997; Morrissey et al., 2022). However, we previously showed
that marsupials and monotremes have a third lineage, the yu T cell, that
is ancient in mammals but lost in the placental mammal lineage (Parra
et al., 2007, 2008; Wang et al., 2011; Morrissey et al., 2021). Similarly,
comparative genomics revealed a particular olfactory receptor (OR)
family, OR14, is expanded in the genomes of the laboratory opossum
(Monodelphis domestica) and platypus (Ornithorhynchus anatinus) (War-
ren et al., 2008; Olender et al., 2008). In contrast, the OR14 family is
comparatively rare in placental mammal genomes (Warren et al., 2008;
Olender et al., 2008; this paper).

Recently, ectopic OR expression has been demonstrated for a variety
of non-olfactory tissues (Feldmesser et al., 2006; Kang and Koo, 2012;
Chen et al., 2018). The role of OR in these non-olfactory cells and tissues
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remains largely unexplored and controversial (Feldmesser et al., 2006).
Of interest, OR have been found on mature lymphocytes where they
appear to influence cellular chemotaxis (Malki et al., 2015; Clark et al.,
2016). Using a single-cell transcriptome dataset, we present evidence of
OR transcription by opossum immune cells. Noteworthy is the prefer-
ential transcription of OR14 gene family members, the OR gene family
that is expanded in the genomes of marsupials and monotremes, by ypu T
cells, which are also unique to marsupials and monotremes.

2. Materials and methods
2.1. Single cell transcriptome dataset analysis

A single-cell RNA sequencing (scRNASeq) dataset using opossum
spleen, thymus, and blood cells was described previously (Morrissey
et al., 2021; Schraven et al., 2021; accession numbers PRIJNA635959
and PRINA980639). Differential gene expression (DE) analysis was
performed using the R package DESeq2 (v4.1.2; R Core Team 2021; Love
et al., 2014). Only genes with >10 reads were used in the analysis.
Volcano plots of differentially expressed transcripts were constructed
using the R package EnhancedVolcano with an adjusted P-value <0.05
(v4.1.2; R Core Team 2021; Blighe et al., 2020, Fig. 1).
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Fig. 1. Results of the DE analysis. Genes upregulated in af T cells are on the
left, and genes upregulated in yp T cells are on the right. The genes with sig-

nificant upregulation in either T cell type are shown in grey, with not signifi-
cant genes in black. All transcripts annotated as OR14C36-like are labeled.

2.2. Genome annotation

Current convention for the annotation of OR genes in any species is
based on nucleotide identity between OR genes within and between
species (Glusman et al., 2000). These criteria was used here for the
reannotation of the opossum OR genes. The criteria for an OR being in a
family is having >40% nucleotide identity amongst family members and
>60% nucleotide identity, for subfamily members. Family numerical
designations maintained based on their nucleotide identity with previ-
ously annotated human OR annotated in Ensembl and NCBI. To annotate
the opossum OR, we used the nomenclature according to Glusman et al.
(2000) and Olender et al. (2020). This nomenclature states that the
names of the OR should start with a way to note species, the OR nota-
tion, a number for the family name, a letter for the subfamily, and a
number for the gene member. For example, the first gene in the
M. domestica OR family 14, subfamily C would be ModoOR14C]1 in the
M. domestica genome (version MonDom5, accession number
AAFR00000000.3). The OR14 loci within the opossum were
re-annotated using the “Modo” designation to signify M. domestica, A, C,
or I for the subfamily, and a number for the individual gene member
(Glusman et al., 2000; Olender et al., 2020; Silva et al., 2023).

The criteria for being in a family or subfamily is having >40% or
>60% nucleotide identity, respectively (Glusman et al., 2000). OR genes
were numbered based on their order along the chromosome, starting
with the most 5’ locus. For subfamily members found on different
chromosomes, the numerically lower chromosome was annotated first.
For instance, the ModoOR14A on chromosome 2 were numbered first,
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followed by the ModoOR14A on chromosome 4.

2.3. OR14 gene count

Representative OR14s from each human subfamily A, C, I, J, K, and
L, available from the HORDE database (Olender et al., 2013) were used
to search the genomes of 20 mammalian species in NCBI using BLASTn
(Altschul et al., 1990, Table 1). The genomes searched were platypus
(Ornithorhynchus anatinus, accession number PRJNA534073), echidna
(Tachyglossus aculeatus, accession number JADRJE000000000.1),
opossum (M. domestica, accession number AAFR00000000.3), Tasma-
nian devil (Sarcophilus harrisii, accession number
CACPPN000000000.1), wombat (Vombatus ursinus, accession number
UNPS00000000.2), koala (Phascolarctos cinereus, accession number
MSTS00000000.1), human (Homo sapiens, accession number
GCA_000001405.28), big brown bat (Eptesicus fuscus, accession number
ALEH00000000.1), black flying fox (Pteropus alecto, accession number
ALWS00000000.1), cat (Felis catus, accession number
AANG00000000.4), cow (Bos taurus, accession  number
NKLS00000000.2), dog (Canis lupus familiaris, accession number
JAAQRD000000000.1), Egyptian fruit bat (Rousettus aegyptiacus,
accession number GCA_001466805.2), giant panda (Ailuropoda mela-
noleuca, accession number LNAT00000000.2), greater horseshoe bat
(Rhinolophus ferrumequinum, accession number RXPC00000000.1),
hyrax (Procavia capensis, accession number PVIO00000000.2), large

Table 1
A total of all OR14s found within the genomes of several placental, marsupial
and monotreme species.

Species OR14
A C I J K L Total Total
OR14s ORs
Platypus® 34 0 0 0o 1 2 37 299°
Echidna® 40 0 6 1 7 10 64 693"
Opossum” 15 23 17 0 0 0 55 1327
Tasmanian 9 13 12 0 0 0 34 1090
Devil”
Common 18 8 8 0o 0 0 34 n.d.
Wombat”
Koala” 10 2 1 0 0 0 13 n.d.
Human 2 1 1 1 1 1 7 416
W) (438y)
Orangutan 2 1 2 1 1 o0 7 931¢
Rhesus 2 0 2 1 1 o0 6 733¢
Macaque
Mouse® 4 1 0 2 0 0 9 1,264¢
y) y)
Big Brown Bat 0 0 0 o 0 O 0 n.d.
Black Flying 0 0 0 o 0 O 0 n.d
Fox
Egyptian Fruit 0 0 0 o 0 O 0 n.d.
Bat
Greater 0 0 0 0 0 0 0 n.d.
Horseshoe
Bat
Large Flying 0 0 0 0 0 O 0 672¢
Fox
Little Brown 0 0 0 0 0 o0 0 659°
Bat
Vesper bat 0 0 0 0o o0 0 0 n.d.
Cat 5 1 0 1 2 0 9 850"
Dog 0 1 1 1 0 0 3 1,044¢
Cow 0 0 0 2 0 0 2 2,381¢
Giant Panda 1 0 1 1 1 0 4 n.d.
Hyrax 0 0 0 1 0 o0 1 678¢

OR14 counts taken from NCBI.
The marsupials are highlighted in orange.
# The duckbill platypus and the echidna are highlighted in yellow.
b Total counts taken from Zhou et al., 2021).
4 Total counts taken from Hayden et al. (2010).
¢ Mouse equivalent determined by nucleotide percent identity.
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flying fox (Pteropus vampyrus, accession number ABRP00000000.2),
little brown bat (Myotis lucifugus, accession number AAPE00000000.2),
mouse (Mus musculus, accession number GCA_000001635.9), Vesper bat
(Myotis davidii, accession number ALWT00000000.1), orangutan (Pongo
abelii, accession number NDHI00000000.3), and the Rhesus macaque
(Macaca mulatta, accession number QNVO00000000.2).

Total OR gene counts, in addition to OR14 counts for human,
opossum, and Tasmanian devil, were obtained using the genomes
available in NCBI (Supplementary Table 1). For all other species, the
total count was taken from published data (Table 1).

2.4. Phylogenetic analysis

A phylogenetic tree was constructed using nucleotide alignments
using Clustal W and performed using MEGAX, iTOL, and the neighbor-
joining method (Thompson et al., 1994; Tamura et al., 2004; Kumar
et al., 2018; Letunic and Bork, 2021). Bootstrap values were processed
using the maximum composite likelihood method (Felsenstein, 1981).
The OR14 used include all seven human OR14, and representative OR14
from opossum, Tasmanian devil, and platypus. Representative OR from
families 1, 2, 3, 4, 5, 6,7, 8,9, 51, and 52 were also used from human,
opossum, Tasmanian devil, and platypus. GenBank accession numbers of
the OR sequences used in the phylogeny are found in Supplementary
Table 2.

3. Results

yp T cells are a subset of T cells unique to marsupial and monotreme
mammals (Hansen and Miller, 2015). DE analysis of scRNASeq datasets
revealed an overabundance of OR transcripts in yp T cells relative to ap T
cells (Fig. 1). Specifically, transcripts encoding three unique OR are
abundant in the yp T cell transcriptomes (labeled in Fig. 1). These are
encoded by genes previously annotated as OR14C36-like in the opossum
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due to their relatedness to the human OR14C subfamily. Multiple
members of the same OR families and subfamilies in species outside of
humans and mice were often annotated with identical names based on
similarity to the single OR14 family member in the human genome. To
investigate specific transcription of OR genes in opossum immune cells,
it was necessary to first annotate the OR genes in the opossum genome,
which had not been done for any marsupial species. Since the OR
transcripts that are upregulated in yp T cells appeared to be related to
the OR14 family, which had previously been shown to be expanded in
marsupials, we focused specifically on this family for further analyses
(Warren et al., 2008; Olender et al., 2008).

There are 55 OR14 family gene copies in the opossum genome, and
they are found on chromosomes (chr) 2, 4, 5, and 8 (Fig. 2, Supple-
mentary Table 1). ModoOR14s distinctly cluster with the other OR14s
from placentals and monotremes when compared to other OR families
(Fig. 3). Following this reannotation of the ModoOR14, the expansion of
the OR14 loci in the genomes of marsupials and monotremes, relative to
placental mammals, was confirmed (Table 1; Fig. 3; Warren et al., 2008;
Olender et al., 2008). Indeed, the most species rich placental mamma-
lian lineage, the bats, lacked the OR14 family altogether (Table 1). All
the OR14 subfamilies that have been annotated in placental mammals
(A, G, 1, J, K, and L) are also represented in marsupials and monotremes
collectively (Table 1). However, marsupials only have subfamilies A, C,
and [, whereas monotremes have A, I, J, K, and L (Table 1). Amongst the
marsupials, the opossum has the greatest number of OR14 genes, and
amongst all mammals the echidna has the greatest number, so far.

The annotation of the ModoOR14 family members allowed for the
identification of those expressed in each cell type of the single-cell
datasets, which included splenocytes, peripheral blood mononuclear
cells (PBMCs), and thymocytes (Table 2). Since there were 23 Mod-
00R14C genes identified in the genome, each one was used to search the
single-cell transcriptomes to identify the individual ModoOR14C genes
present and the cell type transcribing them (Fig. 2). ModoOR14s were
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Fig. 2. Gene maps of all 55 M. domestica ModoOR14 genes. ModoOR14A1-ModoOR14A12 are found on chromosome 2 and ModoOR14A13-ModoOR14A15 are found
on chromosome 4 in green. ModoOR14C1-ModoOR14C22 are found on chromosome 4 and ModoOR14C23 is found on chromosome 8 in blue. ModoOR14I1-Mod-
00R14117 are found on chromosome 5 in purple. ModoOR14s were organized into family or subfamily based on having >40% or >60% nucleotide identity,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Olfactory receptor (OR) phylogeny. Representative OR from platypus (Oran), human (Hosa), Tasmanian devil (Saha), and opossum (Modo) were compared
via a phylogenetic tree. Phylogenetic tree was constructed using nucleotide alignment using Clustal W of above species OR. Analysis was constructed using neighbor-
joining method. Numbers on branches indicate bootstrap values on 1000 replicates and were processed using the maximum composite likelihood method. OR
families were separated by color with OR1 in light blue, OR2 in dark blue, OR3 in dark purple, OR4 in beige, OR5/8 in pink, OR6 in yellow, OR7 in light green, OR9
in orange, OR14 in light purple, OR51 in red, and OR52 in dark green. OR that did not follow familial phylogeny were kept white. Asterisk represents a possible
annotation error in OranOR1G1-like which may be an OR7. GenBank accession numbers of the OR sequences used in the tree are found in Supplementary Table 2.
Opossum genes included in the analysis represent the breadth of diversity within each OR subfamily. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

found to be transcribed in 61% of yp T cells in the spleen (Table 2,
Table 3). In comparison, ModoOR14 transcripts were found in only
~2.7% of ap T cells and 12.5% splenic y8 T cells (Table 2, Table 3). The
ModoOR14 were transcribed in other cell types both in the spleen, blood,
and thymus, though to a lesser extent than splenic yp T cells (Table 2,
Table 3). There was ectopic transcription of other OR loci but not to the

same extent as the ModoOR14 by splenic yp T cells (Table 2, Supple-
mentary Table 3).

The predominant ModoOR14 subfamily transcripts found in yu T cells
were of the ModoOR14C subfamily (Table 3). While most of the yp T cells
tended to transcribe only a single subfamily member, some yp T cells
expressed more than one ModoOR14C; although, in some instances, the
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Table 2
The scRNAseq tissue distribution of ModoOR14s compared to other ORs.
Tissue Cell Type
B cell T Total ap T cell v T cell yp T cell Other Total
Blood %97 2175 2A65 (1.2%) %0 % 3/209 (1.4%) 5/480
Spleen 1142 (0.7%) 33132 275 (2.7%) 18 (13%) 30/49 (61%) 4192 (2.1%) 38/466
Thymus % 162 14162 (0.62%) % % 1/302 (0.33%) 2/a64
Total OR14 1230 36/469 5/402 las 3049 84703 451,410
Total NonOR14 7/239 (2.9%) 29/469 (6.2%) 19402 (4.7%) 3418 (17%) 7/49 (14%) 79703 (11%) 1444 410
ORs
Table 3 immune system, such as T cells, although their function on immune cells
able

Number of yp T cells, af T cells yd T cells, B cells, and other cells ModoOR14s
were found on.

ModoOR14 Number Number Number Number Number
Subfamily of yp T of af T of y6 T of B cells of other
Member cells cells cells cells
c8 1 0 0 0 0
Cc9 19 1 0 0 0
C8/C9 2 0 0 0 0
C19 0 0 0 1 0
ModoOR14 8 1 0 0 0
Unk
No 19 400 18 238 703
ModoOR14
Total 49 402 18 239 703

ModoOR14C reads were too short to assign them to a subfamily member
(Table 3). There are two other subfamilies found in the opossum, Mod-
00R14A and ModoOR14I, however, neither was found transcribed in
splenocytes, peripheral blood cells, or thymocytes (Table 2, Table 3).

4. Discussion

In addition to the conventional af and y8 T cell lineages found in
nearly all jawed vertebrates, marsupials and monotreme mammals have
a third lineage which are the yp T cells (Rast et al., 1997; Parra et al.,
2007, 2008; Wang et al., 2011; Morrissey et al., 2021). This lineage of T
cells was likely found in the last common ancestor of mammals but lost
in the placental lineage (Parra et al., 2012a). The TCRp chain is distinct
by having a third extracellular V domain which is more related to
antibody V domains than to the V domains of the conventional TCR
chains (Parra et al., 2007, 2012a; Wang et al., 2011; Morrissey et al.,
2021). The role yp T cells play in the immune system of non-placental
mammals is not known, although single cell RNA sequencing is begin-
ning to reveal additional characteristics of this lineage. One of the more
curious findings, described herein, was increased transcription of OR
genes relative to the conventional T cells.

OR are a subset of G-protein coupled receptors (GPCR) discovered by
their expression by olfactory neurons (Buck and Axel, 1991). Each
neuron expresses a single OR in a clonal fashion (Buck and Axel, 1991).
When ligands, such as small odorant molecules, bind they signal the
olfactory bulb in the brain, triggering the sense of smell (Buck and Axel,
1991). OR are encoded by large, multi-gene families that have evolved
by the process of duplication and deletion, also known as the gene
birth-and-death model, like many other large multi-gene families (Nii-
mura & Nei, 2005, 2007). This has resulted in OR genes demonstrating
varying degrees of relatedness that allows them to be grouped into
families and subfamilies, often with trans-specific relationships (Glus-
man et al., 2000; Olender et al., 2020). For example, there are ~1000
total OR genes in the human genome, and these can be grouped into 18
families based on sequence relatedness, and all 18 of these families can
be identified in gorillas, and all but one can be identified in cows (Buck
and Axel, 1991; Hayden et al., 2010).

Ectopic transcription of OR loci has been found in cells of the

is a matter of debate. One school of thought is that OR ectopic expression
is selectively neutral, perhaps even random, and due to leaky tran-
scription in areas of open chromatin (Feldmesser et al., 2006). This
seems unlikely in the case of OR14 in the opossum, however, given the
apparent targeted transcription of this family by yp T cells. Furthermore,
OR have been shown to mediate chemotaxis of T cells in other species
(Clark et al., 2016). This may not be surprising given that chemokine
receptors, that bind endogenous ligands, are also GPCR (Nomiyama
et al., 2011). Attraction to odorants from microbes may play a role in
immune cell chemotaxis via exogenous signals. Indeed, in some cases,
the stimulation by the OR ligand was able to override chemokine signals
(Clark et al., 2016).

Analyses of the OR transcripts found in yp T cells revealed they were
related to the OR14 family, which was discovered with the annotation of
the platypus genome (Warren et al., 2008). OR14 were originally clas-
sified as being part of the human OR5 family, however, they were later
recognized as being a distinct family (Warren et al., 2008; Olender et al.,
2008, 2013; Zhou et al., 2021). The OR14 family is also present in
marsupial, placental mammal, and avian genomes and is, therefore,
ancient in amniotes and was present prior to the divergence of the three
mammalian lineages starting ~180 million years ago (Olender et al.,
2008, 2013; Khan et al., 2015; Bininda-Emonds et al., 2007).

Each of the three extant mammalian lineages appear to have fol-
lowed different genomic trajectories with regards to the complexity and
diversity of OR14 genes. Monotremes have a large complexity of OR14
genes and an increased number of OR14 gene subfamilies. Marsupials
have a comparatively greater complexity of OR14 genes compared to
both monotremes and placentals but fewer subfamilies overall. Placental
mammals have substantially fewer OR14 genes but have retained more
subfamilies, collectively.

The difference in OR14 gene number between placental mammals on
one hand, and marsupials and monotremes on the other, begs the
question of the genomic content of the last common ancestor. Insights
drawn from avian genomes is consistent with a larger complexity of
OR14 genes being the ancestral state in amniotes. For example, 428 of
674 (64%) of chicken OR genes are OR14 and 552 of 688 (80%) of zebra
finch OR genes are OR14 family (Khan et al., 2015). These observations
are consistent with a high complexity of OR14 genes in the genomes of
early amniotes being the norm and likely present in the last common
mammalian ancestor. This complexity was retained in both monotremes
and marsupials but lost in the placental lineage, following the latter’s
divergence from the marsupials ~160 million years ago (Table 1;
Bininda-Emonds et al., 2007).

The expansion and contraction of OR gene complexity and diversity
are thought to reflect different ecological adaptations over millions of
years (Hayden et al., 2010). It is possible such adaptation has influenced
why marsupials and monotremes have retained larger numbers of the
OR14 family while being lost in the placental mammals. However,
during the evolution of vertebrate immune systems there are many
intriguing correlations in concerted gene loss. Some cases appear more
easily explained. For example, cod and other Gadiform fishes have lost
both their Major Histocompatibility Class II (MHCII) and CD4 genes
(Star et al., 2011). The loss of one likely led to the loss of the other given
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the direct interaction between CD4 with MHCII proteins in vertebrate
immune systems. As stated earlier, the yp T cell lineage is uniquely
mammalian, was present in the last common ancestor of mammals, was
retained by marsupials and monotremes, but was lost in the placental
mammals (Parra et al., 2007; Wang et al., 2011; Morrissey et al., 2021).
In other words, the mammalian lineages that retained yp T cells also
retained larger numbers of OR14 genes in their genomes. This may be
coincidental, however, yp T cells are also the primary immune cells
ectopically expressing OR14 genes consistent with a possible
relationship.

Birds, which have large numbers of OR14 genes, lack yp T cells,
however they do have T cells with an atypical TCR. Both chickens and
zebra finches have y8 T cells that utilize TCRS chains containing V do-
mains more related to antibody heavy chain V than conventional V8,
called VHS (Parra et al., 2012b). VHS introgression in the TCRS locus
likely represents an ancestral step in the evolution of TCRp (Parra et al.,
2012a). Taken all together, there is an intriguing correlation between
the presence of yp T cells, and possibly other atypical T cell lineages, and
the presence of the expanded OR14 family, a correlation that deserves
further exploration of the role OR play in the biology of T cells.
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