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Adaptive loss of shortwave-sensitive opsins
during cartilaginous fish evolution
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% Check for updates Cartilaginous fishes (e.g., sharks, rays, and skates) cannot see blue or violet

light, potentially because they lack the shortwave-sensitive cone opsin gene
(sws). Widespread gene loss can occur during evolution, but the evolutionary
mechanisms underlying sws loss remains unclear. Here, we construct whole-
genome assemblies of Okamejei kenojei (skate) and Prionace glauca (blue
shark). We then analyze the distribution characteristics and intragroup dif-
ferences of opsin-related genes in cartilaginous fishes. Using a zebrafish model
with sws deleted we infer that in the presence of SWSI and SWS2, blue and
violet light respectively, can induce cell aging. This is followed by photo-
receptor layer thinning, demonstrating, sws loss aids in preventing shortwave
light damage to the eye. In the retinas of numerous cartilaginous fishes, the
tapetum lucidum strongly reflects light. Therefore, in cartilaginous fish, the
existence of tapetum lucidum in the retina and loss of sws may be inter-
dependent; in other words, this adaptive gene loss may increase cartilaginous

fish fitness.

Visual perception is essential in animals; it conveys the color, shape,
size, and movement of their surrounding objects and aids them in
responding to changes in the surrounding environment. An animal’s
visual capability depends on its opsin genes. In vertebrates, opsins
include a rod opsin (RH1), which provides low-light visibility, and four
classes of cone opsins (SWS1, SWS2, RH2, and LWS), which facilitate
visibility in bright light and detection of colors across the visible light
spectrum. In many species, these opsins have undergone alterations,
loss, or duplication throughout evolution, which has provided them
with unique adaptations enabling underwater vision. Agnathan (jaw-
less) lampreys demonstrate the full complement of one rod and four
cone opsin genes'; however, they may have lost the shortwave sensi-
tive cone opsin genes swsl and sws2 before the divergence of the
holocephalans (chimeras) and elasmobranchs (sharks, skates, and
rays)>. Ancestral chondrichthyans retained only the green-light-

sensitive cone opsin gene (rh2), and the long-wavelength-sensitive
cone opsin gene ({ws) with all cartilaginous fishes losing swsl and sws2.

Among elasmobranchs, sharks (Selachii) have retained only rhI
and one cone opsin gene; as such, they may be cone monochromats,
lacking the ability to see colors. Moreover, rays (Batoidea) have
retained rhI and two cone opsin genes rh2 and lws and thus may have
dichromatic color vision®™. In particular, behavioral experiments have
revealed that giant shovelnose rays can discriminate color®. However,
data regarding cone pigments and color vision in the other major
batoid groups, including skates and sawfishes, remain unavailable;
nevertheless, at least two skate species may possess rod-only retinae’.

Since the sequencing of the elephant shark genome, several
whole-genome sequences of cartilaginous fishes, such as whale sharks,
brown-banded bamboo sharks, and cloudy catsharks®°, have been
reported. They provide genome-level data outlining the elasmobranch
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opsin evolution. However, additional whole-genome sequences, par-
ticularly those of the skate genome, are required to obtain a more
detailed representation of elasmobranch opsin evolution. Moreover,
evolutionary mechanisms underlying SWS loss remain unclear. Here,
we perform whole-genome analyses of the skate (Okamejei kenojei), a
cold temperate near-bottom-dwelling cartilaginous fish in East Asia,
and the blue shark (Prionace glauca), the currently most hunted
oceanic shark species found in temperate and tropical waters globally.
We also perform combined gene functional analysis to obtain an in-
depth explanation of opsin gene evolution in cartilaginous fishes.

Results

Genome sequences and assembly

We constructed a PacBio continuous long reads (CLRs) library for O.
kenojei and a circular consensus sequencing (CCS) library for P. glauca,
generating sequencing data with 232.59- and 91.22-Gb of long reads,
respectively. Whole-genome short-reads and Hi-C sequencing were
also performed for initial contig assembly polishing and chromosome
anchoring (Supplementary Table 1). The O. kengjei and P. glauca gen-
omes were assembled to be 2.75 and 3.23 Gb long (Supplementary
Table 2)—similar to the K-mer estimation results from 17mer analysis
(i.e., 2.79 and 3.25 Gb; Supplementary Fig. 1); moreover, the contig N50
lengths were 1.50 and 5.32Mb (Supplementary Table 2), and the
BUSCO scores were 94.8% and 94.0% based on Core Vertebrate Genes
in GVolante (https://gvolante.riken.jp/), and 93.9% and 91.9% based on
metazoa_odb10 datasets, respectively (Supplementary Table 3), com-
parable to that for other chondrichthyans (Supplementary Fig. 2).
These results revealed good assembly continuity and gene com-
pleteness. Incorporating the Hi-C data, approximately 96.28%
(2.65Gb) and approximately 97.85% (3.16 Gb) of the assembled
contigs were anchored to 44 and 43 chromosomes, respectively
(Supplementary Fig. 1). Additionally, 22,965 and 21,229 protein-
coding genes were predicted in O. kenogjei and P. glauca genomes,
with approximately 97.01% and approximately 98.87% of them
functionally annotated based on public databases, respectively
(Supplementary Table 4).

Transposable elements

Repetitive sequences in a genome have critical roles, such as gene
expression regulation, in driving evolution'. Moreover, the proportion
of repetitive sequences in cartilaginous fish genomes is relatively
higher than that in most teleosts'>". Therefore, we included all avail-
able cartilaginous fish genomes published thus far and detected
repetitive sequences by using identical pipelines to achieve an in-
depth view of repetitive sequence evolution. In general, we observed
that transposable elements (TEs) accounted for approximately 69.27%
and 66.44% of the O. kenojei and P. glauca genomes, respectively
(Supplementary Table 5 and 6), which did not demonstrate significant
differences compared with other cartilaginous fish genomes (Fig. 1a).
However, skates (3.28%) and rays (2.30%) demonstrated significantly
higher average proportions of the DNA transposon subtype TcMar
(Tcl/mariner) elements than sharks (0.14%) and chimaera (0.03%;
Fig. 1b). TcMar includes several subcategories, including TcMar-pig-
gyBac, TcMar-Sleeping Beauty (SB), TcMar-ZB, TcMar-Mosl, and
TcMar-Passport, widely distributed in vertebrate genomes. These TEs
are powerful tools for genetic manipulation in various species,
including zebrafish, Caenorhabditis elegans, and mice, and they have
an apparent preference for insertion into genes and transcriptional
regulatory regions of genes'*'; thus, the TEs may contribute con-
siderably to the genome evolution and unique characters of a species.
Moreover, sharks and chimaeras have a body shape similar to a typical
fish, whereas most skates and rays exhibit a flattened body with wing-
like fins; however, only Pristis pectinata have bodies shaped similar to
sharks with fins slightly shaped similar to wings, which are not as
obvious as those of other skates and rays. Notably, the proportion of

TcMar (0.33%) in the P. pectinata genome was slightly higher than that
in sharks and chimaeras but significantly lower than that in skates and
rays with wing-like fins. Consequently, we hypothesized that an
increase in TcMar expression may affect body shape development in
skate and rays through regulation of related genes or regulator
activation.

Next, we investigated the genes whose locus overlapped with
TcMar element blocks in these cartilaginous fish genomes. Notably, we
identified 3530 genes shared by skates and rays, which is significantly
greater than other DNA transposons types (Supplementary Data 1 and
Supplementary Fig. 3), but only 28 genes shared by sharks and chi-
maeras. The results of our Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis demonstrated that all 3,530
genes were significantly enriched in 73 pathways (g < 0.05), including
the cell cycle, GnRH signaling pathway, citrate cycle (TCA cycle), and
B-cell receptor signaling pathway (Supplementary Data 2); these
pathways are crucial for maintaining life activities. In particular, 60
genes were enriched in the Wnt pathway (g=1.82x107°), a highly
conserved system critical to the patterning of the entire body plan,
regulating complex biological processes including controlling axis
elongation and cell migration to specific locations'*°. These 60 genes
included wnt2/3/5/7/9, axinl, gsk3b, dvll, fzde, lrp6, rorl/2, and lefl,
which play integral roles in the WNT pathway. The WNT/PCP (planar
cell polarity) pathway is a key contributor to skate fin morphology?.
Therefore, the regulatory expression of genes determines the process
of this signaling pathway, and TcMar elements may regulate gene
expression, particularly because they are expanded in most skates and
rays (Fig. 1c) and regulate the aforementioned important genes.
Moreover, we found three rounds of expansion events in skates and at
least one round of expansion in rays, indicating innovation in the
species (Fig. 1d).

Frequent interchromosomal rearrangements in

cartilaginous fishes

Karyotypes can vary considerably among cartilaginous fishes; this has
attracted considerable research attention™”. However, chromosomal
changes across cartilaginous fishes have been noted and systematically
compared thus far. Thus, we elucidated syntenic relationships among
the published chromosomal-level assemblies of four skate, three ray,
eight shark, and one chimaera species to assess chromosome rear-
rangement changes among cartilaginous fishes. We observed an
overall conserved pattern of synteny blocks across all genomes but
noted abundant interchromosomal rearrangement events between
different orders (Fig. le). In the superorder Batoidea, the chromo-
somes of skate species maintain one-to-one correspondence. In con-
trast, many chromosome fusions were noted in the ray species
Hypanus sabinus and Mobula birostris from the order Myliobatiformes:
chr2-chr26, chrl-chré6, chr9-chri4, chr4-chr38, chr7-chri2, chr3-
chr18, chr21-chr25, chr28-chr36, chr35-chr39, and chr4l-chr44.
These fusions led to a rapid reduction of chromosome numbers of the
ray species. In the superorder Batoidea, seven chromosomes (i.e.,
chr17, chr23, chr27, chr32, chrl5, chr33, and chr29) maintained a stable
one-to-one chromosome synteny overall, whereas 15 chromosomes
(i.e., chrl, chr2, chré, chr9, chrl4, chr38, chr4, chr7, chri2, chr8, chr3,
chr20, chr22, chr13, and chr19) demonstrated more than two fusion
and fission events (Fig. 1e). Among the sharks, Squalus acanthias, with
relatively few chromosomes, exhibited multiple chromosome fusion
events but demonstrated an excellent syntenic relationship with
Orectolobiformes sharks. In contrast, in Carcharhiniformes and Lam-
niformes sharks, frequent chromosomal rearrangement events were
noted. Only chr7 and chr34 were in a stable one-to-one collinear
relationship among the shark and chimaera species, whereas 14 chro-
mosomes (i.e., chr3, chr12, chr9, chr8, chrl9, chrlé, chrl4, chr4, chr27,
chr20, chr23, chr30, chr24, and chr28) demonstrated more than two
fusion and fission events. Moreover, in cartilaginous fish, sex
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chromosomes may not have originated from the same ancestral
chromosome, and multiple rearrangement events occurred between
the sex chromosomes and autosomes. These chromosome arrange-
ments may be related to the genome size changes due to an increase

in the number of repetitive sequences, resulting in chromosome
instability.

To determine the phylogenetic relationships for our newly
sequenced species, we performed gene family analysis on 17
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representative species, including skate and shark species, and 8 tele-
osts. By using SonicParanoid, we identified 10,010 single-copy ortho-
logous genes and 335 of them were one-to-one genes in these 17
species. Then we constructed a phylogenetic tree using the maximum-
likelihood method based on the 14,009 fourfold degenerate sites
sampled from the 335 genes and found that O. kengjei is unequivocally
clustered with Amblyraja radiata, and P. glauca is the sister branch of
Scyliorhinus torazame (Supplementary Data 3). We also elucidated the
evolutionary relationships among other species used in our analysis;
the results were consistent with published studies®, confirming their
reliability. We then inferred divergence times with 10 fossil times from
the TimeTree database?: the skates separated from the sharks about
259 million years ago (Mya; Fig. 2a)—also in line with previous results®.
0. kengjei diverged from A. radiata approximately 33.9 Mya, whereas P.
glauca diverged from S. torazame approximately 103.4 Mya.

Expanded gene families in the two novel genomes

Gene family expansion often plays a critical role in biological diversity,
adaptability, and complexity of organisms®**, thus we conducted
related analysis for the newly assembled genomes, identifying 311 and
444 expanded gene families (Supplementary Data 4), as well as 233 and
133 contracted gene families (Supplementary Data 5) in O. kengjei and
P. glauca, respectively (Fig. 2a). In O. kenojei, the expanded gene
families including 1,246 genes were mainly enriched in pathways
related to survival adaptations, including carbohydrate metabolism,
signal transduction, as well as the endocrine, immune, and sensory
systems (Fig. 2b). In P. glauca, 444 expanded gene families including
1,611 genes were enriched in pathways mostly different from those in
0. kengjei (Fig. 2c). Nevertheless, most of these genes were related to
the immune and endocrine systems and signal transduction. We found
that although O. kengjei and P. glauca both enriched in the same
immune pathway, the specific genes undergoing expansion might be
different (Supplementary Data 4). For instance, in the RIG-I-like
receptor signaling pathway, previous study showed that RIG-like
receptors themselves are conserved in gene copy number”. However,
genes acting within this pathway, such as tumor necrosis factor (TNF)
and interferon alpha (/FNA), exhibit increased copy numbers in O.
kenojei and P. glauca, respectively, as shown in Supplementary Fig. 4a,
b, suggesting the expansion of different gene families might reflect
species-specific requirements in responding to environmental pres-
sures. Moreover, one of the pathways in P. glauca was related to
ovarian steroidogenesis, through which ovarian cells produce hor-
mones regulating ovarian function and ovulation”. P. glauca is vivi-
parous with super-reproductive capabilities. At each breeding, it can
produce an average of 30-50 pups (with the highest being 135 pups)—
much higher than that produced by other cartilaginous fishes in the
open ocean globally*®. We found that in P. glauca, there is one more
copy of the STAR gene which encodes steroidogenic acute regulatory
protein (StAR) compared to other cartilaginous fishes. StAR is a
cholesterol-transporting protein which is important in steroid hor-
mone biosynthesis**° and potentially contributes to multiple births
for P. glauca.

Sensory gene repertories

Vertebrates have developed five visual pigment opsin gene lineages,
including four distinct cone opsins (i.e., lws, swsl, sws2, and rh2)
expressed in cone cells and one rod opsin (rhI) expressed in rod
photoreceptors®. We noted that skates lost lws and rh2, whereas these
genes were retained in sharks and rays (Fig. 2d and Supplementary
Fig. 5). We didn’t identify swsI and sws2 in all assembled cartilaginous
fish genomes (Fig. 2d), consistent with previous results'®, which may
suggest these two gene losses are ancestral events. We noted good
retention of the gene block (with or without swsI) in both the cartila-
ginous and bony fishes (Fig. 2e), but swsI was lost in cartilaginous
fishes. However, sws2 was likely lost because of considerable changes

due to chromosome rearrangements; compared with the bony fishes,
the cartilaginous fishes did not demonstrate any gene collinearity or
blocks (Fig. 2f). Cartilaginous fishes may have evolved other more
advanced sensory systems, and swsI and sws2 loss may be adaptive or
regressive. Thus, we performed a series of experiments to explore the
mechanisms underlying swsI and sws2 loss.

SWS-dependent shortwave-light-induced retina injury

Several selection pressures may have led to a universal SWS loss in
cartilaginous fishes. We hypothesized that these fishes demonstrate
SWS-dependent shortwave-light-induced retina injury. Compared
with white light, we found that shortwave blue or violet light led to
considerable injury to the retina in zebrafish after one month of irra-
diation, showing fewer photoreceptor cells, as well as shorter photo-
receptor and pigment epithelial cell layers. However, longwave red or
yellow-green light did not cause these injuries. Moreover, no injury was
noted in other layers, including the outer nuclear, outer plexus, inner
nuclear, inner plexus, and nerve fiber layers (Supplementary Fig. 6a, b).

In our comparative transcriptomic analysis with white light irra-
diation, irradiation with shortwave light including blue and violet light
co-upregulated the expression of 176 apoptosis-related genes and 167
cell aging-related genes (Supplementary Fig. 7a, Supplementary
Data 6); thus, shortwave light might cause cell apoptosis and aging in
eyes. Our quantitative reverse transcription polymerase chain reaction
(RT-gPCR) results revealed that shortwave irradiation upregulated
marker genes related to apoptosis (caspase3b and p21 genes) and cell
aging (mmpé65 and il6) in zebrafish eyes (Supplementary Fig. 7b).
Immunohistochemically staining for Caspase3b and 116 confirmed
these results (Supplementary Fig. 7c). TUNEL staining confirmed the
presence of DNA breaks in zebrafish retinas (Supplementary Fig. 7d),
this result was corroborated by that of a previous result, which was due
to high-energy blue light inducing and accelerating cellular damage
through apoptosis**.

To determine whether shortwave-light-induced eye injuries may
depend on shortwave sensitive opsins, we established swsI”~ and
sws2”~ mutants (swsl official name: opnlswl, sws2 official name:
opnisw2) of zebrafish by using the CRISPR/Cas9 genome editing
technology, and the behavior testing results demonstrated that the
mutants had lost the ability to detect shortwave light (Supplementary
Fig. 8). After shortwave light irradiation, the photoreceptor cell layer
was thicker, with more, longer photoreceptor cells, in both the swsI”~
and sws2”~ mutants of zebrafish than that in the wild-type (WT) zeb-
rafish (Fig. 3a). This result indicated that shortwave-light-induced
injury in photoreceptor cells depends on SWS1 and SWS2. Further-
more, shortwave light irradiation led to up regulation of 94 and 97
downregulation of 97 and 92 cell-aging-related genes in the eyes in the
sws2”" and swsl”~ mutants, respectively (Fig. 3b, Supplementary
Data 7). The relative expression of the two cell aging marker genes p16
and il6 was significantly lower in the sws”™ mutant than in the WT,
indicating that cell aging might play a major role in photoreceptor cell
injury. Immunofluorescence staining demonstrated a significantly low
signal for P16 in the retina of both the swsi1”" and sws2”~ mutants,
further confirming the aforementioned observations (Fig. 3c).

SWS-dependent shortwave-light-induced injury can cause cell
aging via photoreceptor layer thinning, which is also a biomarker for
age-related macular degeneration (AMD). AMD, a leading cause of
vision loss in humans®, can result from excessive exposure to blue
light received during an individual’s entire lifespan®*. To further
confirm whether shortwave-light-induced cell aging depends on SWS
in zebrafish or humans, we overexpressed zebrafish swsl and sws2 and
human sws in HEK293 cells (Supplementary Fig. 9). Senescence-
associated B-galactosidase (SA-B-gal) staining demonstrated a strong
B-galactosidase signal in sws-overexpressing cells, confirming that the
cells were aging (Fig. 4a). Moreover, sws-overexpressing cells exhibited
strong P16 signals (Fig. 4b). These results further confirmed that cell
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Fig. 2 | Phylogeny and comparative genomics of cartilaginous fishes.

a Phylogenetic and gene family expansion and contraction analysis of O. kenojei
and P. glauca. b, ¢ KEGG pathway enrichment analysis of expanded genes in O.
kenajei (b) and P. glauca (c). Top 40 enriched pathways are shown; the pathways
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adjustments were made for multiple comparisons. Data are representative of three
independent experiments. Source data are provided as a Source Data file.

b Transcriptomic expression heatmaps of sws2”~ compared to WT zebrafish
exposed to blue light, and of swsI”~ compared to WT zebrafish after violet

light irradiation. In total, 94 and 97 cell-aging-related genes were upregulated,

97 and 92 genes were down regulated in the sws2”~ and swsI”~ mutants, respec-
tively. Some of the cell-aging-related genes are shown in the Y-axis. One-way
ANOVA: F(2, 6) =71.87, p< 0.0001, R? = 0.9599; Dunnett’s multiple comparisons
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test: WT vs. sws2”: mean diff. = 0.3434, 95% CI = [0.2448, 0.4420], adjusted
p=0.000L, ** WT vs. swsI”: mean diff. = 0.3701, 95% CI = [0.2716, 0.4687],
adjusted p <0.0001, ***.0One-way ANOVA: F(2, 6) =160.1, p < 0.0001, R? = 0.9816;
Dunnett’s multiple comparisons test: WT vs. sws2”: mean diff. = 0.2470, 95% Cl =
[0.1984, 0.2956], adjusted p < 0.0001, ***; WT vs. swsI”: mean diff. = 0.2762, 95% CI
=1[0.2276, 0.3247], adjusted p < 0.0001, ***. Data are from 3 replicates per group
and representative of three independent experiments. Source data are provided as
a Source Data file. ¢ Inmunofluorescent signal for P16 in the inner segment of the
retina. Two-sample two-sided unpaired t test: p < 0.0001, 95% CI = [-144.7, -105.1],
mean diff. =-124.9 + 9.492, df=20, t=13.16, R2 = 0.8965; two-sample two-sided
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parisons. Source data are provided as a Source Data file. PEL pigment epithelial
layer, PRL photoreceptor layer, ONL outer nuclear layer, INL inner nuclear layer, IPL
inner plexiform layer, OS outer segment, IS inner segment, SY synapse.

aging induced by shortwave light depends on SWS of zebrafish
or human.

Discussion

Whole-genome sequencing of cartilaginous fish can facilitate the
exploration of vertebrate evolution®™®. Here, we assembled high-
quality chromosomal-level genomes of two cartilaginous fish and
discovered a series of crucial evolutionary events. First, the diversity
and evolution of TEs, major vertebrate genome components, have

been studied widely. In general, the genome TE content is higher in
cartilaginous fish (45.65-74.79%) than in bony fish (5-56%)>. Cartila-
ginous fish exhibit similar repeat sequence compositions; of all repeat
sequences, 86.68-97.78% are LINE and LTR, the two main repeat
sequence types. However, we found that repeat subtypes in skates and
rays differed from those in sharks and chimaeras; these subtypes
included TcMar, which may be critical in determining the body plan.

Chromosomal evolutionary events, such as whole-genome
duplication and rearrangements, are of great significance to the
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Fig. 4 | Cell aging detection in sws-overexpressing HEK293 cells. a. SA-B-gal
staining of cells overexpressing mcherry, zebrafish swsl, zebrafish sws2, or human
sws (i.e., blue precipitate). SA-B-gal was not observed in the untransfected HEK293
cells and HEK293 control (cmv:mcherry) cells. Scale bar: 10 um. Twenty cells were
randomly selected from each section to count the number of SA-B-gal positive cells.
One-way ANOVA: F(4, 20) =50.42, p <0.0001, R? = 0.9098; Dunnett’s multiple
comparisons test: HEK293 vs. cmv:mcherry: mean diff. = -0.4000, 95% Cl = [-4.354,
3.554], adjusted p =0.9962, ns; HEK293 vs. cmv:ZBswsI: mean diff.=-15.00,

95% CI = [-18.95, —11.05], adjusted p < 0.0001, ****; HEK293 vs. cmv:ZBsws2: mean
diff. =-13.00, 95% CI = [-16.95, -9.046], adjusted p < 0.0001, ***; HEK293 vs.
cmv:HUsws: mean diff. = -13.40, 95% Cl = [-17.35, -9.446], adjusted p < 0.0001,

*+*_Data are from 5 replicates per group and representative of three independent
experiments. Source data are provided as a Source Data file. b. Immuno-
fluorescence detection of P16 through confocal microscopy. The negative control
group comprised HEK293 cells not exposed to primary antibodies. Scale bar: 10 um.
One-way ANOVA: F(3, 40) =153.6, p <0.0001, R2 = 0.9201; Dunnett’s multiple
comparisons test: HEK293 vs. cmv:ZBswsI: mean diff. = -43.63, 95% ClI = [-49.62,
-37.64], adjusted p < 0.0001, ****; HEK293 vs. cmv:ZBsws2: mean diff. = -41.31, 95%
Cl = [-47.30, —35.32], adjusted p < 0.0001, ***; HEK293 vs. cmv:HUsws: mean

diff. =-43.84, 95% Cl = [-49.82, —37.85], adjusted p < 0.0001, ****, Data are from 11
replicates per group and representative of three independent experiments.Source
data are provided as a Source Data file.

speciation and shaping of new features in species. Although gene
duplication and its adaptive significance have been discussed widely,
gene loss has been much less studied. Both gene loss and gain play
major roles in animal evolution?**?%*_ Similar to the published gen-
omes of several other cartilaginous fish, our skate (O. kenogjei) and blue
shark (P. glauca) genomes demonstrated sws loss. Inability to sense
shortwave light in sharks has been a topic of shark genome
research'®*%*!, Two main molecular mechanisms may underlie the loss

of a gene from a genome: an abrupt mutational event or slow mutation
accumulation during pseudogenization*. Our comparative genomics
analysis revealed no swsI and sws2 pseudogene among the cartilagi-
nous fish genomes (Fig. 2d), indicating that sws was more likely lost
because of substantial changes, such as chromosome rearrangements
(Fig. 2e, f). However, because we included a limited number of carti-
laginous fish species here, we could not rule out that swsl loss in
cartilaginous fish exemplified whole gene deletion based on partial
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functional loss due to mutations or pseudogenization. In some bony
fish* and bats**, swsI has undergone different degrees of mutation or
pseudogenization. Because sws loss was noted in all cartilaginous fish
(Fig. 2d), sws may have been lost 360 Mya before the divergence of the
holocephalan (chimeras) and elasmobranchs (sharks, skates, and rays;
Fig. 2a)”. In other words, sws loss occurred in the common ancestors
of chondrichthyans before subclass formation—much earlier than the
mass extinction that preceded the species extinction 66 Mya*, as well
as mass extinction 19 Mya when >90% of shark species disappeared*®.

Because neither SWS1 nor SWS2 exists in their retina, cartilagi-
nous fish cannot see blue or violet light in their surrounding optic
environment. Thus, sws loss may not have occurred stochastically but
due to gene function loss in cartilaginous fish. Here, we noted that
shortwave-light-induced injury may depend on SWS; violet or blue
light via SWS1 or SWS2 caused photoreceptor layer thinning via cell
aging in zebrafish; in contrast, red or yellow light irradiation had no
such effect. Moreover, shortwave light induced cell aging in cells
overexpressing zebrafish sws. Therefore, sws loss may be associated
with a decrease in retinal injury.

Cartilaginous fishes*’~° such as skates (0. kenojei) and blue sharks
(P. glauca) have tapeta lucida in the choroid behind the retina (Fig. 5a).
The tapetum consists of a single layer of guanophores—highly reflec-
tive, plate-like cells—which doubles the optical path length of the
photoreceptor outer segments and consequently increases eye
sensitivity*®. Without sws loss, tapeta lucida behind the retina would
have worsened SWS-dependent eye injury in cartilaginous
fish (Fig. 5b).

Gene loss with neutral effects on fitness can occur during
regressive evolution. For instance, the loss of the oca2 gene has
allowed Astyanax cavefish to adapt to life in the perpetual darkness
of caves, without any apparent deleterious effects’. Moreover, sea-
horses (lacking pelvic fins) lost tbx4, a hindlimb development reg-
ulator gene, over time™. In cartilaginous fish, sws loss may not
represent regressive evolution, but it may follow the less-is-more
hypothesis, noted in populations exposed to changes in selective
pressure patterns because of considerable shifts in environmental
conditions®***, Tapeta lucida do not occur in amphioxi or agnathans;
as such, the guanine choroidal tapetum may have arisen in sharks,
sturgeon, and lobe-finned fish independent of each other, potentially
to allow them to explore deeper and darker parts of the ocean®.
Cartilaginous fish species that gradually spread from deeper parts of
the ocean into the epipelagic zone (with multispectrum light pre-
valent) may have lost sws to prevent retina injury. In shallow waters
or ocean surfaces, lws or rh can meet the vision requirements of
cartilaginous fish. This is the first study to explain and assess the
mechanism of adaptive gene loss in cartilaginous fish. Nevertheless,
adaptive gene loss according to the less-is-more hypothesis has been
described in flies, whereby positive selection associated with colo-
nization of new ecological niches led to accelerated loss of some
chemoreceptors genes®. The loss of KLK8 (involved in sweat gland
and hippocampus development) has led to epidermis thickening,
hair loss, and reduced water resistance in Cetaceans, aiding marine
environment adaptation®-"’,

In the presence of SWS, both blue and violet light can engender
cell aging, leading to photoreceptor layer thinning in zebrafish.
Moreover, photoreceptor layer thinning is an AMD biomarker in
humans®. Our results indicated that blue light can induce aging in
HEK293 cells overexpressing human sws, supporting the possible role
of blue light in AMD development. Although AMD is a major health
issue in the developed world, accounting for approximately half of all
blind registrations, no AMD-related gene has been reported so far.
Thus, our findings may facilitate future screenings for AMD marker
genes associated with SWS-dependent transduction and downstream
signaling pathways (e.g., cell aging).

Methods

Ethics statement

All animal experiments and field work were conducted according to
the standard animal guidelines approved by the Animal Care Com-
mittee of Shanghai Ocean University (Approval No. SHOU-DW-
2021-011).

DNA and RNA sequencing

O. kengjei were caught at Bohai Bay in China, and genomic DNA was
extracted from their muscle tissues. A short-read paired-end library
with a 350-bp insert size was sequenced on the BGISEQ-500 platform
(BGI Qingdao, China), and two 20-kb-long read libraries were con-
structed and sequenced on the RSII platform (Pacific Biosciences,
California, USA) in the CLR mode, according to the official standard
protocol. For Hi-C sequencing, libraries were constructed and
sequenced on the BGISEQ-500 platform with 100-bp paired-end reads,
according to the official standard protocol®®. RNAs were extracted
from six tissues, including the eye, ovarium, dorsal skin, abdomen skin,
liver, and spermary, by using a TRIzol kit (Invitrogen, USA), and the
libraries were sequenced on the BGISEQ-500 platform (Supplementary
Table 7). For P. glauca, caught from the western Pacific Ocean, we
constructed a short-read 350-bp library and sequenced it on the Illu-
mina Novaseq platform. Genomic DNA was broken down into
approximately 15-kb-long fragments to construct a long-read library
and sequenced on the PacBio Sequel Il platform in the CCS mode.

Genome assembly and chromosome anchoring

SMARTdenovo* was used to assemble the O. kenojei genome by using
long reads with default parameters. Then, the contigs were polished
using Pilon (version 1.22)°° by using the clean short reads filtered using
Soapnuke (version 1.6.5) with these parameters: -M1-A 0.4 -d -n 0.02 -
10 -q 0.1 -Q 2 -G. Finally, the Hi-C data were mapped to the draft
genome by using Juicer® and anchored to the chromosome using the
3D-DNA pipeline®. For the P. glauca genome, accurate CCS data were
assembled using hifiasm (version 0.16)*>. Next, purge_dups (version
1.2.6)°* was used to reduce the number of heterozygous duplications.
The chromosome-linking steps were identical to those used for the O.
kenogjei genome. Finally, the completeness assessment of assembled
genomes was conducted using BUSCO based on the metazoa odbl0
dataset and the Core Vertebrate Genes® in gVolante (https://gvolante.
rikenjp/).

Genome annotation
For genome repeat annotation, we first used RepeatModeler (version
1.0.8) and LTR-FINDER (version 1.0.6)°° to construct a custom repeat
library and then used RepeatMasker (version 4.0.6)*” to search the
genome repeats against both our custom library and Repbase (version
21.01) database by using the following parameters: -nolow -no_is -norna
-engine ncbi. RepeatProteinMask (version 4.0.6) was also used for
perform homolog-based search at the protein level with the following
parameters: -engine ncbi -noLowSimple -p-value 0.0001. In addition,
tandem repeats were detected using Tandem Repeats Finder (version
4.07)°® with the following parameters: -Match 2 -Mismatch 7 -Delta 7
-PM 80 -PI 10 -Minscore 50 -MaxPeriod 2000. Next, by using the
aforementioned method, we detected repeat contents in other carti-
laginous fishes for downstream analysis (Supplementary Table 8).
For gene annotation, protein sequences of Chiloscyllium puncta-
tum, S. torazame, Callorhinchus milii, Rhincodon typus, and Carchar-
odon carcharias (Supplementary Table 9) were downloaded from
public databases and mapped to the genome using BLAT (version
35.1)®°. Next, gene models were predicted using GeneWise (version
2.4.1)°. RNA reads were aligned to the genome using HISAT2".. Fur-
thermore, transcripts were assembled using Stringtie (version 1.2.2)",
and open reading frames were predicted using TransDecoder (version
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Fig. 5 | Relationship between tapetum lucidum and sws loss in cartilaginous
fishes. a Tapetum lucidum (TL) in the eyes of some cartilaginous fishes. The image
was taken with a flash in the dark, all fishes were ever frozen except for Okamejei
kenojei and Chiloscyllium plagiosum. Tissue sections show the location of the
tapetum lucidum in the pigment epithelial layer (PEL). PRL:photoreceptor cell
layer. Scale bar: 50 um. n =1, the experiment was not repeated and 5 slices were
made for each sample, and the best complete slice was selected for display.
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b Simplified model of sws loss in cartilaginous fish. The lower half of the eye in the
schematic illustrates a two-way retinal injury mechanism, including apoptosis and
SWS-dependent cell aging, which is induced by shortwave light in the presence of
SWS. The upper half of the eye in the schematic shows that in cartilaginous fish, the
tapetum lucidum can reflect shortwave light, thus reducing retinal damage. Thus,
with sws loss, cartilaginous fish sustain shortwave-light-induced retinal injury only
via a one-way mechanism. RPE retinal pigment epithelium.
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5.5.0; http://transdecoder.sourceforge.net/). Finally, GLEAN” was used
to integrate a nonredundant gene set.

For gene function annotation, protein sequences were aligned to
sequences from various databases including Swiss-Prot, TrEMBL™, and
KEGG (version 105)” by using BLASTP (version 2.2.26)’°. Function-
specific motifs and domains were determined by InterProScan (version
5.60-92.0)"7 according to several protein databases, including Pfam,
SMART, PANTHER, PRINTS, PROSITE profiles, and ProSitePatterns.
Gene Ontology annotation results were extracted from the Inter-
ProScan results. Finally, protein clustering was performed with 70%
similarity by using Cd-hit (version 4.8.1)7%.

Gene family analysis

Gene sequences of Amblyraja radiata, Chiloscyllium plagiosum, Cal-
lorhinchus milii, Carcharodon carcharias, Chiloscyllium punctatum,
Rhincodon typus, Scyliorhinus torazame, Latimeria chalumnae, Lepi-
sosteus oculatus, Danio rerio, Acipenser ruthenus, Coilia nasus, Gaster-
osteus aculeatus, Takifugu rubripes, and Scleropages formosus were
downloaded from the NCBI database (Supplementary Table 10). Next,
SonicParanoid”® was used to identify orthologous groups among the
species, and the third base from qualifying codons was then extracted
and compiled for all species, resulting in a reduced dataset of four-fold
degenerate sites to construct a phylogenetic tree using IQ-TREE®*® with
the maximum-likelihood method. The divergence times were inferred
on MCMCtree®, and the calibrating fossil times were searched on
TimeTree*: L. chalumnae and Le. oculatus, 424-440 Mya; L. chalumnae
and Cal. milii, 442-515 Mya; A. ruthenus and Le. oculatus, 345-372 Mya;
Le. oculatus and D. rerio, 298-342 Mya; Sc. formosus and D. rerio,
244-301 Mya; Coi. nasus and D. rerio,151-246 Mya; G. aculeatus and T.
rubripes, 82-174 Mya; Car. carcharias and R. typus, 113-289 Mya; Cal.
milii and A. radiata, 338-471 Mya; and C. plagiosum and A. radiata,
245-343 Mya. The expansion and contraction of gene families were
then defined using CAFE (version 5.0)*” using the base model, and the
clade_and_size filter.py script from the CAFE package was used to filter
out gene families with copy numbers exceeding 100 in one or
more species to avoid noninformative parameter estimates. In order
to verify identify representative expanded gene families, we used
miniprot (version 0.12)* to align reference proteins from pathway in
KEGG database to target genomes, obtaining combined homolog
results with the genewise results. Multiple animo acid sequences
alignments were generated using MAFFT (v7.407)" and the gene trees
were constructed by FastTree (2.1.10)* using maximum likelihood
method.

Opsin gene identification

Protein sequences of cartilaginous fishes and reference opsin genes of
24 species were downloaded from NCBI and published articles (Sup-
plementary Table 11). Then, the opsin genes from NCBI databases
(Supplementary Data 8) were aligned with the whole-protein sequen-
ces by using BLASTP (version 2.2.26) with the following parameters: -e
le-5. For Raja brachyura, M. birostris, and S. acanthias (the annotation
information of which was unavailable), we used miniprot (version
0.12)* to align opsin proteins with their genomes and obtain opsin
homologs.

Zebrafish

Here, we used AB WT zebrafish procured from the Shanghai Institute
of Biochemistry and Cell Biology, Chinese Academy of Sciences, China;
they were maintained under a 14-h light-10-h dark cycle and fed
Artemia nauplii twice daily. Embryos were cultivated at a consistent
temperature of 27 °C +£1°C in egg water, formulated by diluting arti-
ficial seawater in regular water at a ratio of 1.5:1000. The zebrafish
broodstock was selectively paired at a 1:1 male-to-female ratio®®. All
zebrafish used in this study were anaesthetized with MS-222 before
sampling.

Light exposure

For violet light exposure experiments, 10 swsI”~ zebrafish and 10 WT
zebrafish (all 15 days post fertilization, dpf) were grouped into three
parallel groups. All fish were placed in a dark room with violet LED
lamps on the top and fed twice per day (in the morning and evening).
The water was changed daily, and a 14-h light-10-h dark irradiation
cycle was used. The sustained light stimulation time was 30 days. LED
lamp wavelength (An.x) and intensity were set to 370nm and
2,000 +100 Ix, respectively. For blue light exposure experiments, we
followed identical steps but with the following exceptions: swsI”~
zebrafish were replaced by sws2’ zebrafish, and A,.x was set
to 420 nm.

Moreover, zebrafish swsi-overexpressing HEK293 cells were cul-
tured under 370-nm violet light for 30 min, whereas zebrafish sws2-
and human sws-overexpressing HEK293 cells were cultured under 420-
nm blue light for 30 min; in both experiments, the light intensity was
set to 2000 +100 Ix.

Tissue section preparation

Whole zebrafish (45 dpf) were euthanized and immediately placed in
4% paraformaldehyde for overnight fixation. Next, the specimens were
subjected to wash and dehydration steps in an ethanol series at
increasing concentrations (75%, 85%, 95%, and 100%; every 30 min).
Subsequently, the samples were rendered transparent using Xxylene,
followed by overnight immersion in paraffin. Finally, the paraffin-
embedded tissue sample blocks were sectioned into 5-um-thick slices
by using a blade, mounted on gelatin-coated slides, and air-dried.

Hematoxylin and eosin (HE) staining

The paraffin-embedded sections were deparaffinized at 65°C and
rehydrated using an ethanol series at decreasing concentrations
(100%, 95%, 90%, 80%, and 70%; every 2 min). Subsequently, they were
immersed in a hematoxylin dye solution for 5 min, followed by rinsing
with running water. To enable differentiation, we immersed the sec-
tions in a 0.5% hydrochloric acid-alcohol solution for 10 s, followed by
rinsing under running water and immersion in a 1% eosin dye solution
for 10s. After gradient dehydration, the sections were exposed to
xylene for 1-2 min to develop transparency. Finally, the sections were
mounted with resin. For each zebrafish sample, the paraffin section
with the largest cross-section of the lens was selected for staining
treatment, and the images of the dorsal and ventral center of the retina
were selected for statistical and analysis of cell number and cell length.
The staining results were recorded with a pathology slide scanner
(SQSI12P, TEKSORAY, CN).

Immunohistochemically staining

The tissue sections were placed in 3% hydrogen peroxide, followed by
incubation at room temperature for 25 min in the dark and then by
three phosphate-buffered saline (PBS) washings with shaking for 5 min.
Next, 3% bovine serum albumin (BSA) was added to cover the tissue
section evenly and air-dried at room temperature for 30 min. Next, the
BSA seal was removed, and primary antibodies (IL6 Rabbit mAb,
ABclonal, Catlog NO.:A22222 at 1:200 dilution; Anti-Caspase-3 Rabbit
pAb(Servicebio,Catalog NO.:GB11009-1 at 1:100 dilution) suspended in
PBS were added to the sections. All sections were then placed flat in a
wet box and incubated at 4 °C overnight; this was followed by three
PBS washings with shaking for 5 min. After the slices dried slightly, the
sections were incubated with corresponding horseradish peroxidase-
labeled corresponding secondary antibodies (HRP IgG, Servicebio,
Catalog NO.:.GB23303 at 1:200 dilution) at room temperature for
50 min, followed by three PBS washings with shaking for 5 min After
the sections dried slightly, the freshly prepared a DAB color-
developing solution was added to the section. Next, the sections
were covered with hematoxylin dye solution for 3 min, followed by
rinsing under running water. After another gradient dehydration, the
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sections were exposed to xylene for 1-2 min to increase their trans-
parency. Finally, the slices were mounted using resin. The staining
results were recorded with a pathology slide scanner (DS-Ri2,
Nikon, Japan).

Immunofluorescence

All paraffin-embedded tissue sections used here were treated simi-
larly to the sections used for immunohistochemical staining until the
secondary antibody addition step. After washing off the secondary
antibodies, we incubated the sections with DAPI at room tempera-
ture for 10 min in the dark to stain the nuclei. Finally, the sections
were sealed with an anti-fluorescence quenching agent. The staining
results were recorded with a pathology slide scanner (SQSI2P,
TEKSORAY, CN).

For cell immunofluorescence, cells grown on coverslips were
fixed with 4% ice-cold paraformaldehyde PBS for 20 min, followed by
treatment with 0.1% TritonX-100 PBS for 10 min. After washing the
sections with PBS twice, we blocked the cells with 5% BSA at 37 °C for
30 min and then incubated them with primary antibodies (CDKN2A/
pl6INK4a Rabbit mAb, ABclonal, Catalog NO.:A11651 at 1:200 dilution)
at 4 °C overnight. Next, the cells were washed with PBS and incubated
with the corresponding secondary antibodies (ABflo 488-conjugated
Goat Anti-Rabbit IgG(H +L), ABclonal, Catalog NO.:AS053 at 1:500
dilution) at 37 °C for 30 min. Finally, DAPI was used to stain the nuclei,
and the sections were sealed with an anti-fluorescence quenching
agent. The staining results were recorded with a pathology slide
scanner (SP8, Leica, Germany).

TUNEL staining

TUNEL assay kit (E-CK-A331, Elabscience, US) and TMB chromogenic
(322550, ACD, US) were performed for TUNEL staining according to
the kit instructions. The paraffin sections were routinely dewaxed and
rehydrated, followed by washing with PBS. Subsequently, the repair
solution containing proteinase K from the kit was added and incubated
at 37°C in a humid chamber for 1h. After washing with PBS, the bal-
ance solution from the kit was applied and equilibrated at 37°C in a
humid chamber for 30 min.

Following this, the TdT enzyme and HRP-dUTP mixed working
solution were prepared according to the instructions provided in the
kit. The buffer on the sections was removed by centrifugation before
adding the prepared mixed working solution, which was then incu-
bated at 37 °C in a humid chamber for 1 h. After another wash with PBS,
the TMB chromogenic substrate was added and allowed to stand at
room temperature for 5 min. Finally, observations were made under a
light microscope; a blue-green coloration indicated a positive signal.
The staining results were recorded with a pathology slide scanner
(SQS12P, TEKSORAY, CN).

Total RNA extraction and cDNA synthesis from zebrafish eyes
Three zebrafish eye tissue samples were collected, and RNA extraction
was performed according to the protocol outlined in the RNA isoPlus
specification (9108; Takara, Japan). Subsequently, first-strand cDNA
was synthesized using a HiSlid cDNA Synthesis Kit (MKG840; MIKX,
China), according to the manufacturer’s instructions.

RNA sequencing analysis

We obtained three mixed samples of zebrafish eye tissue from each
of the following groups: normally fed WT, blue-light-exposed WT,
violet-light-exposed WT, blue-light-exposed sws2”’~ mutant, and
violet-light-exposed swsI”~ mutant. Sequencing was conducted at
Shanghai Ouyi Biology. Differential expression analysis was per-
formed using DESeq2, with Q value < 0.05 and fold change > 2 or fold
change <0.5 set as the thresholds for significantly differentially
expressed genes.

qRT-PCR

We performed RT-qPCR by using the Pro SYBR qPCR Mix (MKG800;
MIKX, China). Specifically, divergent primers annealing at the distal
ends of circRNA were used to quantify circRNA abundance. Supple-
mentary Table 12 provides the details of the RT-qPCR primers used.
Amplification was performed on a StepOnePlus Real-Time PCR System
(CFX; Bio-Rad, USA), and Ct thresholds were determined using the
relevant software program.

Zebrafish gene editing based on CRISPR/Cas9 system

Knockout targets for zebrafish swsI and sws2 were designed in The
University of California Santa Cruz Genome Browser (https://genome.
ucsc.edu/). The sgRNA and cas9 mRNA synthesized in vitro were
microinjected into WT zebrafish embryos. These embryos were cul-
tured to the age of 3 months, and FO generation heterozygous mutants
were screened through Sanger sequencing. Heterozygous and WT
zebrafish were then used to obtain F1 zebrafish, and homozygous
mutants were screened through Sanger sequencing (Supplementary
Fig. 8)¥". All sequencing was performed at Shanghai Sangong Biological
Company.

Behavioral testing

We performed behavioral testing to evaluate swsI and sws2 knockout
in zebrafish by using the Y-maze experiment (20cmx50cm arm
length); the three arms of the Y-maze were set as the starting, light, and
dark arms. Equal amounts of feed were provided in the light and dark
arms. In total, 30 WT and 30 mutant zebrafish were assessed con-
secutively. Each fish was tested for 2 min, starting from the starting
arm, three times. The final swimming direction was recorded.

Vector construction and transfection

To construct an opsin overexpression plasmid, we cloned human
sws, zebrafish swsi, and sws2 cDNAs into the pmcherry-N1 vector
using the Homologous Recombinant Kit (C113; Vazyme; Supple-
mentary Fig. 9a). Primers used for amplification are listed in Sup-
plementary Table 12. The plasmid was transfected into HEK293 cells
by using Lipo8000 (CO533FT; Beyotime, USA), according to the
manufacturer’s instructions. In order to construct a stable cell line,
the transfected cells were transferred to 10 cm dish, and 800 ng/pl of
G418 was added for screening, and the monoclonal cell line was
obtained and cultured into a stable cell line. Fluorescence signals
were observed under a fluorescence microscope (IX53; Olympus,
Japan). Untransfected HEK293 cells and pmcherry-N1 transfected
cells were used as controls.

SA-B-gal staining

For SA-B-gal staining, we used the SA-B-Gal Staining Kit (G1073; Ser-
vicebio, China), according to the manufacturer’s instructions. Synovial
cells were fixed with senescent cell staining fixative for 15 min and
washed three times, followed by incubation in SA-B-gal staining solu-
tion at 37 °C for 24 h. Images were captured under an inverted fluor-
escence microscope, and SA-B-gal-positive synovial cells were
randomly divided into three regions.

Statistical analysis

All data in this study are expressed as means + standard deviations.
Analyses were performed on Prism (version 9.1.2; GraphPad Software).
The means of the groups were compared using a Student’s ¢ test and
analysis of variance. P values were calculated using a log-rank test, and
P < 0.05 was considered to indicate statistical significance.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

O. kengjei data supporting the current findings have been deposited in
the CNGB Sequence Archive®® of China National GeneBank DataBase®
(accession no.. CNP0003537) and at NCBI (BioProject no.:
PRJNA990959). The genome assembly, annotation files, and all the
sequencing data of P. glauca have been deposited at NCBI (BioProject
no.: PRINA1018302; BioSample no.: SAMN37447395[https://www.ncbi.
nim.nih.gov/biosample?LinkName=bioproject_biosample_all&from_
uid=1018302]). The O. kenajei and P. glauca Genome Shotgun projects
have also been deposited in the DDBJ/ENA/GenBank (accession nos.:
JAVHYY000000000.1 [https://www.ncbi.nlm.nih.gov/nuccore/
JAVHYY000000000] and JBBMREOOOOOOOOQO, respectively). The
GenBank assembly versions of O. kengjei and P. glauca described herein
are GCA_035221665.1 [https://www.ncbi.nlm.nih.gov/datasets/genome/
GCA _035221665.1/] and GCA_037974335.1 [https://www.ncbi.nlm.nih.
gov/datasets/genome/GCA_037974335.1/], respectively. Source data
are provided with this paper.
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