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SUMMARY

Chemoreception through olfaction regulates essential fish behaviors, including reproduction. Fish olfactory 

receptor repertoire comprises four multigene families (olfactory receptors class C (OlfC), odorant receptor 

(OR), olfactory receptors class A (ORA), and trace amine-associated receptors (TAAR)), whose diversity 

strongly shapes species-specific olfactory capabilities. Here, we characterized the olfactory repertoire of 

the flatfish Solea senegalensis using a comparative orthology-based approach across eight fish species. 

We identified 455 olfactory receptor genes in S. senegalensis, including prominent expansions of the OlfC 

and TAAR families, representing the largest olfactory receptor repertoire among the species analyzed. Tran

scriptomic data supported the functional activity of 426 genes of the total repertoire, detected as expressed 

in the olfactory organ. Phylogenetic and synteny analyses revealed conserved genomic organization primar

ily among flatfish and lineage-specific expansions associated with clustered paralogs across multiple chro

mosomes in S. senegalensis. These findings highlight the expanded olfactory receptor repertoire in 

S. senegalensis, emerging as a promising model for studying chemoreception and addressing the reproduc

tive-related challenges in aquaculture.

INTRODUCTION

Environmental perception modulates fish behavior, which is 

fundamental for biological functions, such as feeding, reproduc

tion or migration.1–5 As a result, fish possess a highly developed 

olfactory system, with some species exhibiting expanded and 

specialized olfactory capabilities that enhance their ability to 

detect chemical cues in the aquatic environment.6–8 Fish chemo

sensory detection through smell takes place at the olfactory or

gans, where each olfactory neuron expresses a single olfactory 

receptor belonging to one of four multigene families: olfactory re

ceptors class C (OlfC/V2R in mammals), odorant receptors 

(ORs), olfactory receptors class A (ORA/V1R in mammals), and 

trace amine-associated receptors (TAARs).9–13

The olfactory receptor gene repertoire shows large variation 

across vertebrate taxa, largely shaped by ecological adapta

tions.13–16 This diversity is primarily driven by rapid gene gain 

and loss events.17,18 However, the four olfactory receptor families 

in fish show distinct evolutionary dynamics.12,13 Particularly within 

teleosts, the ORA family is small and evolutionarily stable, 

comprising around six genes.19,20 On the contrary, the evolution 

of the OlfC, OR and TAAR families has experienced dramatic 

changes in their olfactory repertoire, with both important expan

sion and contraction events.12,13,21,22 In vertebrates, the olfactory 

receptor gene repertoire is primarily organized in genomic clusters 

and has largely expanded through tandem gene duplication 

events.8,11,16,17,23,24 These gene clusters may be further shaped 

by chromosomal rearrangements, including translocations.7,25,26

The increase of reliable genomic resources in fish in the last 

decade has greatly facilitated the study of their olfactory reper

toire.13,27 A recent comprehensive phylogenetic analysis across 

185 Actinopterygii species has shown great variation in their ol

factory gene repertoire, ranging from 28 genes in a tetraodonti

form species to 1,317 genes in a polypteriform species.12 Actino

pterygii (ray-finned fish) constitute a large and diverse group 

within teleosts. Among them, the order Pleuronectiformes, 

commonly known as flatfish, comprises over 600 species and 

has undergone rapid evolutionary divergence.28 Pleuronecti

formes have successfully adapted to demersal habitats world

wide, characterized by limited light conditions and sediment- 

rich substrates, making olfaction an essential and specialized 

sensory organ for these species.29
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Within flatfish, Senegalese sole (Solea senegalensis) is an 

emerging European aquaculture species that faces a serious 

challenge related to the completion of its reproductive cycle in 

captivity.30,31 Reproductive issues have been hypothesized 

to stem from altered chemoreception abilities, potentially arising 

from differences at early life stages between captive rearing and 

natural environments.31–33 Despite its significance in the devel

opment of socio-sexual behaviors, knowledge of the genomic 

and functional basis of olfactory function in S. senegalensis re

mains limited. Recently, the full-length olfactory transcriptome 

of S. senegalensis has been characterized at the isoform level,34

which represents an essential resource to improve our knowl

edge of the olfactory gene receptor repertoire and delve into 

the potential reproductive failure of captive males.

In this study, a comparative genomic characterization of the ol

factory repertoire of four Pleuronectiform species (S. senegalensis, 

Cynoglossus semilaevis, Paralichthys olivaceus, and Scophthal

mus maximus) was carried out, including three other Teleostei 

with reliable genomic resources (Astyanax mexicanus, Danio rerio, 

and Oryzias latipes), and a basal Holostei outgroup (Lepisosteus 

oculatus) to understand the evolutionary and functional diversifica

tion of the S. senegalensis olfactory repertoire. S. senegalensis 

showed to be the species with the largest olfactory repertoire 

among those studied, conformed by large gene clusters and iso

lated genes distributed across the genome, originated through 

tandem gene duplications and translocation events. This informa

tion will contribute to future evolutionary and comparative analyses 

of olfactory systems in fish and vertebrates, with potential applica

tions for S. senegalensis aquaculture.

RESULTS

Olfactory gene receptor repertoire

The orthology analysis on the proteomes of the eight selected 

species retrieved the expected phylogeny (see Figure S1). 

Briefly, the four pleuronectiform species clustered together, 

and along with O. latipes formed the acanthopterygian cluster. 

The ostariophysians (A. mexicanus and D. rerio) appeared as a 

sister clade within teleost, and finally, the holostean L. oculatus 

was basal to teleost.28,35–37

In total, 95 olfactory-related orthogroups were identified 

(19 OlfC, 57 OR, 5 ORA, and 14 TAAR), comprising 1,868 genes 

across the eight species. The alignment of the CDS of the eight 

species against the olfactory receptor gene sequences by 

Policarpo et al.12 corroborated most of the olfactory receptor 

genes (1,447 genes, 77.5%) identified through our orthology 

analysis and allowed the retrieval of six additional olfactory- 

related orthogroups containing a total of 26 genes. Therefore, 

the final dataset included 101 olfactory-related orthogroups (19 

OlfC, 60 OR, 6 ORA, and 16 TAAR; see Table S1). Among these, 

19 orthogroups contained genes from the eight species, 

whereas 28 were species-specific, with D. rerio and 

L. oculatus exhibiting the highest representation of single-spe

cies orthogroups.

Altogether, the curated dataset of olfactory gene repertoires 

comprised 1,894 genes across the eight species, distributed 

as follows: 446 OlfC, 936 OR, 41 ORA, and 471 TAAR 

(see Table S1). Interestingly, S. senegalensis was the species 

with the largest olfactory gene repertoire, including 455 genes 

(195 OlfC, 125 OR, 6 ORA, and 129 TAAR; see Table S2), fol

lowed by D. rerio (426), A. mexicanus (241), and L. oculatus 

(218). The remaining three flatfish species presented between 

128 and 152 olfactory receptor genes (Figure 1).

Overall, the analysis substantially enriched the known olfac

tory gene repertoires of six of the eight species, except for 

A. mexicanus and L. oculatus, as well as improved the available 

olfactory gene repertoire resources of S. senegalensis, high

lighting a species with a large olfactory receptor repertoire 

(Table 1). Notably, all the 455 genes were protein-coding genes 

that included functional domains directly related to chemorecep

tion through olfaction.

S. senegalensis genome reannotation

In the S. senegalensis reference genome (GCA_919967415.2), 

190 out of the 455 genes comprising the species’ olfactory 

gene repertoire were annotated as olfactory receptors. Notably, 

our search of non-annotated genes against the SwissProt data

base resulted in 114,252 alignments. From these, a total of 3,597 

genes (3,581 single-hits, 16 multiple-hits) were reannotated, 

Figure 1. Stacked barplot of the number of olfactory receptor genes 

in each of the four families of the olfactory repertoires of Solea 

senegalensis, Cynoglossus semilaevis, Paralichthys olivaceus, 

Scophthalmus maximus, Oryzias latipes, Astyanax mexicanus, Da

nio rerio, and Lepisosteus oculatus

Table 1. Comparison of olfactory receptor repertoires across 

eight species between our study and a previous study by 

Policarpo et al.12

Olfactory Receptor Repertoire

Species This study Policarpo et al.12

S. senegalensis 455 190 (GCA_919967415.2)

C. semilaevis 146 122

P. olivaceus 132 80

S. maximus 128 87

O. latipes 152 151

A. mexicanus 241 245

D. rerio 426 335

L. oculatus 218 263

Solea senegalensis was not considered in the previous study, its reper

toire was compared with the reference genome annotations 

(GCA_919967415.2).
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Figure 2. Physical map of the Solea sene

galensis olfactory receptor genes within 

their respective chromosomes 

The name of the 12 chromosomes bearing olfac

tory genes is indicated at the top. The start and 

end coordinates of each chromosome are indi

cated, together with the start position of each 

gene (left side). The orthogroups for the different 

families are highlighted in different tones of red 

(OlfC), green (OR), blue (ORA), and pink (TAAR). In 

all cases, the orthogroup number is indicated. 

Genes in black are isolated within an orthogroup.
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representing 49.1% of the non-annotated Ensembl genes, 110 of 

them annotated as olfactory receptors. Moreover, this annota

tion categorized four genes as vomeronasal type 2 receptors 

(V2Rs), 5 as G protein-coupled receptors, 93 as calcium-sensing 

receptors, and four as taste receptors. The remaining 49 genes 

either lacked annotation or were associated with functions not 

directly related to olfaction (Table S2). All these genes were clas

sified as olfactory receptor genes considering their inclusion in 

olfactory-related orthogroups, sequence similarity based on 

BLAST searches against olfactory receptor gene sequences 

by Policarpo et al.,12 and functional annotations using the 

PANTHER database (https://www.pantherdb.org/) (Table S2).

S. senegalensis olfactory receptor genomic landscape

Overall, olfactory receptor genes tended to cluster at specific 

genomic regions in the S. senegalensis genome. The physical 

map revealed large expansions, with genes mostly distributed 

across 12 chromosomes and a few ones to unassembled 

scaffolds (Figure 2). Eleven major olfactory receptor gene clus

ters are mapped on seven chromosomes, comprising between 

11 and 109 tandemly arranged genes belonging to a single olfac

tory receptor family. Meanwhile, six minor clusters were distrib

uted across four chromosomes, and some single genes were 

scattered throughout the genome.

Orthology analysis showed that the OlfC and TAAR families 

contain the largest S. senegalensis gene expansions, 

comprising 113 and 62 paralogous genes, respectively. 

Notably, the orthogroup OlfC-OG1 also included orthologs 

from all other analyzed species, although the total gene count 

varied among taxa. In contrast, TAAR-OG1 showed no repre

sentation in the non-pleuronectiform species studied except 

for O. latipes, which also pertains to the superorder Acanthop

terigii. These observations suggest taxon and species-specific 

evolutionary trends. All S. senegalensis TAAR-OG1 genes, 

except one isolated gene on chromosome E, constituted a 

major cluster in chromosome A (Figure 3D). However, OlfC- 

OG1 appears to have undergone multiple tandem duplications 

and transposition or translocation events, reflected by the 

presence of two major clusters on chromosomes D and I, a 

minor cluster on chromosome M, and several single genes 

on other chromosomes (Figure 3A). The OR orthogroups 

were broadly distributed across four chromosomes, forming 

both major and minor clusters in chromosomes S, L, I, and 

A, along with some isolated genes (Figure 3B). Conversely, 

all ORA genes were confined to chromosome L, supporting 

the evolutionary stability of this family (Figure 3C).

Olfactory receptor genes’ syntenic relationships across 

species

Globally, a substantial syntenic conservation of the olfactory re

ceptor genes was observed across the eight species (Figure 4). 

In some cases, synteny was lost by the lack of orthologs, espe

cially in the most distant species, A. mexicanus, D. rerio, and 

L. oculatus. Synteny was especially conserved among flatfish 

species and the closely related acanthopterygian O. latipes. 

Furthermore, some orthogroups split into more than one chro

mosome, supporting specific chromosomal rearrangements.

Olfactory receptor gene phylogeny

A phylogenetic tree was reconstructed for each of the four multi

gene olfactory receptor families OlfC, OR, ORA, and TAAR 

(Figures 5, 6, 7, and 8, respectively). The basal genes suggested 

from L. oculatus phylogeny were used as the root for each of the 

multispecies tree (OlfC, OR, and TAAR) that included the genes 

from S. senegalensis, O. latipes, and L. oculatus. Conversely, the 

small ORA family allowed for the reconstruction of a phylogenetic 

tree for the eight species, in this case placing the root at the 

L. oculatus ORA1 gene, considered the basal gene of this family.38

The OlfC phylogeny was very robust, with most nodes 

showing 100% support and nearly all above 60%. After rooting 

using L. oculatus as the outgroup, the tree split into two 

major clades. The first one included genes from the three 

Figure 3. Diagram of the main clusters of olfactory receptor genes in Solea senegalensis with their respective orthogroups (OG) 

Chromosome sizes and the start coordinate of each gene in base pairs (bp) are shown. Each vertical line within each chromosome corresponds to a single gene. 

(A) Major OlfC cluster in chromosome D. 

(B) Major OR cluster in chromosome S. 

(C) Minor ORA cluster and an isolated gene on chromosome L. 

(D) Major TAAR cluster in chromosome A.
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species (L. oculatus, O. latipes, and S. senegalensis), showing 

small expansions, altogether conforming a diverse clade, 

including different orthogroups, but also a large expansion of 

52 S. senegalensis genes corresponding to a single orthogroup 

(OlfC-OG3). Despite being distributed across five S. senegalen

sis chromosomes, clustering was mainly observed in chromo

somes D, I, and P, which supports independent evolutionary 

events involving gene duplication and further translocation or 

transposition events. The other major node showed a basal 

branch with a few genes, and then, a great expansion into two 

main clades, the first one including a heterogeneous expansion 

of L. oculatus, constituted by different orthogroups, and the sec

ond one showing the largest and most recent S. senegalensis 

expansion, including 113 genes pertaining to OlfC-OG1. This 

expansion occurred in acanthopterygians, as shown by the 

basal clade including three O. latipes OlfC-OG1 genes, while 

the other large S. senegalensis OlfC expansions mainly mapped 

on chromosomes D and I (Figure 5).

The OR phylogeny was also highly confident, with nearly all 

main nodes showing 100% bootstrap values. The evolutionary 

pattern of this family was sharply distinct to that of the OlfC 

family. From the root, the phylogenetic tree showed several 

consecutive small expansions of genes pertaining to different or

thogroups of the three species studied, also involving L. ocula

tus. Then, a very confident node split into two main branches 

where species-specific clades of the three species appeared in

termingled, supporting the established orthology and paralogy 

relationship retrieved from OrthoFinder. S. senegalensis OR 

genes clustered mainly in chromosomes A, I, L, and S (Figure 6).

The ORA phylogeny included the eight species and displayed 

a very robust tree, including five confident clades that perfectly 

matched the six orthogroups identified in our orthology analysis 

(Figure 7). Furthermore, all S. senegalensis ORA genes are collo

cated on a single chromosome (L), in agreement with the 

comparative mapping and syntenic relationships observed 

across the species (Figure 4). S. senegalensis presented an 

expansion of three paralog genes in ORA-OG2.

The consistent TAAR family tree comprised 129 genes from 

S. senegalensis, resolved into two main highly confident nodes. 

These clades separate the ancestral lineage corresponding to 

L. oculatus, which first branched on a L. oculatus specific expan

sion. Then, the tree reflected the teleost genome duplication. 

Interestingly, a large species-specific gene expansion was 

observed for S. senegalensis, including 42 S. senegalensis genes 

corresponding to TAAR-OG2, intermingled with O. latipes orthol

ogous genes included in the same orthogroup. Notably, all 

S. senegalensis genes from this cluster mapped on chromosome 

U, syntenic to the 13 O. latipes genes on chromosome 24 

(Figure 4). The other main node is split into clades, including ex

pansions of both teleost species. These genes pertained to 

TAAR-OG1, which split into one clade for both O. latipes and 

S. senegalensis orthologs, and another S. senegalensis-specific 

clade of 50 genes pertaining to TAAR-OG1, tandemly arranged 

on chromosome A. This major gene cluster also included 

24 S. senegalensis genes of TAAR-OG3 (Figure 8). These obser

vations suggest that TAAR genes possibly emerged at different 

evolutionary times through tandem duplication.

S. senegalensis olfactory receptor gene expression

Among the reported olfactory repertoire in the present study, 321 

genes were present in the olfactory transcriptome by Torres- 

Sabino et al.,34 and therefore showed active expression in the ol

factory organ, meaning that over 70% of the predicted olfactory 

repertoire was found in the olfactory transcriptome dataset 

(see Figure S2). Since the olfactory transcriptome by Torres- 

Sabino et al.34 was constructed based on a limited sample set, 

Figure 4. Syntenic relationships of olfactory receptor genes identified in Solea senegalensis, with the seven other species included in the 

comparative analysis 

Chromosome identifiers (numbers/letters) are indicated, using a different color per species. The line thickness is proportional to the number of genes within 

syntenies across species from each chromosome.
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six RNA-seq olfactory organ libraries were generated in the pre

sent study to assess the expression of other genes, yielding on 

average, 58.6 million (M) reads, after quality filtering, ranging 

from 50.3 to 71.5 M reads. On average, 90.5% of the reads map

ped to the S. senegalensis assembly (range: 84.6%–93.9%; see 

Table S3). A total of 389 olfactory receptor genes (171 OlfC, 115 

OR, 5 ORA and 98 TAAR) were expressed with TPM ≥2, represent

ing 85.5% of the total repertoire (see Table S4). Of these, 104 

genes were inactive in the previously assembled olfactory tran

scriptome (Figure S2), thus the olfactory repertoire increased up 

to 426 genes, leaving only 29 genes with no detectable expression.

Spearman correlation heatmap based on the expression of the 

olfactory receptor genes across the six RNA-seq libraries 

(Table S4) suggested a certain clustering across the different ol

factory receptor families, with most TAAR genes clustered in two 

groups, a high proportion of OR genes in a single group, and OlfC 

genes mainly in two clusters. Conversely, ORA genes were scat

tered across different groups (Figure 9A). Similarly, correlation 

networks using BioLayout showed a certain clustering per family 

(Figure 9B).

DISCUSSION

In this study, the first comprehensive characterization of the ol

factory gene repertoire of S. senegalensis enabled the identifica

tion of a remarkably large set of 455 olfactory receptor genes, 

Figure 5. Phylogenetic tree of the OlfC olfactory receptor gene family, using as an outgroup the basal sequence of the Lepisosteus oculatus 

tree for this family 

Bootstrap values are shown at all nodes of the tree. Symbols at the end of each branch refer to each species analyzed. The next outer thin lines correspond to the 

Solea senegalensis chromosomes, where gene clusters are located (ordered from outer to inner circles: U, L, R, P, M, G, I, and D). The outer thick line shows the 

correspondence between clusters and the orthogroups (OG) where the genes are located.
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representing the species with the largest olfactory repertoire 

within our study. The olfactory receptor repertoire previously an

notated in the reference genome (GCA_919967415.2) included 

only 190 genes, highlighting the need to enhance olfactory re

ceptor gene information across fish and vertebrate taxa. The 

transcriptomic analyses detected the expression of 426 out of 

the 455 olfactory receptor genes identified in the present study, 

supporting their functionality. Although the primary focus of this 

study was to improve the characterization of the olfactory recep

tor repertoire in S. senegalensis, the comparative genomic 

framework employed here also enabled the identification of 

additional olfactory receptor genes in the other seven species 

analyzed, thereby refining and expanding the currently available 

olfactory receptor annotations across these species.

S. senegalensis olfactory receptor gene expansions

The large-scale phylogenetic analysis by Policarpo et al.12 re

ported that the largest olfactory receptor gene family was gener

ally OR, followed by TAAR and then OlfC. In contrast, the 

S. senegalensis OlfC family was the largest, followed by TAAR 

and then OR, which may be related to species-specific func

tional adaptations. Indeed, the S. senegalensis OlfC family 

shows a large gene expansion of 113 paralogous genes located 

across five chromosomes, which showed conserved orthology 

relationships with the other seven species analyzed. Of these, 

genes lacking proper annotation or being reannotated as 

members of non-olfactory-related gene families were retained 

and classified as olfactory receptor genes for downstream 

analyses, considering: (1) they were consistently grouped within 

Figure 6. Phylogenetic tree of the OR olfactory receptor gene family, using as an outgroup the basal sequence of the Lepisosteus oculatus 

tree for this family 

Bootstrap values are shown at all nodes of the tree. Symbols at the end of each branch refer to each species analyzed. The next outer thin lines correspond to the 

Solea senegalensis chromosomes, where gene clusters are located (ordered from outer to inner circles: J, R, D, S, L, I, and A). The outer thick line shows the 

correspondence between clusters and the orthogroups (OG) where the genes are located.
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orthogroups containing genes annotated as olfactory receptors 

in other species, supporting shared evolutionary origin, (2) paral

ogous genes from S. senegalensis annotated as olfactory recep

tors were identified within the same orthogroups, indicating 

conserved gene family relationships, (3) BLAST searches against 

olfactory receptor gene sequences by Policarpo et al.12 suc

cessfully revealed sequence similarity, and (4) functional annota

tion analyses using the PANTHER database (https://www. 

pantherdb.org/) assigned these genes to protein families associ

ated with olfactory receptor activity (Table S2).

Previous studies reported the presence of lineage-specific 

OlfC gene expansions that conform to clusters in other fish spe

cies, such as the 35 tandemly arranged genes in zebrafish,39

55 in two distinct clusters in Salmo salar,23 and 61 in cichlid spe

cies.40 Thus, the OlfC cluster comprising 109 tandemly arrayed 

genes in S. senegalensis over 1.27 Mb represents, to our knowl

edge, the largest OlfC cluster reported in fish to date. The expan

sions of the OlfC multigene family, described as food-related 

amino acid receptors in teleosts, may indicate a functional diver

sification in amino acid detection in S. senegalensis, as sug

gested in other teleost species.22,40 Furthermore, in ostariophy

sian fish, such as zebrafish, the OlfC gene expansions via 

duplication enable finer detection of alarm pheromones from 

injured prey, driving fright reactions for predator avoidance.41

Similarly, in flatfish such as S. senegalensis, these receptors 

may perform analogous roles in sensing conspecific body fluids 

for threat detection and social behaviors.

Figure 7. Phylogenetic tree of the ORA ol

factory receptor gene family, using as out

group the basal sequence ORA1 family by 

Behrens et al.38

Bootstrap values are shown at all nodes of the 

tree. Symbols at the end of each branch refer to 

each species analyzed. The next outer thin line 

corresponds to the Solea senegalensis chromo

some where genes are located. The outer thick 

line shows the correspondence between clusters 

and orthogroups (OGs) are located.

In S. senegalensis, the TAAR family was 

the second most numerous, with three 

large expansions mainly located on two 

chromosomes. Lineage-specific TAAR 

expansions have been reported in other 

teleost species.12,42 Although their exact 

role in fish remains speculative, the detec

tion of amine-related odors by TAAR re

ceptors has been described to trigger 

aversion behaviors.43 A comparable situa

tion is found in mammals, where TAAR re

ceptors detect volatile amines that elicit 

strong behavioral reactions, including 

predator avoidance, social signaling and 

sex-dependent attraction.44

Conversely, the 125 OR genes in 

S. senegalensis olfactory repertoire were 

dispersed across a large set of or

thogroups, containing small subsets of paralogous genes. 

Although their physiological role in teleost species remains poorly 

understood, two OR zebrafish receptors have been involved in the 

detection of a specific prostaglandin that mediates mating 

behavior.45 Recently, other studies have reported similar results 

in cichlids, pointing to the relevant role of OR receptors on sexual 

pheromone detection.46,47 The discovery of analogous receptors 

in S. senegalensis might offer insights into the poor mating perfor

mance of males on farms previously reported.31,33

Finally, the six ORA genes identified in S. senegalensis, 

including the expansion of three paralogous genes, are collo

cated on chromosome L. Although little is known about their 

exact ligands in fish, there is evidence that ORA receptors detect 

bile acids and sexual pheromones, depending on ORA,20,38,48

and particularly in zebrafish, the recognition of a pheromone 

has proved to trigger spawning behavior.38

Taken together, the advances in functional olfactory receptor 

studies focused on identifying chemical cues and elucidating 

their associated behavioral responses will offer valuable insights 

for improving reproductive protocols and behavioral manage

ment in aquaculture.49

Phylogenetic relationships and evolutionary pattern of 

olfactory receptor gene families

We explored orthology relationships together with available an

notations in the species studied to characterize the olfactory 

repertoire and could identify 101 orthogroups. The comparison 
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with previous large-scale phylogenetic studies allowed us to vali

date most olfactory receptor genes and even enlarge the re

ported gene count in most species studied. Although the exam

ined species come from diverse taxonomic groups, the analysis 

captured a complete orthology conservation on 19 olfactory re

ceptor orthogroups, containing genes across the eight species. 

Furthermore, the identification of many paralog genes within 

these orthogroups, particularly in S. senegalensis, supports 

diverse evolutionary dynamics. This finding aligns with the theory 

that the olfactory receptor repertoires of teleost and other verte

brate taxa are shaped by species-specific adaptations driven by 

ecological and evolutionary pressures.12,14–16,18 Thus, the 28 

species-specific orthogroups included a substantial portion of 

the olfactory receptor repertoire in the most evolutionarily distant 

species to S. senegalensis, including L. oculatus and D. rerio.

The phylogenetic and syntenic analyses performed for each 

olfactory receptor gene family provided an integrated view of 

their evolutionary dynamics shaping S. senegalensis olfactory 

repertoire. Overall, the broad syntenic conservation across or

thogroups of the four olfactory receptor families is concordant 

with the ancient origins of these families. Specifically, OR genes 

appear to constitute the ancient family, originating in chordates, 

whereas OlfC, ORA, and TAAR would have emerged in the com

mon ancestor of vertebrates.13 Conversely, the loss of synteny in 

Figure 8. Phylogenetic tree of the TAAR olfactory receptor gene family, using as an outgroup the basal sequence of the Lepisosteus oculatus 

tree for this family 

Bootstrap values are shown at all nodes of the tree. Symbols at the end of each branch refer to each species analyzed. The next outer thin lines correspond to the 

Solea senegalensis chromosomes, where gene clusters are located (ordered from outer to inner circles: E, U, and A). The outer thick line shows the corre

spondence between clusters and orthogroups (OG) are located.
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other orthogroups, including some exhibiting S. senegalensis- 

specific expansions, suggests the selection of diverse structural 

variants throughout their evolutionary history in response to envi

ronmental pressures. These patterns are reflected in the 

conserved ancestral OlfC clusters, with the large expansion in 

S. senegalensis OlfC-OG1 that emerged in acanthopterygians, 

mainly located on chromosome D. The heterogeneous OR 

clades distributed across several chromosomes are consistent 

with previous studies,9 and the strongly conserved ORA orthol

ogy relationships and synteny conservation are in accordance 

with previous works.20 Finally, the two TAAR clades support 

the diversification of the family through independent evolutionary 

events,21 with substantial synteny conservation between flatfish 

and O. latipes. All in all, these findings support that both 

conserved and lineage-specific evolutionary dynamics have 

shaped S. senegalensis olfactory repertoire, resulting in impor

tant differences with the other flatfish species analyzed as well 

as with the more distant teleost and holostean species.

Adaptation of the olfactory function to demersal 

environments

Our study suggests a broadly diverse odorant detection in 

S. senegalensis, consistent with the size of its olfactory recep

tor repertoire.50,51 Its demersal lifestyle, characterized by low 

light irradiance and a sediment-rich environment, has likely 

enhanced the sense of olfaction as an alternative to vision 

for environmental perception and intraspecific communica

tion.28,29 A similar adaptation has been observed in the 

A. mexicanus, a blind species that inhabits caves, success

fully adapted to dark environments, which exhibits enhanced 

olfactory sensitivity.52 Conversely, the much smaller reper

toires of olfactory genes here described for the other flatfish 

analyzed in our study (C. semilaevis, S. maximus, and 

P. olivaceus) and by Policarpo et al.,12 suggest a different 

adaptation strategy to demersal life, such as the specific 

visual-related or lateral line gene expansions reported 

in turbot29 and tongue sole,53 respectively. Therefore, 

S. senegalensis appears to follow an alternative sensory tra

jectory, where a markedly expanded olfactory repertoire 

may enhance the detection of trophic amino acids and other 

waterborne compounds released by buried or partially con

cealed prey, thereby improving foraging efficiency in environ

ments where visual information is limited.8 It may also 

enhance spatial orientation and microhabitat recognition by 

exploiting the chemical heterogeneity of benthic environ

ments. Furthermore, a broader olfactory receptor repertoire 

could facilitate intraspecific communication and reproductive 

signaling under visually restricted conditions.54

Although the genomic characterization and molecular basis of 

the olfactory response in teleosts, particularly in flatfish, remain 

relatively unexplored, the extensive olfactory gene repertoire un

veiled in S. senegalensis holds significant functional implications, 

underscoring the need for further investigation to elucidate the 

specific roles and mechanisms of these genes in the olfactory sys

tem of S. senegalensis and related flatfish species. Given that each 

receptor is thought to detect a specific array of ligands, including 

putative reproductive pheromones, elucidating their functional 

roles could offer insights for understanding how chemical cues 

regulate fish social interactions and reproductive processes. In 

this regard, these lineage-specific gene expansions offer a 

Figure 9. Expression correlation analysis across the four olfactory receptor gene families 

(A) Heatmap (Spearman correlation) of RNA-seq data on the olfactory receptor repertoires. 

(B) BioLayout correlation network, shows how the expression of each olfactory receptor gene (colored dots) correlates across gene families. The diagram 

represents clustering on a network graph linking genes with a Pearson’s correlation coefficient (>0.94), grouping genes with similar expression patterns. Clusters 

with fewer than six genes were removed.
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valuable opportunity to explore how olfactory repertoire diversifi

cation contributes to ecological specialization, demersal sensory 

adaptation, and potentially species-specific communication sys

tems. Altogether, our findings position S. senegalensis not only 

as a valuable model for understanding olfactory evolution in flat

fishes but also as a promising species in which to dissect the func

tional significance of chemosensory receptor diversity and the 

specific reproductive issues observed in farm captive males.

Limitations of the study

Although the present study represents the foundation for a more 

comprehensive understanding of the fish olfactory system, 

revealing a highly developed and specialized olfactory function in 

S. senegalensis and other flatfish species, it still possesses certain 

limitations regarding functional validation of the data. Future 

studies could benefit from the findings here reported to generate 

functional data and explore behavioral consequences in the spe

cies, with potential direct applications in aquaculture production. 

Even though the present study reports the olfactory repertoire 

across the eight fish species using a robust and contrasted meth

odology, the olfactory receptor genes remain poorly annotated in 

public databases, and this could represent a limitation for their 

study. Future improved genomic annotations will help to enlarge 

and curate the olfactory repertoires characterized in this study.
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Six 24-months-old adult individuals (3 females and 3 males) were collected in June 2022 at ‘‘Instituto Español de Oceanografı́a’’ 

IEO (Santander, Spain). Sex was not considered as a as a biological variable in the experimental design and subsequent analyses. 

All fish were maintained in indoor tanks at the standard water temperature and feeding conditions, following production 

protocols.69

Fish were sacrificed by decapitation under ethical regulations in accordance with the guidelines approved by the 

competent authority on animal welfare (authorization number: 2022GCELCE105202). The olfactory organs of the six 

individuals were dissected, and samples were immediately flash frozen in liquid nitrogen before long-term storage at − 80◦C, 

until their use.

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Six Olfactory organs of Senegalese sole (Solea 

senegalensis) of 24-month-old (3 females and 

3 males) from IEO Santander, Spain

This study N/A

Deposited data

Bulk RNA-seq data of the olfactory 

organs of Solea senegalensis

This study NCBI SRA: PRJNA1428833

Olfactory rosette 1 This study NCBI SRA: SAMN55973127

Olfactory rosette 2 This study NCBI SRA: SAMN55973128

Olfactory rosette 3 This study NCBI SRA: SAMN55973129

Olfactory rosette 4 This study NCBI SRA: SAMN55973130

Olfactory rosette 5 This study NCBI SRA: SAMN55973131

Olfactory rosette 6 This study NCBI SRA: SAMN55973132

Software and algorithms

OrthoFinder (version 2.5.4) Emms and Kelly55 https://github.com/davidemms/OrthoFinder

BLAST (version 2.13.0) Camacho and Madden56 https://www.ncbi.nlm.nih.gov/books/NBK131777/

LinkageMapView (version 2.1.2) Oullette et al.57 https://cran.r-project.org/web/packages/LinkageMapView/ 

vignettes/LinkageMapView.html

Inkscape (version 1.2) N/A https://inkscape.org

SankeyMATIC N/A http://sankeymatic.com/build/

MAFFT (version 7) Katoh and Standley58 https://mafft.cbrc.jp/alignment/server/index.html

IQ-TREE2 Minh et al.59 https://github.com/iqtree/iqtree2

ModelFinder Kalyaanamoorthy et al.60 https://github.com/iqtree/iqtree2

nf-core/rnaseq pipeline (version 3.10.1) Patel et al.61 https://nf-co.re/rnaseq/3.14.0/

FastQC Andrews62 https://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Trim Galore! Martin63 https://journal.embnet.org/index.php/ 

embnetjournal/article/view/200

STAR Dobin et al.64 https://github.com/alexdobin/STAR

RSEM Li and Dewey65 https://github.com/deweylab/RSEM

InteractiVenn Heberle et al.66 https://github.com/heberleh/interactivenn

Heatmap3 Zhao et al.67 https://github.com/slzhao/heatmap3

BioLayout Theocharidis et al.68 https://github.com/jmalk/biolayout
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METHOD DETAILS

Comparative genomics of olfactory receptors

The proteomes of seven teleost species (S. senegalensis (GCA_919967415.2), C. semilaevis (GCA_000523025.1), P. olivaceus 

(GCA_024713975.2) S. maximus (GCA_013347765.1), O. latipes (GCA_002234675.1), A. mexicanus (GCA_000372685.2) and D. rerio 

(GCA_000002035.4)) and the outgroup L. oculatus (GCA_000242695.1) were downloaded from Ensembl (https://www.ensembl.org/) 

and beta Ensembl databases (https://beta.ensembl.org/, for S. senegalensis and P. olivaceus) in March 2025. A custom Python script 

was employed to only keep the protein sequence encoded by the coding DNA sequence (CDS) of each gene across the eight spe

cies, including the information of all exons.

Orthology relationships between species were explored with OrthoFinder v2.5.4,55 applying default parameters. OrthoFinder re

constructs phylogenies from protein alignments and predicts gene function by inferring orthogroups. The analysis was performed at 

‘‘Centro de Supercomputación de Galicia’’ (CESGA).

Olfactory gene repertoire definition

Publicly available annotations of the studied species were retrieved from the Ensembl and NCBI (https://www.ncbi.nlm.nih.gov/) da

tabases. We aimed to identify orthogroups that contained genes related to chemoreception through olfaction, included in one of the 

four fish olfactory receptor gene families (OlfC, OR, ORA and TAAR). If a gene within an orthogroup was consistently annotated as an 

olfactory receptor gene, functional homology was inferred across all the genes included in that orthogroup, and therefore, classified 

as olfactory receptor genes. Following this approach, a list of orthogroups containing olfactory receptor genes was retrieved, and the 

olfactory gene repertoires of each of the eight species included in our study were characterized.

The efficiency of the olfactory receptor gene repertoire characterization across the eight fish species was assessed by comparison 

against the repertoires reported across ray-finned species by Policarpo et al.12 Briefly, the complete gene sequences available at 

https://figshare.com/articles/dataset/Olfactory_receptor_sequences_for_185_ray-finned_fishes/17061632 were downloaded and 

aligned with BLAST v2.13.056 using blastn function (-outfmt 6, e-value 1e− 20, max_target_seqs 1, other parameters by default) 

against the Ensembl CDS genome file of each of the eight species analyzed in the present study, retaining the best hit with e-value 

≤ 1e− 20. The resulting alignments were then compared by visual inspection to the olfactory gene repertoires characterized by or

thology relationships in our study, thus confirming the common genes in both lists. Additional genes, not identified during our orthol

ogy analysis that could potentially be considered as olfactory receptor genes, were further examined. Thus, S. senegalensis genes 

within olfactory-related orthogroups lacking annotation or being annotated as members of non-olfactory-related gene families were 

explored with the described BLAST search. Furthermore, gene functional annotations were explored for these genes using the 

PANTHER database (https://www.pantherdb.org/).

S. senegalensis genome reannotation

Annotation of 29,504 genes in the S. senegalensis genome was retrieved from beta Ensembl (GCA_919967415.2). Out of them, 7,326 

genes lacked description or associated gene symbol, thus, their CDS sequences (8,621 sequences) were retrieved and aligned 

against swissprot_db’s protein database (UniProtKB) through BLAST v2.13.0 using blastx function (-outfmt 6, e-value 1e− 5, num_th

reads 4, max_target_seqs 10, other parameters by default). The best alignment(s) were further filtered with a custom script by keep

ing that with the lowest e-value for each gene. In case of multiple alignments, further filtering was done to keep ‘‘single-hits’’ by 

applying hierarchical alignment criteria according to bit score, percent identity, and length of the alignment, in this order. Unsolved 

multiple alignments were tagged as ‘‘multiple-hits’’ but maintained for downstream analyses.

Olfactory receptor gene repertoire: Genomic landscape and phylogenetic analysis

The presence of olfactory receptor gene clusters across the S. senegalensis genome was inspected. A physical map of the genome 

showing the precise location of each olfactory receptor gene was generated using the R package LinkageMapView v2.1.2.57 The 

chromosome name and size, gene start coordinates, olfactory receptor family and orthogroup were used as input. Minor olfactory 

clusters were defined as those containing three to ten tandemly arrayed genes, and major olfactory clusters as those comprising 

more than ten genes. For visual clarity, the physical map was further refined using Inkscape v.1.2 (https://inkscape.org). Additionally, 

the physical map was inspected by zooming in at major olfactory clusters for further examination of their gene composition and or

thology relationships.

Syntenic relationships between S. senegalensis olfactory receptor repertoire regarding the other seven species were examined. 

The correspondence of each olfactory orthogroup across the eight species was established by investigating syntenic relationships 

based on the chromosomal locations of each olfactory receptor gene, considering only orthogroups with representation in 

S. senegalensis. Synteny blocks were represented with a Sankey plot using SankeyMATIC online tool (http://sankeymatic.com/ 

build/).

A phylogenetic analysis was then conducted for each of the four multigene olfactory receptor families to investigate their evolu

tionary history by examining how orthogroup assignments corresponded to gene clustering across the genome. Given the consider

able variation in total gene counts, different strategies were followed for phylogenetic reconstruction. The four olfactory receptor 

gene families were divided into two groups, one comprising the larger multigene families (OlfC, OR and TAAR), and another including 
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the smaller ORA family. For the first group, the nucleotide sequences of the olfactory receptor genes from S. senegalensis were 

analyzed together with O. latipes, as a well annotated acanthopterygian species, and L. oculatus, as a basal species before teleost 

genome duplication, used as outgroup. Rooting outgroup sequence for each family was chosen based on the consensus tree con

structed for L. oculatus alone using the option -o of IQ-TREE2. Then, an alignment was performed for all genes from the three species 

pertaining to each gene family using MAFFT v7, with default parameters.58 Maximum-likelihood trees were constructed with IQ- 

TREE259 using 1000 ultrafast bootstrap replicates70 and optimal selection model defined by ModelFinder.60 For the small ORA family, 

an alignment for all the ORA genes identified in the eight species was performed using MAFFT, with default parameters, and the con

structed phylogenetic tree was rooted on the ORA1 gene of L. oculatus, consistently established as the basal subfamily.38

Bootstrap values >50 were considered confident and included at each node of the trees. Around each tree, the chromosome loca

tion of each gene in the S. senegalensis genome was included, highlighting the correspondence of phylogenetic clades with gene 

clusters across the genome. Furthermore, the orthogroup genomic correspondence was indicated in cases where two or more genes 

belonging to the same orthogroup were closely clustered in the phylogenetic tree.

RNA extraction library preparation and sequencing

Total RNA was extracted from the six olfactory organ samples using the E.Z.N.A. RNA Kit for Animal Tissue (Omega Bio-Tek, 2018, 

Product No. R6731). Briefly, frozen olfactory organs were homogenized using a TissueLyser (TissueLyser II, Qiagen) in GTC Lysis 

Buffer supplemented with 2-mercaptoethanol to preserve nucleic acids. A single stainless steel bead of 5 mm per tube was added 

for the homogenization process (1 min 30,000 Hz; 1 min pause; 1 min 30,000 Hz). Afterward, the lysates were centrifuged and passed 

through HiBind Mini Column, followed by RNA purification and elution with nuclease-free water.

RNA quantity and quality were assessed using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc.) and the 

Agilent 2100 Bioanalyzer System with RNA 600 Nano kit (Agilent Technologies). After successful quality controls, RNA samples were 

shipped to Novogene (Germany) for library preparation and sequencing on an Illumina NovaSeq 6000 S2 platform to generate 150 bp 

paired-end reads.

Olfactory gene receptor expression validation

The expression of the S. senegalensis olfactory receptor gene repertoire identified in our study was evaluated through cross-check

ing with two different datasets: (i) the number of olfactory receptor genes included in the reference full-length hybrid olfactory tran

scriptome,34 and (ii) the olfactory receptor genes detected within the RNA-seq libraries generated in the present study. RNA-seq data 

were processed using the nf-core/rnaseq pipeline v3.10.161 with default parameters. Briefly, FastQC was applied on the raw reads for 

quality assessment,62 and Trim Galore! trimmed adapter sequences and low-quality bases.63 Reads were aligned against the 

genome used as reference (GCA_919967415.2; by de la Herrán et al.71) with STAR64 and transcript read counts were normalized 

(transcripts per million; TPM) using RSEM.65 The expression threshold for transcriptionally active olfactory receptor genes was 

set to ≥2 TPM.72 Afterward, the olfactory receptor gene expression overlapping across datasets was visualized using a Venn 

Diagram.66

Spearman correlations were performed between the expression patterns of the four multigene families and represented using R 

package heatmap3.67 Furthermore, olfactory receptor genes were clustered by expression using BioLayout68 with a Pearson’s cor

relation threshold >0.94, 2.1 cluster granularity and minimum of six genes per cluster.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analyses used in this study are described in the relevant sections of the STAR Methods and figure 

legends.
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