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The important role of retrogenes in genome evolution and species differentiation is becoming increasingly 
accepted. One synapomorphy among cyprinodontoid fish is a retrotransposed version of a long-
wavelength sensitive (LWS) opsin gene, LWS-R, within an intron of the gephyrin (GPHN) gene. These 
two genes display opposing orientations. It had been speculated that LWS-R hijacks the cis-regulatory 
elements of GPHN for transcription, but whether their expression is correlated had remained unclear. 
Here, in silico predictions identified putative promoters upstream of the translation start site of LWS-R, 
indicating that its transcription is driven by its own promoter rather than by the GPHN promoter. However, 
consistent expression ratios of LWS-R:GPHN in the eyeball and brain of fishes indicate that the respective 
gene transcriptions are correlated. Co-expression is potentially modulated by histone exchange during 
GPHN transcription. Two isoforms were detected in this study, i.e., intron-free and intron-retaining. Intron-
free LWS-R was only expressed in the eyeball of fishes, whereas intron-retaining LWS-R occurred in 
both eyeball and brain. Expression of vision-associated LWS-R beyond the eyeball supports that it is co-
expressed with more ubiquitous GPHN.
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BACKGROUND

Animals are equipped with various sensory 
modalities to constantly adjust their behavior in 
response to external stimuli. Among these sensory 
systems, vision is typically paramount. Apart from 
species living in extreme habitats, such as caves, most 
have evolved specialized cells to convert external light 
signals into internal nerve impulses. In vertebrates, 
this  competence is  at t r ibutable to special ized 
photoreceptors—cone cells (photopic or well-lit vision) 
and rod cells (scotopic or low-light vision)—in the 
retina of eyes. These photoreceptor cells express visual 
pigments comprising a light-absorbing protein (visual 
opsin) and a vitamin A-derived chromophore, on their 
outer segments. Visual opsins are membrane-bound 

G-protein-coupled receptors (GPCRs), and the vitamin 
A-derived chromophores include vitamin A1 (retinal) 
or A2 (3,4-dehydroretinal). The maximal absorbance 
wavelength (λmax) of visual pigments depends on the 
type of visual opsin or chromophore (Yokoyama 2000). 
Most vertebrates only express one kind of rhodopsin 
(RH) in rod cells (Musilova et al. 2019), and the other 
four types of visual opsins are associated with cone 
cells. These cone-cell-specific visual opsins are short-
wavelength sensitive 1 (SWS1, λmax ranges from UV to 
violet), short-wavelength sensitive 2 (SWS2, λmax ranges 
from violet to blue), medium-wavelength sensitive (RH2, 
λmax green), and long-wavelength sensitive (LWS, λmax 
red) (Yokoyama 2000).

Unlike other vertebrates, fish feature numerous 
cone opsin genes in their genome. For example, 
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zebrafish (Danio rerio) possess one SWS1 gene, one 
SWS2 gene, four RH2 genes, and two LWS genes 
(Chinen et al. 2003). The fish cone opsin repertoires 
is believed to have diversified due to variability in 
aquatic light levels (Hofmann et al. 2012; Escobar-
Camacho et al. 2017; Terai et al. 2017). Whole genome 
duplication has played an important role in increasing 
cone opsin numbers during the evolution of ray-finned 
fishes. For example, lineage-specific whole genome 
duplication events have generated additional cone 
opsins in some cyprinids, such as the common carp 
(Cyprinus carpio) and in salmonids (Lin et al. 2017). 
Moreover, other gene duplication events mediated by 
transposable elements (TEs) can add even more cone 
opsin gene copies to a genome. Depending on their 
transposition intermediates, RNA or DNA respectively, 
TEs can be classified as class I (retrotransposons) or 
class II (DNA transposons) (Bourque et al. 2018). Class 
II TEs may lead to unequal crossovers during meiosis, 
with a DNA fragment moving from one chromosome 
to its homolog, generating new offspring genes. Such 
offspring genes inherit the entire gene structure from 
their parents, and they are often localized close to their 
parental genes (Shen 2019). The tandemly-duplicated 
opsin genes constitute an opsin gene array in humans 
and lancelets, both representing well-documented cases 
of gene duplication based on DNA transposons (Dulai 
et al. 1999; Pantzartzi et al. 2018). Retrotransposons 
can reverse-transcribe mRNA molecules into cDNA, 
so offspring genes may be generated when these cDNA 
copies are integrated back into the genome. Genes 
arising in this way are called retrogenes, and they are 
usually intron-less. Unlike the offspring genes arising 
from unequal crossovers, these intron-less offspring 
genes are usually located far from the parental genes 
(Kaessmann et al. 2009). A classical example of a 
visual opsin retrogene is the RH gene of teleost fish, 
which is intron-less, but its parental gene (EXO-RH) 
has four introns (Bellingham et al. 2003; Fujiyabu et al. 
2019). The above-mentioned mechanisms all operate to 
increase the number of cone opsins in fish. However, as 
with all duplicated genes, functional redundancy drives 
selection to remove these duplicates, unless they acquire 
functional specialization (Kuzmin et al. 2022). For 
instance, whereas the Japanese eel (Anguilla japonica) 
and American eel (A. rostrata) have three RH2 genes, 
the European eel (A. Anguilla) only has two (Lin et al. 
2017). Overall, opsin gene gain or loss is a common 
feature of fish evolution (Cortesiet al. 2015; Lin et al. 
2017). 

mRNA generally does not contain cis-regulatory 
elements, so retrogenes were classically viewed 
as evolutionary dead-ends with limited biological 
functions. However, some retrogenes are expressed, 

either by using inherent cis-regulatory elements, by 
acquiring de novo promoters, or by hijacking the 
regulatory mechanism of nearby genes (Kaessmann 
et al. 2009; Carelli et al. 2016). The zebrafish 
transcriptome has revealed that retrogene expression 
is correlated with that of respective parental genes, 
implying that cis-regulatory elements are shared (Zhong 
et al. 2016). Human genomics data have also revealed 
that transcribed retrogenes lie close to other genes or 
even within introns, indicating that they could take 
advantage of the regulatory elements of neighboring 
genes (Vinckenbosch et al. 2006). Transcriptomics 
analysis of zebrafish has also revealed that expression 
of some retrogenes is more tissue-specific relative 
to the parental genes, potentially representing 
subfunctionalization of the duplicated gene (Zhong et 
al. 2016). In fact, a genome-wide survey of European 
sea bass (Dicentrarchus labrax) demonstrated that most 
retrogenes in its genome are functional, with some 
retrogene-parental gene pairs experiencing positive 
selection (Tine et al. 2021). Accordingly, retrogenes 
are now regarded as facilitating new gene functions 
and their potential roles in genome evolution and 
interspecific differentiation are increasingly appreciated 
(Kabza et al. 2014; Carelli et al. 2016). 

Cyprinodontoid fishes encompass many popular 
aquarium species such as bluefin killifish (Lucania 
goodei) and guppy (Poecilia reticulata), and Pohl 
et al. (2015) reported on the molecular phylogenetic 
relationships among cyprinodontoids. One dramatic 
feature of the visual system of cyprinodontoids 
is the high numbers of visual cone opsin genes in 
their genomes. For instance, sheepshead minnow 
(Cyprinodon variegatus) has 11 cone opsin genes, 
including 2 SWS1, 2 SWS2, 3 RH2, and 4 LWS (Lin 
et al. 2017). One of the LWS genes in this and other 
cyprinodontoids is particularly interesting as it does not 
occur in a genetic array comprising SWS2 and LWS 
genes, termed the SWS2-LWS synteny. Instead, it is 
sited within an intron of the gephyrin (GPHN) gene, 
albeit in an opposing orientation (Lin et al. 2017). 
GPHN is a postsynaptic protein that cooperates with 
inhibitory neurotransmitter receptors to mediate neural 
signal transduction at -aminobutyric acid (GABA) 
synapses (Sassoè-Pognetto and Fritschy 2000). This 
LWS gene has been named LWS-R as it originated 
from a retrotransposition event (Sandkam et al. 
2018). Phylogenetic analysis also suggests that it is 
evolutionarily closer to LWS-2 than other LWS paralogs 
(Chang et al. 2021), though the detailed evolutionary 
history of these four cyprinodontoid LWS paralogs 
has not yet been studied systematically. Although 
cyprinodontoid LWS-R is a retrogene, it is not intron-
less. Apart from in bluefin killifish (in which LWS-R is 
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intronless), cyprinodontoid LWS-R paralogs retain one 
intron (Watson et al. 2010 2011; Rennison et al. 2011; 
Lin et al. 2017; Chang et al. 2020 2021). 

LWS-R transcripts have been detected in cDNA 
samples from eyeball tissue of bluefin killifish, guppy, 
green swordtail (Xiphophorus hellerii), and western 
mosquitofish (Gambusia affinis) (Watson et al. 2010; 
Laver and Taylor 2011; Ehlman et al. 2015; Kawamura 
et al. 2016; Chang et al. 2020 2021). However, the 
biological function of this retrogene remains unclear. 
Duplicated genes display functional redundancy, so 
pseudogenization is their destined fate unless they can 
retain functionality by means of neofunctionalization 
or subfunctionalization or under circumstances where 
increased levels of gene product are advantageous 
(Iñiguez and Hernández 2017). Harada et al. (2019) 
identified mutant medaka (Oryzias latipes and O. 
sakaizumii) with only one of two original LWS genes, 
but they exhibited no difference in gene expression or 
red-light sensitivity to the wild-type, supporting the 
functional redundancy of LWS genes. In bluefin killifish 
and guppy, the expression level of LWS-R is much 
lower than for other cone opsin genes and LWS-R has 
the same amino acid composition as LWS-1 at five key 
residues crucial for predicting the maximal absorbance 
wavelength value of visual opsins (Laver and Taylor 
2011; Ehlman et al. 2015; Kawamura et al. 2016; Chang 
et al. 2020 2021). Therefore, the biological meaning 
of LWS-R is likely negligible and it may display an 
evolutionary trajectory toward pseudogenization. The 
finding that LWS-R transcripts in western mosquitofish 
not only are intron-retaining but also exhibit a 
46-basepair deletion in the coding region supports 
pseudogenization of LWS-R (Chang et al. 2020). 
However, ontogenetically variable LWS-R expression 
in bluefin killifish and guppy, as well as significant 
differences in proportional expression of LWS-R 
upon exposing guppy to various turbidity conditions, 
indicate that LWS-R could play a role in vision (Laver 
and Taylor 2011; Ehlman et al. 2015; Chang et al. 
2021). Thus, the true function of LWS-R remains to be 
determined. 

Moreover, how LWS-R expression is regulated has 
not been established. Two proximal highly conserved 
segments located between the SWS2 and LWS genes 
in the SWS2-LWS synteny have been identified in 
many teleost fishes and they are believed to be the 
locus-control region (LCR) of LWS genes (Watson et 
al. 2010; O’Quin et al. 2011). In zebrafish and green 
swordtail, the LCR plays an enhancer role in LWS gene 
expression (Tsujimura et al. 2010; Tam et al. 2011). 
However, as a retrogene, LWS-R may not have inherent 
cis-regulatory elements. So, how is it transcribed? One 
hypothesis is that it hijacks the regulatory sequences 

of GPHN (Watson et al. 2010 2011; Laver and Taylor 
2011); a plausible supposition given that retinal tissue 
of zebrafish and green swordtail has been demonstrated 
to express GPHN (Yazulla and Studholme 2001; Watson 
et al. 2010). If LWS-R does hijack the GPHN regulatory 
mechanism, then LWS-R would also be expressed 
beyond cone cells, and expression of both genes 
would be correlated. However, GPHN and LWS-R 
display opposing orientations, meaning that LWS-R 
transcription is unlikely to be driven by the GPHN 
promoter. Accordingly, LWS-R should have its own 
promoter located in its upstream region.

There were two goals of this study. First, by 
quantifying transcript levels of LWS-R and GPHN in 
eyeball and brain tissue of two poeciliid fishes, I wanted 
to determine if their expression levels are correlated. 
Second, I employed in silico promoter prediction 
software to identify candidate promoters for LWS-R. 

MATERIALS AND METHODS

Subjects

Guppies (Poecilia reticulata), ranging from 
35–44 mm in standard length (SL, the measurement 
from the most anterior tip of the body to the midlateral 
posterior edge of the hypural plate), were purchased 
from an aquarium store in Taichung City and green 
swordtails (Xiphophorus hellerii) (45–63 mm SL) were 
collected from an invasive population in Yilan County, 
Taiwan. About 30 individuals of each species were 
brought back to Tunghai University, and specimens 
were housed in a concrete tank (125 cm in length × 
80 cm in width × 50 cm in height) equipped with an air-
powered filter for water circulation located in a climate-
controlled greenhouse for three weeks before being 
sacrificed. Fish were fed artificial fish food (Otohime 
B2, Marubeni Nisshin Feed) ad libitum twice a day. 
Experimental protocols and specimen handling were 
performed with approval (109-24) from the Institutional 
Animal Care and Use Committee (IACUC) of Tunghai 
University.

Gene annotation, primer design, and promoter 
prediction

The published LWS-R gene sequence of guppy 
(KX768568) and GPHN sequences from guppy and 
green swordtail (guppy: XM_008397472; green 
swordtail: XM_032584608) were used as references 
to query and annotate the protein-coding region of the 
NCBI database sequences (guppy: NC_024351 and 
green swordtail: GQ999833) using BLASTN 2.8.1+ 
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(Zhang et al. 2000). Specific primers (see Table 1) were 
used to amplify a segment of the mitochondrial D-loop, 
β-actin gene, GPHN, and LWS-R. Primer pairs for 
amplifying LWS-R and LWS-R intronic segments were 
obtained from Watson et al. (2010) and Kawamura et al. 
(2016), or were designed based on available database 
sequences. The forward primers for amplifying LWS-R 
and quantifying its expression were the same and 
annealed in the 5’ untranslated region (UTR). Primer 
annealing sites are shown in figure 1. The primer pair 
for amplifying GPHN was designed based on published 
gene transcripts from guppy and green swordtail. 

Putative LWS-R promoters were probed using 
two different programs: 1) Promoter 2.0 was designed 
to recognize candidate RNA polymerase II promoter 
positions in eukaryotic DNA sequences (Knudsen 
1999); and 2) PromPredict utilizes DNA duplex stability 
as an index of promoters (Rangannan and Bansal 2009) 
and has been demonstrated to display ~80% recall value 
in identifying gene promoters in fish sequences (Yella et 
al. 2018).

DNA and RNA extraction, reverse transcription-
PCR, and gene cloning

In order to minimize the effects of circadian 
rhythms on gene expression, specimens were sampled 
between 2:00 PM and 3:00 PM. Fish were anesthetized 
using 0.025% buffered MS-222 (Ethyl 3-aminobenzoate, 
methanesulfonic acid salt) solution. After the fish were 
rendered comatose, the body weight and SL of each 
specimen were measured. DNA samples were extracted 
from muscle tissues using a Geneaid DNA extraction 
kit (Cat No./ID: GS100). An RNeasy Plus Universal 
Mini Kit (Cat No./ID: 73404, QIAGEN) was used 
to isolate total RNA according to the manufacturer’s 
protocol. The eyeballs and brains from two guppy 
individuals were combined into a single tissue sample, 
respectively, but one green swordtail specimen was 
used for each sample. The eyeball and the brain of 
each sample was collected and placed in separate 2 ml 
microcentrifuge tubes containing two stainless steel 
beads, and then homogenized using a TissueLyser II 
apparatus (QIAGEN). Total RNA content and quality 

Fig. 1.  Genomic organization of the LWS-R and GPHN genes and annealing sites of primers used in this study. Details on the primer sequences are 
presented in table 1.
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were measured using a NanoDrop 1000 system (Thermo 
Fisher Scientific). The extracted RNA samples were 
first treated with TURBOTM DNase (Thermo Fisher 
Scientific) per the manufacturer’s protocol, and then 
they were preserved at -80°C upon adding RNase 
inhibitor (E0126-40D6, Lucigen).

Before conducting reverse transcription-PCR, the 
stored RNA samples were treated with recombinant 
DNase I (04716728001, Roche). Then polymerase chain 
reaction (PCR) was conducted using double DNase-
treated RNA samples as a template with mitochondrial 
D-loop primers to confirm an absence of contaminating 
DNA. Reverse transcription-PCR was conducted using 
approximately 1 μg of total RNA, which was reverse-
transcribed using a Verso cDNA Synthesis Kit (Cat No. 
00764129, Thermo Fisher Scientific) and Anchored 
Oligo-dT in a final volume of 20 μl. An RT Enhancer in 
the Verso cDNA Synthesis Kit degrades double-stranded 
DNA during the reverse-transcription reaction. PCR 
using cDNA samples as templates with β-actin primers 
was conducted to check the cDNA quality.

PCR amplification of target genes was performed 
in a final reaction volume of 25 μL containing 2 ng 
cDNA, 6 μmol each of forward and reverse primers, 
12.5 μL of Fast-RunTM Advanced Taq Master Mix 
(ProTech, Taipei, Taiwan), and distilled water. The 
thermal cycling protocol was as follows: one cycle at 

94°C for 4 min; 35 cycles of denaturation at 94°C for 
30 sec, 50–62°C for 30 sec, and 72°C for 1–4 min; one 
final single extension step at 72°C for 10 min. The PCR 
products were then purified using a Qiagen purification 
kit, subcloned into the pGEM-T Easy vector (Promega), 
and the clones were forward- and reverse-sequenced 
using M13 primers. Since LWS-R amplification of 
cDNA samples from fish eyeball resulted in PCR 
products of two different sizes, both were cloned. 
Sequencing was performed using an ABI 3730 version 
3.2 analyzer (Applied Biosystems) and by following 
ABI PRISM BigDye Sequencing Kit protocols 
(Applied Biosystems). Cloning and sequencing were 
conducted by Mission Biotech Inc., Taipei, Taiwan. 
Contig sequences were constructed using the program 
CodonCode Aligner 9.0, and the results were identified 
by BLAST analysis against the National Centre for 
Biotechnology Information (NCBI) database.

Real-time quantitative PCR (qPCR)

The amplification efficiency and melting curve 
for each qPCR primer pair was tested by five-fold serial 
dilutions of the templates, with three replicates for each 
gene and sample. A qPCR primer pair was adopted only 
when its amplification efficiency was between 90% and 
110% and the melting curve analysis revealed it only 

Table 1.  Sequences of primers used to amplify and quantify expression of the LWS-R, GPHN, and β-actin genes in 
guppy (Poecilia reticulata) and green swordtail (Xiphophorus hellerii)

Gene Forward (5'-3') Reverse (5'-3')

Gene amplification
Guppy
LWS-R LWS-4 5FL FOR: AGCTCAGATCGTCTTTCCAA GLWS-R qR1: GTCTTYGATGTGGACACTTC
Green swordtail
LWS-R SLWS-R cF1: AGATCAAGCAGCTCAGATCG RevA: CATCCTAGATACTTCCTTCTGGG
Guppy & green swordtail
LWS-R intron In F: GTTAAAGTTAGTGTTATCAGAGA In R: CTGGAAGCACAAGTTCACAT
GPHN TCATCACGCTCAAGTCAAGG TCCTTCTCTCCCATGGACAC
β-actin β-actin Forward: CCTGTACGCTTCTGGTCGTA β-actin Reverse: CCTCCAATCCAGACAGAGTA
Mitochondrial D-loop AAGAGACCACCATCAGTTGA ATGGTGGGTAACGAGGAGTA
qPCR
Guppy
LWS-R (Ei =94.90 %) LWS-4 5FL FOR: AGCTCAGATCGTCTTTCCAA GLWS-R qR1: CTTGTATGATTGCTGTTTGTGTA
LWS-R intron (Ei =100.09 %) GIn qF: TGTCTGCTGGCACAAGTAAA GIn qR: ACTGGCATGCAAGGAAAATA
Green swordtail
LWS-R (Ei =98.90 %) SLWS-R cF1: AGATCAAGCAGCTCAGATCG SLWS-R qR1 ATGATTGCTGTTTGTGTATGTGA
LWS-R intron (Ei =100.05 %) SIn qF: GCTTGCTGGCACAAAGTAAAC SIn qR: GCATGTAGGCACGGAAAATA
Guppy & green swordtail
GPHN (Ei = 99.55 % in Guppy; 99.40% 

in green swordtail)
CTGGACCCTCGTCCTGAATA AGTCTGCTGCTCACCTGGTT

Efficiency (Ei) for qPCR primers. LWS-4 5FL FOR was adopted from Kawamura et al. (2016). RevA was adopted from Ward et al. (2008). β-actin 
Forward and Reverse were adopted form Chang et al. (2020).
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generated a single product. Expression of opsin genes 
was determined by qPCR in a Roche LightCycler480 
system (Roche). Each reaction contained 10 μl of Roche 
LightCycler480 SYBR Green I Master mix (Roche 
Applied Science), 50 ng of cDNA, and 1 μl of each 
primer (10 μM) (see Table 1) to a final volume of 20 μl. 
The qPCR reactions were performed in a LightCycler 
480 Multiwell Plate system (Roche) with optical 
adhesive film (Applied Biosystems Ref. 4360954). The 
following thermal cycles were performed: one cycle of 
50°C for 2 min and 95°C for 10 min; followed by 45 
cycles of 95°C for 10 sec, 60°C for 10 sec, and 72°C 
for 10 sec; and then one cycle of 95°C for 5 sec and 
65°C for 1 min. A melting-curve analysis was used to 
verify that only a pure, single amplicon was generated 
by qPCR. Additionally, representative samples were 
also electrophoresed to verify that only a single product 
(band) was present. RNA-free water was used as a 
template in the control reactions to determine non-
specific primer amplification background levels. Three 
replicates were performed for each target gene for each 
specimen. Raw data have been submitted to Figshare 
(https://doi.org/10.6084/m9.figshare.14742708).

The LWS-R:GPHN express ion  ra t io  was 
calculated using the following equation:

TLWS-R

TGPHN
 = 

1/(1+Ei(LWS-R))
Ct(LWS-R)

1/(1+Ei(GPHN))
Ct(GPHN)

TLWS-R represents the expression level of LWS-R 
and TGPHN is the expression level of the GPHN gene. 
Ei(LWS-R) and Ei(GPHN) are the amplification efficiencies 
for the LWS-R and GPHN primer pairs, respectively. 
Ct(LWS-R) and Ct(GPHN) are the average critical cycle 
numbers for the LWS-R and GPHN genes, respectively.

The LWS-R:GPHN expression ratio for eyeball 
and brain tissue were compared using a paired t-test. 
Statistical tests were performed in R version 3.6.0 (R 
Foundation for Statistical Computing, Vienna, Austria).

To determine the expression levels of intron-free 
and intron-retaining LWS-R transcripts, quantification 
of plasmid extracted from an intron-retaining LWS-R 
transcript clone was used as a standard. Then, the 
Ct values of LWS-R and intron-retaining LWS-R in 
various serially diluted plasmid concentrations were 
measured to generate linear regression equations. The 
linear regression for guppy LWS-R transcript was 
Log(TLWS-R) = -0.4404(Ct(LWS-R)) + 10.559, and that 
for guppy intron-retaining LWS-R was Log(TLWS-R 
intron) = -0.4528(Ct(LWS-R intron)) + 10.517. The linear 
regression for green swordtail LWS-R was Log(TLWS-R) 
= -0.2601(Ct (LWS-R)) + 6.3803, and that for green 
swordtail intron-retaining LWS-R was Log(TLWS-R intron) 
= -0.25578(Ct(LWS-R intron)) + 6.2422. TLWS-R intron represents 

the expression level of intron-retaining LWS-R 
transcript.

The ratio of intron-free LWS-R to total LWS-R 
was calculated using the following equation:

Tintron-free LWS-R

TLWS-R
 = 1- 

TLWS-R intron

TLWS-R

The intron-free LWS-R:LWS-R expression ratios 
for eyeball in guppy and green swordtail were compared 
using t-test. Statistical tests were performed in R version 
3.6.0 (R Foundation for Statistical Computing, Vienna, 
Austria).

RESULTS

Gene annotation in this study disclosed in greater 
detail the organization of GPHN and LWS-R in these 
two poeciliids, and the distances between LWS-R and 
the upstream and downstream GPHN exons. It showed 
that LWS-R is located in the intronic region between 
exons X and XI of the GPHN gene, with the two genes 
displaying opposing orientations. The distance between 
the translation start site (TLS) of LWS-R and the 
upstream GPHN exon is ~4,260 basepairs (bp), whereas 
it is ~2,000 bp between the LWS-R translation terminus 
and its downstream GPHN exon (Fig. 1). Promoter2.0 
identified one possible promoter in the region spanning 
the LWS-R TLS and GPHN exon XI for both guppy 
and green swordtail, whereas PromPredict highlighted 
four and seven putative promoters for guppy and 
green swordtail, respectively, in the same region 
(Supplementary data at https://doi.org/10.6084/
m9.figshare.16830730).

GPHN transcripts were successfully amplified 
from both brain and eyeball cDNA samples (Fig. S1, 
https://doi.org/10.6084/m9.figshare.14742708), as 
were LWS-R transcripts (Fig. 2A, and 2B). However, 
LWS-R transcripts displayed two fragment sizes upon 
gel electrophoresis. The larger LWS-R transcript was 
amplified from genomic DNA and both brain and 
eyeball cDNA samples, whereas the smaller transcript 
was solely detected in eyeball cDNA samples (Fig. 
2A, and 2B). Subsequent sequencing demonstrated 
that the large LWS-R transcript is intron-retaining and 
the smaller one is intron-free (Supplementary data at 
https://doi.org/10.6084/m9.figshare.1683074). Intron-
retaining transcripts would encounter a stop codon early 
in the intronic region. Relatively less PCR product of 
intron-retaining than intron-free LWS-R was found 
in guppy (Fig. 2A), but the opposite was the case for 
green swordtail (Fig. 2B). PCR amplification using a 
pair of primers specific to the intronic region of LWS-R 
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Fig. 2.  PCR-amplified target segments from genomic DNA, eyeball cDNA, and brain cDNA. (A) LWS-R transcripts of guppy, (B) LWS-R 
transcripts of green swordtail, and (C) LWS-R intron of guppy and green swordtail.
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intron region was successful regardless of whether the 
template used was genomic DNA or cDNA (Fig. 2C).

To test if LWS-R and GPHN are co-expressed, a 
paired t-test was used to compare the LWS-R:GPHN 
gene expression ratio between eyeball and brain, which 
revealed that the values did not differ significantly for 
guppy (N = 8, t = 1.1171, p = 0.3008) or green swordtail 
(N = 8, t = -1.5154, p = 0.1734). The mean gene 
expression ratio of intron-free LWS-R to total LWS-R 
is 65.05% in guppy and 51.93% in green swordtail (Fig. 
3B), and a t-test demonstrated these two poeciliids did 
not have significantly different ratios (t = 1.5382, p = 
0.1463).

DISCUSSION

A particularly interesting finding of this study is 
that the intron-retaining LWS-R transcript was detected 
in both poeciliid fishes. Through the increasing body 
of transcriptomic data, intron retention (IR) is now 
recognized as a relatively common phenomenon. 
In humans, up to 80% of protein-coding genes are 
estimated to display IR, with biological functions for 
IR, such as regulating gene expression, also having been 
verified (see Grabski et al. 2020 for a review). However, 
two factors may confound the detection of IR, i.e., 
DNA contamination and unspliced nascent pre-mRNA. 
DNA contamination is almost inevitable during RNA 
extraction so, in this study, extracted RNA samples 
were double-treated with DNase before undergoing 
cDNA preparation, and the negative PCR results using 
mitochondrial D-loop primers on treated RNA template 
demonstrated an absence of DNA. Moreover, the RT 
Enhancer (Verso cDNA Synthesis Kit) also degrades 

double stranded DNA during reverse transcription. The 
other factor potentially leading to false detection of 
intron-retaining LWS-R transcripts is the occurrence of 
pre-mRNA. Random primers are often used in reverse 
transcription reactions to significantly improve cDNA 
synthesis. To avoid pre-mRNA interference, reverse 
transcription was conducted in this study using oligo-
dT primer rather than a cocktail of oligo-dT and random 
primers. Therefore, without the post-transcriptional 
modification to acquire a 3’ polyadenylated tail, pre-
RNA molecules cannot be turned into cDNA.

Gene fusion may occur between a retrogene 
and its host gene. In the case of LWS-R, gene fusion 
is unlikely since LWS-R and its host gene display 
opposing orientations. However, Watson et al. (2010) 
obtained conflicting PCR results using different 
combinations of GPHN and LWS-R primers. In the 
current study, the forward primers located in the 5’ UTR 
region both successfully amplified LWS-R transcript 
from guppy and green swordtail (Fig. 2). Moreover, 
based on the annotation analysis of this study, LWS-R 
lies in the intron between exons X and XI of GPHN. 
Given that the forward primer for amplifying GPHN 
anneals between exons VIII and IX, and the reverse 
primer anneals in exon XIX, if there had been any 
gene fusion transcripts, they would have been detected 
by PCR amplification. Since no such transcripts were 
observed, these experiments confirm that gene fusion 
between GPHN and LWS-R does not occur in these 
poeciliids.

In si l ico  analyses using Promoter2.0 and 
PromPredict software revealed that LWS-R very likely 
has its own promoter. A 5’ rapid amplification of cDNA 
ends (5’ RACE) experiment on LWS-R transcripts 
would help to precisely locate the promoter. Although 

Fig. 3.  qPCR-determined expression ratios of (A) LWS-R:GPHN for eyeball and brain samples and (B) intron-free LWS-R to total LWS-R for 
eyeball samples from guppy and green swordtail. The box boundaries indicate the median (—), 25th and 75th percentiles (boxes), 95% range (|), and 
outliers (•).
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the LWS-R:GPHN expression ratio differs between the 
two species of poeciliid fishes assessed herein, there 
was no significant difference between eyeball and brain 
samples within species, indicating that expression 
of these two genes is correlated, at least in these two 
tissues (Fig. 3A). The identification of putative LWS-R 
promoters counters the hypothesis that LWS-R hijacks 
the GPHN promoter for transcription. However, 
why then are the expressions of LWS-R and GPHN 
correlated if each gene has its own promoters? LWS-R 
is a visual opsin and GPHN is a postsynaptic protein, 
so there is no direct functional link between them. A 
simple explanation is that LWS-R is still controlled 
by the GPHN enhancer, so LWS-R is transcribed 
along with GPHN. Alternatively, tight wrapping of 
DNA around histones naturally curbs transcription 
and dynamic changes in chromatin structure represent 
a critical mechanism contributing to gene regulation 
(Li et al. 2007; Venkatesh and Workman 2015), but 
LWS-R may not initiate histone exchange by itself. 
Instead, its transcription may take advantage of the 
histone exchange arising from production of GPHN 
transcripts. Accordingly, LWS-R expression becomes a 
by-product of GPHN transcription. This “hitchhiking” 
hypothesis may explain why LWS-R transcripts also 
occur in brain tissue because GPHN is a postsynaptic 
protein that anchors the GABAA postsynaptic receptor 
(Rs), which plays a critical role in the central nervous 
system (Watanabe et al. 2002; Pizzarelli et al. 2020). 
A selection pressure test on an additional collection of 
cyprinodontoid LWS-R sequences would verify whether 
LWS-R is still a functionally important visual opsin or 
if the gene is destined for pseudogenization.

	 Two distinct isoforms of LWS-R transcript 
were identified in this study, intron-free and intron-
retaining. Intron-retaining transcripts were present in 
both eyeball and brain samples, but intron-free LWS-R 
was only detected in the eyeball (Fig. 2A and 2B). 
In the retina, not only cone cells, but also horizontal 
cells and Müller cells, express GABAA Rs (Picaud 
et al. 1998; Yang 2004; Rao et al. 2017). Therefore, 
LWS-R transcript should be found in many different 
retinal cells. The detection of intron-retaining LWS-R 
transcripts in both eyeball and brain supports the 
aforementioned “hitchhiking” hypothesis. A double 
fluorescence in situ hybridization experiment to detect 
co-expression of these two genes could help verify that 
even though LWS-R transcripts are not translated into 
functional protein, they are still generated where the 
GPHN gene is expressed. In this study, the proportion 
of intron-free LWS-R transcripts in the eyeball did not 
differ between guppy and green swordtail. However, 
details of the RNA splicing mechanism of LWS-R have 
not yet been established. If RNA splicing of LWS-R is 

achieved with trans-acting factors of other mature cone 
opsin mRNAs, the proportion of intron-free LWS-R 
may fluctuate through time along with the diurnal 
variation in cone opsin expression (Johnson et al. 2013; 
Yourick et al. 2019).

The occurrence of intron-retaining LWS-R 
transcript prompts two questions. Firstly, where does 
it localize in the cell, i.e., in the nucleus or cytoplasm? 
If the intron-retaining transcripts are restricted to the 
nucleus, they may participate in gene regulation or 
are degraded there. Secondly, are these transcripts 
translated? If intron-retaining transcripts are transported 
into the cytoplasm, then the in-frame stop codon in 
the intronic region may induce nonsense-mediated 
mRNA decay or translation into a truncated polypeptide 
(Grabski et al. 2020). Further experiments, such as 
cytoplasmic RNA extraction and ribosomal profiling, 
will be needed to verify if intron-retaining LWS-R 
transcripts are translated.

CONCLUSIONS

This study supports the model that the expressions 
of LWS-R and GPHN are correlated, at least in brain 
and eyeball tissue. In silico identification of putative 
promoters and expression levels of these two genes do 
not support that LWS-R hijacks GPHN for transcription. 
Instead, LWS-R may hitchhike on chromatin changes 
during GPHN transcription. Consequently, neurons that 
express GPHN will also transcribe LWS-R, which is 
supported by the amplification of LWS-R transcripts 
from brain cDNA samples in this study. However, since 
intron-free LWS-R transcripts were only detected in 
eyeball tissue, only in cone cells do LWS-R transcripts 
subsequently proceed through the RNA splicing 
process. Although intron retention functions in gene 
regulation, transcriptome plasticity, and proteome 
diversity (Baralle and Giudice 2017; Grabski et al. 
2020), the role of the intron-retaining LWS-R transcript 
remains unknown. It may simply represent a by-
product of GPHN transcription that is subsequently 
degraded, or it exerts biological functions as mRNA 
or truncated polypeptides. Further detailed studies that 
incorporate additional cyprinodontoid fishes could 
reveal how LWS-R transcription is initiated, what post-
transcriptional modifications the LWS-R transcripts 
are subjected to, whether both LWS-R isoforms are 
translated, and the phylogenetic and gene expression 
relationships between LWS-R and the other LWS genes, 
thereby unraveling the true biological function and 
evolutionary history of LWS-R.
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