
Vol.:(0123456789)1 3

Cell and Tissue Research (2023) 393:253–264 
https://doi.org/10.1007/s00441-023-03782-6

REGULAR ARTICLE

In situ hybridization analysis of olfactory receptor expression 
in the sea turtle olfactory organ

Shoko Nakamuta1 · Masanori Mori2 · Miho Ito2 · Masanori Kurita2 · Masao Miyazaki3 · Yoshio Yamamoto1 · 
Nobuaki Nakamuta1 

Received: 4 November 2022 / Accepted: 8 May 2023 / Published online: 2 June 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract
The olfactory organ of turtles consists of an upper chamber epithelium (UCE) with associated glands, and a lower chamber 
epithelium (LCE) devoid of glands. The UCE and LCE are referred to as the air-nose and the water-nose, respectively, 
because the UCE is thought to detect airborne odorants, while the LCE detects waterborne odorants. However, it is not clear 
how the two are used in the olfactory organ. Odorant receptors (ORs) are the major olfactory receptors in turtles; they are 
classified as class I and II ORs, distinguished by their primary structure. Class I ORs are suggested to be receptive to water-
soluble ligands and class II ORs to volatile ligands. This study analyzed the expression of class I and II ORs in hatchlings 
of the green sea turtle, Chelonia mydas, through in situ hybridization, to determine the localization of OR-expressing cells 
in the olfactory organ. Class I OR-expressing cells were distributed mainly in the LCE, implying that the LCE is receptive 
to waterborne odorants. Class II OR-expressing cells were distributed in both the UCE and LCE, implying that the entire 
olfactory organ is receptive to airborne odorants. The widespread expression of class II ORs may increase opportunities for 
sea turtles to sense airborne odorants.
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Introduction

Olfactory organs are used to collect information on diet, pred-
ators, and potential mates from the environment. The tetrapod 
olfactory organ consists of the olfactory epithelium and vome-
ronasal organ, which are separated from each other anatomi-
cally and functionally, and send axons to the main and acces-
sory olfactory bulbs, respectively (Taniguchi and Taniguchi  
2014). Mammals have two additional olfactory organs, which 
send axons to the main olfactory bulb: the septal organ of 

Masera (Rodolfo-Masera 1943) and the Grüneberg ganglion 
(Grüneberg 1973). The turtle olfactory organ comprises the 
upper chamber epithelium (UCE) and the lower chamber epi-
thelium (LCE), which send axons to the ventral and dorsal 
parts of the olfactory bulb, respectively. Although the two are 
clearly distinguished by the presence or absence of associated 
glands, they are only separated anatomically by non-sensory 
epithelium (Parsons 1970; Schwenk 2008).

Generally, the tetrapod olfactory epithelium is associated 
with glands (Taniguchi and Taniguchi 2014), which play 
important roles in detecting odorants by dissolving airborne 
odorants with their secretory products (Getchell and Getchell 
1992). In the olfactory organ of the African clawed frog, Xeno-
pus laevis, the olfactory epithelium lining the principal cham-
ber is associated with glands and detects airborne odorants, 
while the middle chamber epithelium, i.e., the olfactory epithe-
lium lining the middle chamber, is devoid of associated glands 
and detects waterborne odorants (Altner 1962). In the turtle 
olfactory organ, the UCE is associated with glands, whereas 
the LCE is not. Therefore, the UCE and LCE are thought to 
detect airborne and waterborne odorants, respectively (Eisthen 
and Polese 2007; Schwenk 2008).
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Vertebrate olfaction is mediated by several families 
of G protein-coupled receptors (GPCRs), collectively 
referred to as the olfactory receptors, and by non-GPCRs, 
which are membrane-spanning 4A (MS4A) proteins (Buck 
and Axel 1991; Dulac and Axel 1995; Fülle et al. 1995; 
Greer et al. 2016; Herrada and Dulac 1997; Matsunami 
and Buck 1997; Liberles and Buck 2006; Liberles et al. 
2009; Rivière et al. 2009). Examples of the former include 
the odorant receptors (ORs), vomeronasal type 1 (V1Rs) 
and 2 (V2Rs) receptors, trace amine-associated receptors 
(TAARs), and formyl peptide receptors (FPRs). ORs and 
TAARs are coexpressed with Gαolf, V1Rs are coexpressed 
with Gαi2, and V2Rs are coexpressed with Gαo. FPRs 
are coexpressed with Gαi2 or Gαo, but they have been 
demonstrated only in rodents. The expression of Gαolf 
and Gαo in the turtle olfactory organ implies that most 
olfactory receptor neurons (ORNs) in the UCE and LCE 
express either ORs or TAARs and V2Rs (Wakabayashi 
and Ichikawa 2008; Nakamuta et al. 2016a). However, a 
recent study of the olfactory organs of freshwater turtles 
implied that only a small population of ORNs express 
vomeronasal receptors, while the majority express ORs 
(Abdali et al. 2020).

Vertebrate OR genes have been categorized into seven 
groups, designated group α to group η. Genes belonging 
to groups α and γ are found exclusively in tetrapods, those 
belonging to group β are found in both tetrapods and teleosts, 
and those belonging to groups δ, ε, ζ, and η are found only 
in teleosts and amphibians (Niimura and Nei 2005; Niimura 
2012). These observations indicate that ORs belonging to 
groups α and γ detect airborne odorants, those belonging 
to groups δ, ε, ζ, and η detect water-soluble odorants, and 
those belonging to group β may detect odorants that are 
both water-soluble and volatile. Meanwhile, the tetrapod 
OR genes are also grouped into class I ORs corresponding 
to groups α and β, and class II ORs corresponding to group 
γ (Glusman et al. 2000; Zhang and Firestein 2002; Niimura 
and Nei 2005). In the X. laevis olfactory organ, class I ORs 
are expressed in the middle chamber epithelium, while class 
II ORs are expressed in the olfactory epithelium lining the 
principval chamber. As the middle chamber epithelium 
detects waterborne odorants and the olfactory epithelium 

lining the principal chamber detects airborne odorants, it 
has been suggested that class I ORs detect water-soluble 
odorants while class II ORs detect volatile odorants (Freitag 
et al. 1995, 1998). It has also been shown that ligands for 
class I and class II ORs in mammals tend to be hydrophilic 
and hydrophobic, respectively (Mezler et al. 2001). In all, 
254 OR genes have been identified in the green sea turtle, 
and they consist of 158 genes belonging to group α, 1 gene 
belonging to group β, and 95 genes belonging to group γ 
(Wang et al. 2013). Therefore, green sea turtle ORs can be 
classified into 159 class I ORs and 95 class II ORs, but their 
sites of expression are not yet known.

In this study, we clarified the spatial distribution of cells 
expressing olfactory receptors in the olfactory organ of the 
green sea turtle, Chelonia mydas, through in situ hybridi-
zation. Hybridization signals showed a scattered distribu-
tion characteristic of olfactory receptor genes, suggesting 
that individual genes are expressed by sparsely distributed 
ORNs. Notably, genes encoding class II ORs, which have 
been suggested to detect volatile odorants, were found within 
both the UCE and LCE. There are nearly 300 turtle species 
worldwide. Although most are semi-aquatic, they inhabit 
environments ranging from terrestrial to fully aquatic. Sea 
turtles, which spend most of their life under water and do 
not go onto land except to lay eggs, are known to detect both 
waterborne odorants (Constantino and Salmon 2003; Piovano  
et al. 2004) and airborne odorants (Endres et al. 2009; Endres 
and Lohmann 2012). The broad expression of class II ORs 
demonstrated in this study implies the detection of airborne 
odorants by the entire olfactory organ and may increase 
opportunities for sea turtles to sense airborne odorants.

Materials and methods

The following experiments were approved by the Animal 
Ethics Committee of Iwate University and performed in 
accordance with the Guide for the Care and Use of Experi-
mental Animals of Iwate University (approval no. A202143). 
Eggs were provided by the Port of Nagoya Public Aquarium 
(Aichi, Japan) and incubated at 29 °C, at which temperature 
both female and male hatchlings were expected to hatch 

Table 1  Primers

Name Target gene GenBank accession number Forward primer (5’-3’) Reverse primer (5’-3’) Length

CMY23 OMP XM_037884963 AGC TTG AGT TCC CCT TCG TC CTA CGG AGC ACT TGA GGT GG 447 bp
CMY06 Gαolf XM_037892876 CAG AAG CGG GAG TAC AAG CA TAG CTG CTA CAG GCC ACA AC 617 bp
CMY04 CNGA2 XM_037908850 ATC CTG CTG GGG ACT GGT AT ATC TTG GCC TGG AAC TCT GC 766 bp
CMY05 TRPC2 XM_037911942 CGG GTT GGC AAA ATG CTG AA TGG CGT GGG AAC GAT GTT AA 933 bp
CMY09 V1R XM_007059608 GCA GCA CCC ACC TGA CTT AT AAT CAC CAG TGG GCT GAT GG 428 bp
CMY10 V1R XM_007067150 ACA CTT ACC ACA CGC TGA GG TCC ATA GAC ACC GCT GAG GA 572 bp
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(Morreale et al. 1982). Hatchlings (n = 10) were anesthe-
tized with 0.2% tricaine methanesulfonate (MS-222) and 
decapitated. Subsequently, the olfactory organs were dis-
sected out, fixed with 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4), and decalcified in 10% ethylenedi-
amine tetraacetic acid (EDTA) in 0.1 M phosphate buffer. 
After washing, the specimens were cryoprotected by passage 
through a sucrose gradient (10%, 20%, and 30%), embed-
ded in OCT compound (Sakura Finetek, Tokyo, Japan), and 
frozen at −20 °C. Several sections were stained with hema-
toxylin and eosin for histological observation.

Cryosections 20 μm thick were thaw-mounted onto glass 
slides and subjected to in situ hybridization using digoxigenin 

(DIG)-labeled RNA probes. DNA fragments of olfactory 
marker protein (OMP), alpha subunit of olfactory neuron- 
specific G protein (Gαolf), cyclic nucleotide gated channel alpha 
2 (CNGA2), transient receptor potential channel C2 (TRPC2),  
and V1Rs were amplified from olfactory organ cDNA with 
the primer pairs listed in Table 1. OMP encodes a cytoplas-
mic protein that marks mature ORNs in the olfactory organ of 
many vertebrate species, and has been suggested to have mul-
tiple functions, including roles in signal transduction, axon tar-
geting, and behavior (Dibattista et al. 2021). CNGA2 encodes 
a cation channel subunit and is a marker of OR-expressing 
cells (Brunet et al. 1996). TRPC2 encodes an element of the 
signal transduction cascade and is a marker of vomeronasal 

Fig. 1  Phylogenetic tree of odorant receptors (ORs) in green sea turtle 
constructed using the Neighbor-Joining method. Vomeronasal type 1 
receptors are also added as outgroup. The ORs are classified into class I 

(blue) and II (red) ORs according to their primary structure. Five class 
I and five class II ORs were chosen as representatives of 159 class I and 
95 class II ORs, respectively
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receptor-expressing cells (Liman et al. 1999). Five class I ORs, 
namely CMY16, CMY17, CMY18, CMY19, and CMY20, and 
five class II ORs, namely CMY11, CMY12, CMY14, CMY15, 
and CMY22, were chosen as representatives of the 159 class I 
and 95 class II ORs, respectively, according to their positions 
in the phylogenetic tree (Fig. 1, Table 2). Protein sequences 
used for phylogenetic analyses were obtained from Wang et al. 
(2013). Sequence alignments were performed using Clustal W 
in MEGA 7 (Kumar et al. 2016). Then detailed phylogenetic 
analyses were conducted based on the multiple sequence align-
ments using the neighbor-joining method in MEGA 7 with 500 
bootstrap replicates. Vomeronasal type 1 receptor was also 
added as an outgroup. All DNA fragments were cloned into the 
pCRII TOPO vector (ThermoFisher Scientific, Waltham, MA, 
USA), and confirmed by sequencing. DIG-labeled probes were 
synthesized using SP6/T7 DIG RNA labeling kits (Sigma-
Aldrich, St. Louis, MO, USA). Section pretreatment, probe 
hybridization, post-hybridization washing, and signal detection 
were performed using in situ hybridization reagents (ISHR; 
Nippon Gene, Tokyo, Japan) in accordance with the manu-
facturer’s protocol, as described previously (Nakamuta et al. 
2023). Briefly, hybridization was performed overnight at 55 °C 
using ISHR7 hybridization buffer (Nippon Gene). Anti-DIG 
antibody coupled to alkaline phosphatase, 4-nitroblue tetra-
zolium chloride, and 5-bromo-4-chloro-3-indolyl-phosphate 
were used for signal detection (all from Roche Diagnostics, 
Basel, Switzerland). Negative control experiments using sense 
probes yielded no specific signals.

Results

In general, the turtle nasal cavity is divided into upper 
and lower chambers. However, since the lower chamber is 
further subdivided into anterodorsal (AD), anteroventral 
(AV), and posteroventral (PV) regions, the upper cham-
ber is referred to as the posterodorsal (PD) region in sea 
turtles (Fig. 2a-c). As reported by Saito et al. (2000) and 

Kondoh et al. (2019), the AD, AV, and PV regions of the 
nasal cavity were lined by the LCE, a sensory epithelium 
devoid of associated glands, while the PD region was lined 

Table 2  Primers for odorant receptors

Name OR Class Gene name Forward primer (5’-3’) Reverse primer (5’-3’) Length

CMY16 Class I ChmyOR_s891_34843_35808+ CCA TTC TGC CAG TCC CAT GT TTC GGA ACA GGA GAA GCA CC 427 bp
CMY17 Class I ChmyOR_s891_121551_122522- CTC CAT CCC TTT CTG CGT GT TCC ACC ACA GTG TTC TGA GC 848 bp
CMY18 Class I ChmyOR_s891_53070_54038+ CCC ACT TCT GGA TCG CCT TT GCA CGT CAA GGG GGT AAT CA 416 bp
CMY19 Class I ChmyOR_s973_40781_41713+ CCA TCC CCT TCT GCA CCA TT GCT CAC CCC GTA GAT GAT GG 803 bp
CMY20 Class I ChmyOR_s1060_222088_223026+ CGC TCA CAG ACA TTG CCA TG CAG GGC AAT GAG TGT CAG GT 449 bp
CMY11 Class II ChmyOR_s805_134056_135054- TCC TTC GTG GAC CTC TGC TA GAA GTC AGC GTG GTC AGG AA 452 bp
CMY12 Class II ChmyOR_s1046_29463_30392- CAA CCT GTG CAT TGT GTG GG ATG TAG GTG GCC AGT TCA GC 480 bp
CMY14 Class II ChmyOR_s625_415401_416342- TCA TCA GCA ACG CCT CCA TT TGT GAT GAG GGC GTA GGA GA 548 bp
CMY15 Class II ChmyOR_s558_827214_828164+ AGC CAC CAA TGA GAC ATG GG AAG TCG CAG AAG AGG TGC TC 537 bp
CMY22 Class II ChmyOR_s806_97705_98643- CCA CCG AAT GCT TCC TCC TT ATG AGG TGA GAG GAG CAG GT 412 bp

Fig. 2  Gross anatomical and histological characterization in the olfac-
tory organ of sea turtle. a  Lateral, b  dorsal, and c  ventral views  
of the olfactory organ. The nasal cavity of sea turtle is divided into 
the anterodorsal (AD), anteroventral (AV), posteroventral (PV), and 
posterodorsal (PD) regions. d–g Hematoxylin and eosin-stained sec-
tions. The PD region of the nasal cavity is lined by the upper chamber 
epithelium (UCE), whereas the AD, AV, and PV regions of the nasal 
cavity are lined by the lower chamber epithelium (LCE). The UCE 
and LCE are distinguished from each other by the presence of asso-
ciated glands (arrows) in the UCE and absence of them in the LCE. 
Asterisks indicate non-sensory epithelium on the medial and lateral 
walls of nasal cavity. Scale bars: a–c 2 mm, d–g 500 µm
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by the UCE, a sensory epithelium associated with glands 
(Figs. 2d-g, S1). Nuclei of the supporting cells, ORNs, and 
basal cells were situated in the apical, middle, and basal 
layers of each epithelium, and the UCE and LCE could be 
readily distinguished from non-sensory epithelium.

OMP was expressed by cells broadly distributed in the 
middle layers of both the UCE and LCE (Fig. 3), indicat-
ing the presence of ORNs in each of the four nasal cavity 
regions. In both the UCE and LCE, probes for Gαolf and 
CNGA2 showed ubiquitous labeling, extending throughout 
the sensory epithelia defined by OMP expression (Figs. 4 
and 5). These observations imply the expression of ORs 
by most ORNs in the UCE and LCE. In contrast, TRPC2 
was expressed by a small subset of ORNs within both the 
UCE and LCE (Fig. 6, Supplementary Fig. S2), implying 

the expression of vomeronasal receptors by a small popu-
lation of ORNs. These observations also imply that cells 
expressing vomeronasal receptors are intermingled with 
those expressing ORs in the sea turtle olfactory organ.

Cells expressing class I ORs were abundant in the 
LCE and rare in the UCE. For instance, among 551 cells 
labeled for CMY16 in 14 sections, 6 were found in the 
UCE and 545 were found in the LCE (Figs. 7, S3). Simi-
lar results were obtained for CMY17, CMY18, CMY19, 
and CMY20 (Supplementary Figs. S4–S7). Conversely, 
class II ORs were predominantly expressed in the UCE. 
For instance, among 297 cells labeled for CMY11 in 14 
sections, 293 were found in the UCE and 4 in the LCE 

Fig. 3  In situ hybridization analysis for the expression of the gene 
encoding OMP, a marker for olfactory receptor neurons, in the olfac-
tory organ of sea turtle. a  anterior and b  posterior regions of the 
olfactory organ. a’, a” and b’, b” are higher magnification views of 
(a, b). See extensive expression of OMP mRNA. AD, anterodorsal; 
AV, anteroventral; PD, posterodorsal; and PV, posteroventral regions 
of the nasal cavity. Scale bars: a, b 1 mm, a’, b’, a”, b” 250 µm

Fig. 4  In situ hybridization analysis for the expression of the gene 
encoding Gαolf, an alpha subunit of G-protein co-expressed with 
odorant receptors, in the olfactory organ of sea turtle. a  anterior and 
b posterior regions of the olfactory organ. a’, a” and b’, b” are higher 
magnification views of (a, b). See extensive expression of Gαolf 
mRNA. AD, anterodorsal; AV, anteroventral; PD, posterodorsal; and 
PV, posteroventral regions of the nasal cavity. Scale bars: a, b 1 mm, a’, 
b’, a”, b” 100 µm
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(Figs. 8, S8). Similar results were obtained for CMY15 
and CMY22 (Supplementary Figs. S9, S10). However, 
signals for some class II ORs were detected in both the 
UCE and LCE. For instance, among 382 cells labeled for 
CMY12 in 14 sections, 128 were found in the UCE and 
254 in the LCE (Fig. 9, Supplementary Fig. S11). Simi-
larly, among 112 cells labeled for CMY14 in 13 sections, 
95 were found in the UCE and 17 in the LCE (Supplemen-
tary Fig. S12). Cells expressing V1R were distributed in 
both the UCE and LCE (Figs. 10, S13), as expected from 
TRPC2 expression.

Discussion

Previous studies distinguished two types of sensory epi-
thelia in the nasal cavity of the sea turtle: the UCE, asso-
ciated with glands and lining the dorsally situated “olfac-
tory region” of Parsons; and the LCE, devoid of glands 
and lining the ventrally situated “intermediate region” of 
Parsons (Parsons 1970; Saito et al. 2000). The UCE con-
tains ciliated ORNs, while the LCE contains microvillous 
ORNs. However, the presence of a third type of epithelium 

Fig. 5  In situ hybridization analysis for the expression of the gene 
encoding CNGA2, a marker for cells expressing odorant receptors, in 
the olfactory organ of sea turtle. a  anterior and b  posterior regions 
of the olfactory organ. a’, a”  and b’, b”  are higher magnification 
views of (a, b). See extensive expression of CNGA2 mRNA. AD,  
anterodorsal; AV, anteroventral; PD, posterodorsal; and PV, poster-
oventral regions of the nasal cavity. Scale bars: a, b  1 mm, a’, b’,  
a”, b” 100 µm

Fig. 6  In situ hybridization analysis for the expression of the gene 
encoding TRPC2, a marker for cells expressing vomeronasal recep-
tors, in the olfactory organ of sea turtle. a  anterior and b  posterior 
regions of the olfactory organ. a’, a”  and b’, b”  are higher magnifi-
cation views of (a, b). See sparse expression of TRPC2 mRNA. Sig-
nals are shown as blue circles in (a, b), or pointed by arrows in (a’, b’, 
a”, b”). AD, anterodorsal; AV, anteroventral; PD, posterodorsal; and 
PV, posteroventral regions of the nasal cavity. Scale bars: a, b 1 mm,  
a’, b’, a”, b” 250 µm
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lining the posteroventral region of the nasal cavity, lack-
ing associated glands, and containing microvillous ORNs 
has been proposed (Kondoh et al. 2019). The present study 
was performed to determine possible functional differences 
among these sensory epithelia by examining the expression 
of olfactory receptor genes.

This study clarified the distribution of cells expressing 
olfactory receptors in the sea turtle olfactory organ, and 
the results implied functional diversification of the UCE 
lining the PD region of the nasal cavity and LCE lining the 
AD, AV, and PV regions. Class I ORs, which have been 

suggested to detect water-soluble ligands, were expressed 
mainly in the LCE, implying that the LCE is receptive to 
waterborne odorants. Our results are consistent with the 
findings of other studies suggesting that the turtle olfactory 
organ detects waterborne odorants with the LCE, which 
does not have associated glands (Eisthen and Polese 2007; 
Schwenk 2008). They are also consistent with a simulation 
using a silicon-mold model, which showed that water flows 
readily into the AD, AV, and PV regions of the nasal cav-
ity, while little enters the PD region, which remains filled 
with air while underwater (Kondoh et al. 2019). Therefore, 
the sea turtle olfactory organ likely detects waterborne 
odorants via the LCE lining the AD, AV, and PV regions 
of the nasal cavity.

Unlike class I ORs, class II ORs were expressed chiefly 
in the UCE. More importantly, some class II ORs were 
expressed in both the UCE and LCE. These observations 
indicate that the UCE and LCE are not completely sepa-
rated from each other with respect to their functions. The 
expression of class II ORs, which have been suggested to 
detect volatile ligands, implies the detection of airborne 
odorants. Therefore, the LCE, as well as the UCE, may 
participate in the detection of airborne odorants. Indeed, 
sea turtles can expel water from the entire nasal cavity 
before respiration. Consequently, the entire olfactory organ 
of sea-turtle is supposed to contact with air when the nasal 
cavity serves as a pathway for air. In addition, the angle of 
the olfactory organ relative to the water surface changes 
as the sea turtle swims upward and downward. Therefore, 
given that class II ORs are widely expressed, the olfactory 
organs can detect airborne odorants at any angle, which 
would increase the chances that sea turtles could detect 
airborne odorants.

Signals were detected for one of the two V1Rs, but not for 
the other, in the sea turtle olfactory organ (Supplementary 
Fig. S14). Of course, we cannot exclude the possibility of 
the expression of the V1R that was not detected in this study. 
Meanwhile, V2R expression was not examined in the pre-
sent study, as the only known V2R in the sea turtle genome 
is a pseudogene (Wang et al. 2013). However, the V1R was 
expressed by only a small population of ORNs, and TRPC2 
showed more numerous signals than V1R. Therefore, 
unknown olfactory receptors, including other V1Rs or V2Rs, 
may be coexpressed with TRPC2. The population of cells 
expressing unknown V1Rs/V2Rs in the sea turtle olfactory 
organ is assumed to be small, considering the small popula-
tion of ORNs expressing TRPC2 in the present study. Gαo 
is a marker of cells expressing V2Rs (Berghard and Buck 
1996) and is expressed by most ORNs in both the UCE 
and LCE of the turtle olfactory organ (Wakabayashi and 

Fig. 7  In situ hybridization analysis for the expression of the gene 
encoding class I OR (CMY16) in the olfactory organ of sea turtle.  
a  anterior and b  posterior regions of the olfactory organ. a’, a”   
and b’, b”  are higher magnification views of (a, b). See expression 
of class I OR mRNA in the LCE. Signals are shown as blue circles 
in (a, b), or pointed by arrows in (a’, b’, a”, b”). AD, anterodorsal; 
AV, anteroventral; PD, posterodorsal; and PV, posteroventral regions 
of the nasal cavity. Scale bars: a, b 1 mm, a’, b’, a”, b” 100 µm
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Fig. 8  Spatial distribution of cells expressing class II OR (CMY11) 
in the olfactory organ of sea turtle. See expression of class II OR 
mRNA in the UCE. Fourteen sections were picked up at intervals of  
200 µm and arranged from a  anterior to n  posterior end of nasal  

cavity. Signals (293 in UCE, 4 in LCE) are shown as blue circles. 
AD, anterodorsal; AV, anteroventral; PD, posterodorsal; and PV, pos-
teroventral regions of the nasal cavity. Scale bar: 1 mm



261Cell and Tissue Research (2023) 393:253–264 

1 3

Fig. 9  Spatial distribution of cells expressing class II OR (CMY12) in 
the olfactory organ of sea turtle. See expression of class II OR mRNA 
in the UCE and LCE. Fourteen sections were picked up at intervals of  
200 µm and arranged from a  anterior to n  posterior end of nasal  

cavity. Signals (128 in UCE, 254 in LCE) are shown as blue circles. 
AD, anterodorsal; AV, anteroventral; PD, posterodorsal; and PV, pos-
teroventral regions of the nasal cavity. Scale bar: 1 mm
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Ichikawa 2008; Nakamuta et al. 2016b). This implies that 
V2Rs are expressed by most ORNs constituting the organ. 
However, we recently demonstrated that only a small popu-
lation of ORNs express vomeronasal receptor genes and 
TRPC2 in the olfactory organ of freshwater turtles, includ-
ing red-eared sliders and soft-shelled turtles (Abdali et al. 

2020). Therefore, it is unlikely that Gαo is always coex-
pressed with V2Rs, although we observed Gαo expression 
in most ORNs (data not shown).

The results of the present study indicate that ORs are 
expressed by most ORNs in the sea turtle olfactory organ. 
The expression of ORs by most ORNs has also been sug-
gested in other turtles based on the expression of Gαolf 
(Wakabayashi and Ichikawa 2008; Nakamuta et al. 2016a; 
Nakamuta et al. 2016b) and CNGA2 (Abdali et al. 2020). 
Such olfactory receptor expression resembles that in the 
olfactory epithelium of mammals, in which most ORNs 
express ORs and only a small population express vomero-
nasal receptors (Wakabayashi et al. 2007). Therefore, both 
the UCE and LCE of the turtle olfactory organ can be con-
sidered olfactory epithelia based on the expression of olfac-
tory receptors. This is in marked contrast to the situation 
in other reptiles, such as snakes, which have many V2Rs 
and most ORNs in the vomeronasal organ express V2Rs 
(Brykezynska et al. 2013). The UCE and LCE are referred to 
as the olfactory epithelium and vomeronasal organ in turtles, 
based on the fine structure of the ORNs. In many turtles, the 
UCE contains ciliated ORNs and the LCE contains micro-
villous ORNs (Graziadei and Tucker 1970; Hatanaka et al. 
1982; Saito et al. 2000; Wakabayashi and Ichikawa 2008;  
Nakamuta et al. 2016a; Nakamuta et al. 2016b), whereas the 
olfactory epithelium contains ciliated ORNs and the vome-
ronasal organ contains microvillous ORNs in mammals. 
Therefore, the turtle olfactory organ is unique from other 
vertebrates, in that it contains microvillous ORNs express-
ing ORs. So far, there is no evidence that ORs are expressed 
in microvillous ORNs in fish or amphibians (Eisthen   
2004; Hansen et al. 2003, 2004; Nakada et al. 2014; Sato 
et al. 2005). Even in the olfactory epithelium of fish, where 
both ciliated and microvillous ORNs are distributed, it 
has been suggested that ORs are expressed in the ciliated 
ORNs and vomeronasal receptors in the microvillous ORNs. 
Meanwhile, not only in the olfactory organ of soft-shelled 
turtles, where microvillous ORNs are not found, but also 
in the olfactory organ of red-eared sliders, where microvil-
lous ORNs are contained in the LCE, it has been suggested 
that most ORNs express ORs and limited number of ORNs 
express the genes encoding vomeronasal receptors (Abdali 
et al. 2020). Thus, the olfactory organ of turtle is of interest 
for studies of the relations between the expression of olfac-
tory receptors and the fine structure of ORNs.

Fig. 10  In situ hybridization analysis for the expression of the gene 
encoding V1R (CMY09) in the olfactory organ of sea turtle. a ante-
rior and b  posterior regions of the olfactory organ. a’, a”  and b’, 
b” are higher magnification views of (a, b). See sparse expression of 
V1R mRNA. Signals are shown as blue circles in (a, b), or pointed by 
arrows in (a’, b’, a”). AD, anterodorsal; AV, anteroventral; PD, pos-
terodorsal; and PV, posteroventral regions of the nasal cavity. Scale 
bars: a, b 1 mm, a’, b’, a” 100 µm, b” 200 µm
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