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Abstract

The mantis shrimps are the only animal species known to science that can recognize circularly polarized light (CPL). Here

we explored the morphological and molecular mechanisms of CPL recognition in Oratosquilla oratoria, a typical species of

mantis shrimps. Through multilayer microscopy, we discovered the cross-arranged microvilli and the oval distal rhabdom to

be the critical structures for CPL recognition. Based on the specific expression patterns of vision-related functional genes and

proteins, we suggest that the order of light utilization by O. oratoria compound eye was first natural light, then left-rotation

CPL (LCPL), linearly polarized light, right-rotation CPL (RCPL) and dark. Meanwhile, we found that the expression levels

of vision-related functional genes and proteins in O. oratoria compound eye under RCPL were not significantly different from

those in DL, and thus provide additional evidence that mantis shrimp can only recognize LCPL. Furthermore, the recognition

of LCPL is likely facilitated by the differential expression of opsin and microvilli - related functional genes and proteins (arrestin

and sodium-coupled neutral amino acid transporter). In conclusion, this study systematically illustrated for the first time how

O. oratoria compound eye recognizes CPL, and it can improve the visual ecological theory behind polarized light recognition.
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Abstract : The mantis shrimps are the only animal species known to science that can recognize circularly
polarized light (CPL). Here we explored the morphological and molecular mechanisms of CPL recognition
inOratosquilla oratoria, a typical species of mantis shrimps. Through multilayer microscopy, we discovered
the cross-arranged microvilli and the oval distal rhabdom to be the critical structures for CPL recognition.
Based on the specific expression patterns of vision-related functional genes and proteins, we suggest that the
order of light utilization by O. oratoria compound eye was first natural light, then left-rotation CPL (LCPL),
linearly polarized light, right-rotation CPL (RCPL) and dark. Meanwhile, we found that the expression
levels of vision-related functional genes and proteins inO. oratoria compound eye under RCPL were not
significantly different from those in DL, and thus provide additional evidence that mantis shrimp can only
recognize LCPL. Furthermore, the recognition of LCPL is likely facilitated by the differential expression of
opsin and microvilli - related functional genes and proteins (arrestin and sodium-coupled neutral amino acid
transporter). In conclusion, this study systematically illustrated for the first time how O. oratoriacompound
eye recognizes CPL, and it can improve the visual ecological theory behind polarized light recognition.

Key words :Oratosquilla oratoria ; rhabdom; microvilli; opsin; visual ecology.

1. Introduction

Visual organs are crucial for survival in animals. Due to visual tasks, including predation, avoidance of
enemies, movement and reproduction, the visual organs of some animals have evolved special features such as
stereoscopic vision (Nityananda et al., 2018), peripheral vision (Banks et al., 2015), rapid saccade (Jonathan
et al., 2019) and visual illusion (Endler et al., 2010). Visual organs of some animals have even evolved
to recognize peculiar optical signaling, such as polarized light (PL) (Gagnon et al., 2015; Templin, 2017).
PL is another property of natural light (NL) that is scattered during transmission, and PL can be divided
into linearly polarized light (LPL), circularly polarized light (CPL) and elliptically polarized light according
to the trajectory shape of PL vector (Wang et al., 2013). PL was once overlooked because the human
eye can not directly identify it. However, behavioral, morphological, and electrophysiological experiments
have hypothesized that PL can help animals with polarization-sensitive visual system enhance the contrast
between objects and the environmental background (Shashar et al., 2011, Marshall and Cronin, 2014),
thereby ”secretly” conducting directional navigation (Homberg, 2015), camouflage (Chiao et al., 2011),
target detection (How et al., 2015), mate selection (Calabrese et al., 2014), and other visual tasks. It is
worth noting, though, that polarization sensitivity is not the same as polarization vision. The difference
lies in whether animals can accurately discern the angle of light after detecting PL (Templin, 2017). That
means there are fewer animals with polarization vision, especially CPL vision (CPLV). Although the wings of
golden turtle beetles seem to have the ability to reflect CPL (Brady and Cummings, 2010; Jiang et al., 2012),
they can’t recognize it (Miklós et al., 2012). There are more than 400 mantis shrimp species (Arthropoda:
Crustacea) in the world, and to the surprise of the researchers, is the only animal found to reflect and also
recognize CPL (Chiou et al., 2008; Graydon, 2009; Thoen, 2014).

A previous behavioral study has found that a large proportion (up to 85%) of the Philippine mantis shrimp
(Gonodactylaceus falcatus ) show an instinctive avoidance to caves that emit CPL (Gagnon et al., 2015). The
carapace (i.e. appendage, telson) of mantis shrimp has also been found to reflect CPL and the reflex ability
is gender-specific (Graydon, 2009; Gagnon et al., 2015). Interestingly, CPL reflected from mantis shrimp
carapace can only be recognized by members of the same or related species, which implies that CPL is a
communication signaling unique to mantis shrimps (Gagnon et al., 2015). In fact, mantis shrimps spend most
of their life cycle in burrows, which become their exclusive territory to effectively hide and defend themselves
against enemies (Zhao et al., 2019). Therefore, it is safe to speculate that the CPL reflected in the burrow is a
guard signal for mantis shrimps outside the cave that the cave is occupied by a mantis shrimp. In conclusion,
it seems that CPL signaling can help mantis shrimp expand their visual field in the dark seafloor and then
accurately find suitable caves, which effectively reduces competition among the ferocious mantis shrimps.

The mid-band ommatidia of compound eye are the critical structure for the mantis shrimp to recognize
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CPL (Marshall, 1988). Previous morphological studies on the mantis shrimp (i.e. Odontodactylus cultrifer
, Lysiosquillina maculate ) compound eyes have shown that the angle between the direction of the distal
rhabdom of R8 retinular cell and the proximal rhabdom of (R1, 4, 5) and (R2, 3, 6, 7) retinular cells in
the mid-band ommatidia was +45° and -45°, respectively (Marshall, 1988; Chiou et al., 2008; Graydon,
2009). Meanwhile, the distal rhabdom of R8 retinular cell shows a special short oval shape and can act as a
quarter-wave plate (Chiou et al., 2008). This impressive array of rhabdom array and shape can convert CPL
received by R8 retinular cell into LPL that can be easily recognized by R1˜R7 retinular cells (Graydon, 2009;
Gagnon et al., 2015). Additionally, the duplication of opsin genes and parallel substitution of functional amino
acid sites that are positively selected for CPL may also be responsible for the CPLV of the mantis shrimp
(Yuan et al., 2010; Briscoe et al., 2010). In the mid-band retinular cells of the Gonodactylus smithii and
Odontodactylus scyllarus compound eyes, there are 6 middle wavelength opsins (MWSs) and 15 MWS genes
have been confirmed (Porter et al., 2009; Cronin et al., 2010). Meanwhile, Porter et al. (2009) speculated that
the mantis shrimp has also undergoneMWS genes duplication during the CPL adaptation, and newMWS
genes with CPL recognition function have been generated, but these theories have not been proven.

As a representative of the mantis shrimp, Oratosquilla oratoria(De Haan, 1844) is widely distributed in the
coastal waters of China and has highly developed compound eyes. Although the mid-band of theO. oratoria
compound eye only has two rows of ommatidia (Marshall et al., 2007; Fu et al., 2019; Zhao et al., 2019), it
is still an excellent model for CPL recognition mechanism research. In this study, we aimed to elucidate the
critical CPL-recognition mechanisms of theO. oratoria and other mantis shrimp species at the morphological
and molecular levels. The microscopic structure of the O. oratoria compound eye was observed for the first
time, and transcriptome and proteome sequencing were performed for the O. oratoria compound eye exposed
to five lighting conditions. Here we providing key knowledge to understand the formation and evolution of
CPLV and CPLV-manipulation visual tasks in mantis shrimps.

2. Materials and methods

2.1 Ethics

O. oratoria is not an endangered or protected animal in any country, and no special ethical approval are
required. All O. oratoria s used in subsequent experiments were placed on ice for frozen anesthesia before
dissection to minimize the suffering. Meanwhile, we rigorously conducted the experiments under the guidance
of the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals (NIH Publication
No. 8023, revised in 1978) and Institutional Animal Care and Use Committee of Yantai University.

2.2 Animals

Considering that the potentially gender-specific CPL-reflection ability of mantis shrimps, the present study
only focused on male O. oratoria . A total of 150 male O. oratoria s (average weight: 26.45 ± 3.11g; average
length: 125.39 ± 6.15 mm) were collected in May to June 2022 from Yantai Yangma Island, China. The
collected O. oratoria s were transported back to the laboratory using an incubator filled with seawater.
All O. oratoria s underwent 30 days of temporary rearing in natural seawater and then were used for
morphological characterization and subsequent light exposure experiments.

2.3 Microstructure examination of O. oratoria compound eye

To study the microstructure of the compound eye, we dissected the bilateral compound eyes of one O. oratoria
exposed to nature light after the habituation period and removed the cornea of the compound eyes under
the stereomicroscope and immersed the compound eyes in filtered seawater. The outer shell of the compound
eye was removed anatomically using corneal scissors and ophthalmic forceps along the base of the eyestalk,
and the remaining compound eyes were fixed in 4% paraformaldehyde for 30 minutes at room temperature.
The compound eyes were dehydrated according to the following procedures: 30% ethanol (60 minutes)-50%
ethanol (60 minutes)-70% ethanol (60 minutes)-95% ethanol (60 minutes)-ethanol (30 minutes)-ethanol (30
minutes)-1:1 xylene: ethanol (5 minutes)-xylene (3 minutes)-xylene (3 minutes)-paraffin (120 minutes). The
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parrafin used was a mixture of equal proportions of high- and low- melting point paraffin to then use the
mixture for sample embedding. The embedded compound eyes were cut into 4-micron sections using the
microtome (Leica). The excised compound eyes were expanded in 37 water and then affixed to glass
slides coated with poly-L-lysine (Sigma). The compound eye slices were then incubated at 37 for 12 hours
before deparaffinization and rehydration according to the following procedures: xylene (10 minutes)-1:1
xylene: ethanol (3 minutes)-95% ethanol (3 minutes)-80% ethanol (3 minutes)-70% ethanol (3 minutes)-50%
ethanol (3 minutes)-30% ethanol (3 minutes)-distilled water (3 minutes). After undergoing hematoxylin-eosin
staining, compound eyes were sealed and stored using a sterile aqueous solution of 50% glycerol (Sangon
Biotech). Finally, the transverse and longitudinal sections were examined and then photographed under
digital microscope (Leica).

Additionally, to observe the surface ultrastructure of O. oratoria compound eye, the O. oratoria compound
eyes were excised under the stereomicroscope (Leica) and immersed in warm water (˜40 ) for 2 days to achieve
softening. The dirt on the surface of the compound eyes was washed in ultrasonic cleaning instrument
(Skymen) for 10 minutes. The compound eyes were dehydrated in multiple gradient concentrations of
ethanol (50%, 70%, 80%, 90%, 95%, and 100%) for 10 minutes, and then dehydrated 3 times continuously
with absolute ethanol. After the compound eyes were dried at room temperature, they were glued to the
sample stage with the help of a stereoscopic microscope (Nikon) and conducting resin (Ausbond) by adjusting
the sample orientation slightly with tweezers. The compound eyes were sprayed with gold in the sputter
coater (Cressington) and photographed under the scanning electron microscopy (ZEiSS) to scan the surface
ultrastructure. Meanwhile, the internal ultrastructure of theO. oratoria compound eye with the cornea
removed was observed by referring to the surface ultrastructure observation process mentioned above.

Finally, to observe the refined structure of the rhabdom of O. oratoria compound eye, we immobilized the
cornea-removed compound eyes with 5% glutaraldehyde for 2 hours and then applied phosphate buffer to
the fixed compound eyes three times for 30 minutes each time. The treated compound eyes were re-fixed
with 2% osmic anhydride for 90 minutes and rinsed with phosphate buffer. The compound eyes were then
dehydrated using the subsequent processes: 30% ethanol (5 minutes)-50% ethanol (5 minutes)-70% ethanol
(10 minutes)-80% ethanol (10 minutes)-85% ethanol (15 minutes)-90% ethanol (15 minutes)-95% ethanol (15
minutes)-100% ethanol (20 minutes)-100% ethanol (20 minutes)-acetone (15 minutes)-acetone (15 minutes).
Subsequently, Epon 812 and epoxy-coated compound eyes were cut into ultrathin (50 nm) sections using
the diamond knife and then stained with saturated uranyl acetate and citric acid (PH = 12). Finally, the
sections were observed and photographed using transmission electron microscope (JEOL).

2.4 Light exposure experiments

After 30 days of temporary rearing in natural seawater, 90 healthyO. oratoria s were randomly transferred
to 15 separated circulating tanks. 15 tanks were divided into five lighting scenarios (dark [DL], natural light
[NL], linearly polarized light [LPL], left-rotation CPL [LCPL], and right-rotation CPL [RCPL]) by matching
light sources and polarizers, and 3 tanks were present for each lighting scenario. We used light-tight boxes
to envelop the 15 tanks to avoid external light affecting the set lighting scenarios. Meanwhile, 6 O. oratoria
s were reared in each tank for 7 days in each scenario (Figure.1). During the experimental period, clams
were fed to avoid cannibalism among the O. oratoria s per tank and the seawater was changed every day.
Additionally, it is worth noting that because half of the O. oratoria s in the LPL scenario died, the culture
experiment in the LPL scenario was repeated three times to ensure the number of samples required for
transcriptome and proteome sequencing.
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Figure.1. Experimental setup for light exposure experiment including lighting scenarios settings. The light
source comes from above the tank, and different types of polarized light plates convert natural light into
different polarized lights. NL: natural light, LPL: linearly polarized light, LCPL: left-rotation circularly
polarized light, RCPL: right-rotation circularly polarized light, DL: dark.

2.5 Compound eyes sampling, RNA, and protein extraction

After the exposure experiment, the fresh compound eye mixture of 3O. oratoria s in each tank were used
for mRNA extraction, and the compound eye mixture of the remaining 3 O. oratoria s were used for
total protein extraction. The mRNA extraction processes were as follows: Liquid nitrogen is added to the
individual sample and fully ground, and the high-quality total RNA (The RNA integrity number detected
by Agilent 2100 bioanalyzer is greater than 7) was extracted using the standard Trizol Reagent Kit (Sangon
Biotech). Subsequently, we use RNA purification Beads (Illumina) to adsorb the mRNA from total RNA
and then use Beads Binding Buffer (Illumina) to clean the adsorbed mRNA three times. The eluted mRNA
was incubated at 94°C for 8 minutes to achieve mRNA purification. The total protein extraction processes
were as follows: SDS lysate (Macklin) was added to the individual sample that were fully ground with liquid
nitrogen to promote complete sample cleavage. PMSF (ThermoFisher) was added to the lysed sample to
inhibit protein hydrolysis. The solution was ultrasonically broken 3 times on ice, and the total protein was
then obtained in the supernatant by centrifugation.

2.6 Identification of circularly polarized light (CPL) recognition-related functional genes and
proteins

The purified mRNA was cleaved into appropriate size fragments using the Fragmentation buffer (Agilent) and
then used for cDNA libraries construction. We sequenced all cDNA libraries using the Illumina NovaSeq 6000
sequencing platform across one lane with paired-end 150 bp. The raw transcriptome sequencing reads were
trimmed using fastp software (version 0.20.1; Chen et al., 2018) and low-quality paired-end sequencing reads
with sequencing adaptors, unknown nucleotide (ratio > 10%), and low quality (if Qphred [?] 20 over 50%) were
eliminated. The high-quality sequencing reads from 15 O. oratoria s were thende novo assembled to unigene
sequences by Trinity (version 2.0.6; Grabherr et al., 2011) software (Supplementary Material). The BUSCO
software (version 3.0.2; Simao et al., 2015) was evaluated for the completeness of the assembled unigene
sequences (Supplementary Material). We set the lighting scenario as an independent variable and then used
BWA-mem (Li and Durbin, 2009) to map each set of high-quality sequencing reads to the unigenes sequences
to calculate the gene expression level of the O. oratoria compound eyes in the 5 lighting scenarios. FPKM
(Fragments per kilobase of exon model per million mapped fragments) values (Langmead and Salzberg, 2012)
were used to normalize the gene expression levels. Considering that the expression variation of functional
genes will affect the response ability of the O. oratoria compound eye to different lighting scenarios, we treated
the FPKM of the O. oratoria s compound eyes under DL as a control and then quantified the differentially
expressed genes (DEGs) of the compound eyes exposed to other four lighting scenarios (NL, LPL, LCPL,
and RCPL) using edgeR package (Lou et al., 2019). The filtering thresholds for significantly DEGs were
conservative and as follows: false discovery rate (FDR) [?] 0.01 and |log2FoldChange| [?] 2. To verify the
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reliability of the transcriptome data, we screened 11 opsin genes (Table.1) and then performed quantitative
reverse transcription PCR (qRT-PCR) experiments. Two stably expressed reference genes (ΕΦ1αand Tubu
) were applied to correct eleven target genes. Primer Premier 6.0 software was used to design the 11
target genes- and 2 reference genes- specific primers (Table.1). The 15 mRNAs used for transcriptome
sequencing were reverse-transcribed into cDNA and diluted 25 times to obtain cDNA templates for qRT-
PCR experiments. All the qRT-PCR experiments were performed on the CFX96 Touch Real-Time PCR
Detection system following the instructions of QuantiNova SYBR Green PCR Kit. Three technical replicates
were carried out for each qRT-PCR reaction, and u2-ΔΔ῝Τ (ΔCT = CTtarget genes – CTreference gene, ΔΔCT
= ΔCT(NL, LPL, RCPL, LCPL) – ΔCTNL) was used to calculate the relative expression of 11 target genes.

Table.1. Primer sequences specific to reference genes and target genes.

Transcript id Gene name Primer (5’ to 3’) Product length
Reference genes - ΕΦ1α For AATCTGGTGATGCTGCTATGG 123bp

Rev CAACAGCCACTGTCTGTCTCAT
- Tubu For AACACCGACGAGACATACTGC 150bp

Rev ACCTGGGAATCGGAGACAAG
DEGs Cluster-42753.40296 ARR I For AGAAACTGGGACCAAACG 118bp

Rev GAGTATTCAACACCGCAAG
Cluster-42753.38248 ARR II For TCGGGACTTCGTAGACAA 149bp

Rev GCAAGCCCATAACTTCATC
Cluster-42753.26866 CYAB For ACCTTCCACCGCACTTTC 124bp

Rev CAATCTTGATGACCCGTTCT
Cluster-42753.31906 LWS I For CACGACCTGGTGTTACTTCC 113bp

Rev CCATCTTCTTAGCCTGTTCC
Cluster-42753.37563 LWS III For TCTACACTGCCTGGGTCTT 164bp

Rev CTCGTTGGAGGTCTGCTT
Cluster-42753.37549 TRPC For GGCGGAGAAATCAACGAA 199bp

Rev ATAGAGGCGATGGCGAAG
Cluster-42753.45119 MYO III For CTCTTCCCTCGGTCTGGT 113bp

Rev GACACTGCCGCTACTTCG
Cluster-42753.42664 MYO XV For AGAAGAGCGACGAGTAGAGG 103bp

Rev ATTACCGAGGCGAGGAAC
Cluster-42753.35592 UV For TTTCAGTGATGGGATGCT 251bp

Rev TTCGTCGTCCGTAAGATAG
Cluster-42753.11073 GPR For CGTGGGCTCCTTGGTCAGT 119bp

Rev GGGCGGTTCCTTCTTGCT
Cluster-42753.24786 RRH For ATGGGGAGGGAATCGTC 83bp

Rev TCCGTGCCAACCAAGAG

The Bradford protein quantitative kit was used to measure the concentration of each protein. Lysis buffer,
trypsin and TEAB buffer were added to each protein and digested at 37 °C overnight. Equal volume of 1%
formic acid was mixed with digested protein and then centrifuged. The supernatant was slowly loaded to
the C18 desalting column for desalting, followed by washing, elution and lyophilized of the protein. Equal
volumes of mixed peptide samples were fractionated using high pH reverse-phase high performance liquid
chromatography (HPLC) coupled with an Agilent 300 Extend C18 column (5 μm particles, 4.6 mm ID, 250
mm length) (Wu et al., 2010). Finally, purified peptide samples with the removal of non-specific adsorbed
peptides were collected and lyophilized for liquid chromatograph-mass spectrometer/mass spectrometer (LC-
MS/MS) detection (Hu et al., 2018). We extracted the coding region sequences from the transcript assembled
above using TransDecoder (Lou et al., 2018) and then constructed the specified database to search the
MS/MS profiles from each run, and further quantified for peptide spectrum matches (PSMs) and proteins
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using Proteome Discoverer 2.4 software with SEQUEST® search engine. In order to reduce the false positive
rate, the above-mentioned search results were further filtered by Proteome Discoverer 2.4 software, and those
PSMs with confidence greater than 99% were considered as credible PSMs, and those proteins containing at
least one unique peptide were considered as credible proteins. A further significance cutoff of FDR < 0.1 was
used for PSMs and proteins. We analyzed the relative quantitative value of each PSM in 15 samples according
to the MS peak area, and then obtained the relative quantitative value of the unique peptide according to
the PSM relative quantitative value of each peptide (Supplementary Material). Furthermore, the relative
quantitative value of each protein was identified based on the quantitative information of unique peptides
contained in each protein (Plubell et al., 2017). To explore the proteins involved in CPL recognition, we used
the relative quantitative value of proteins in the O. oratoria compound eyes exposed to the DL as a control
and determined the differentially expressed proteins (DEPs) in comparison to the samples exposed to the
other four lighting scenarios (NL, LPL, LCPL, and RCPL). T-test was used to identify significantly DEPs
with a p-value of less than 0.05 (Liu et al., 2020). To verify the reliability of the proteome data, we selected
known opsin proteins important in light recognition and carried out the subsequent quantitative analyses.
Firstly, peptides were collected using data-dependent acquisition (DDA) mode to generate mass spectrometry
raw data, and Proteome Discoverer software (version 2.2) was used to search the generated mass spectrometry
data to obtain the unique peptides of each target protein. Parallel reaction monitoring (PRM) was used to
scan the candidate peptides. Meanwhile, an equal amount of reference peptide (DSPSAPVNVTVR, the red
“V” is the heavy isotope marker) was added to each sample to correct the peak area. The chromatographic
peak of target peptide was extracted by Skyline software and three daughterions with high peptide abundance
were selected for quantitative analyses. Finally, the peak areas of target peptides were adjusted according
to the peak area of reference peptide to obtained the relative expression of each peptide in each sample.

Furthermore, integrate transcriptome and proteome information to identified the DEGs and DEPs with high
correlation in each comparison paired according to Person correlation coefficient.

Finally, we performed gene function and metabolic pathway enrichment analyses for significant DEGs and
DEPs based on Gene Ontology (GO; Di Lena et al., 2015) and Kyoto Encyclopedia of Genes and Genomes
(KEGG; Kanehisa et al., 2004) databases to determine which biological functions are involved in CPL
perception. All annotation results were visualized using R (version 4.2.2).

3. Results

3.1 Compound eye morphology

The O. oratoria has a pair of oval compound eyes that are symmetrically distributed on both sides of the
head. The compound eye is composed of multiple orthohexagnal ommatidia with similar area and the width
of each ommatidium is about 800 μm (Figure.2-H). Two rows of mid-band ommatidia are present in the
compound eye (Figure.2-G). Each ommatidium is composed of cone cells that converge photon, pigment cells
that recognize color, and retinular cells that convert light signals from the outside to the inside (Figure.2-
A-J). Meanwhile, the retinular cells were structurally like that of other crustaceans and contained 2 cell
types. The surface of retinal cells is lined with numerous horizontal microvilli, which are aggregated to form
rhabdom arrays (Figure.2-A-L). We captured the square and oval of rhabdom (Figure.2-E, K, and J), and
we speculate that they may be proximal and distal rhabdom, respectively. Additionally, we also found that
the microvilli from different retinular cells are arranged in a cross-over pattern (Figure.2-K, and J).
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Figure.2. External and internal morphology of the O. oratoriacompound eye. Note: (A) – (F) represents
paraffin sections of different profiles. (G) and (H) represents the surface ultrastructure. (I) and (J) represents
the internal ultrastructure. (K) and (L) represents the refined rhabdom structure.

3.2 Potential CPL recognition regulation mechanism

We hypothesized that the expressions of vision-related genes and proteins in the DL would not be effective
and could serve as a control value, results showed that NL revealed the largest number of DEGs (1259) and
DEPs (90) when compared to DL. This was followed by LCPL with 334 DEGs and 76 DEP and RCPL with
259 DEGs and 67 DEPs. The lowest number of DEGs (85) and DEPs (50) was found for LPL (Figure.3).
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Figure.3. The number of differentially expressed genes (A) and proteins (B) among four experimental pairs.
Note: The red bars represent the number of DEGs and DEPs among four experimental pairs. The purple
bar represents the number of shared or specific DEGs and DEPs of the four experimental groups.

The opsin - (LWS I , LWS II , SWS I , SWS II ,ARR I , ARR II , TRPC , HISC , SLC ,KCNKN , RRH
, and CYAB ) and microvilli - related DEGs (MYO III and MYO XV ) were mostly differentially expressed
when exposed to NL and LCPL, while LPL scenario showed the lowest gene expression (Figure.4). Although
259 DEGs were found in the RCPL (Figure.3), they did not annotate to vision-related functional genes. It
is worth noting that we found significant differences in the expression levels of LWS I , LWS III , SWS I ,
SWS II , MYO III , ARR I ,ARR II , and TRPC in the comparison between LCPL and DL (Figure.4).
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Figure.4. The expression trend of 11 vision-related functional genes ofO. oratoria compound eyes in five
lighting scenarios based on transcriptome and qRT-PCR datasets.

Meanwhile, few vision-related functional proteins were identified, including arrestin protein, sodium-coupled
neutral amino acid transporter protein, sodium/potassium/calcium exchanger protein, transient receptor
potential channel protein, retinal dehydrogenase protein, and G protein-coupled receptor protein. Among
them, arrestin protein and sodium-coupled neutral amino acid transporter protein were inferred to contribute
to the LCPL-recognition of O. oratoria compound eye. The expression trends of five proteins based on
proteomic sequencing and PRM were consistent. Similar to gene expression levels, the expression levels of
vision-related proteins in O. oratoria compound eyes exposed to NL or LCPL scenarios showed the higher
values (Figure.5).
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Figure.5. The expression quantification of 5 vision related functional proteins of O. oratoria compound eyes
in five lighting scenarios based on a) proteome and b) PRM datasets. The upper, lower, and middle lines of
each box represent the maximum, minimum, and median values, respectively.

3.3 Correlation analyses of the proteome and transcriptome

Association analyses of the transcriptome and proteome data were performed to explored the recognition
nature of O. oratoriacompound eyes to CPL. A total of 11, 8, 8, and 12 DEGs and DEPs with high correlation
existed in NL-vs-DL, LPL-vs-DL, LCPL-vs-DL, and RCPL-vs-DL, respectively. According to the annotation
information, only 1 LCPL recognition-related DEG and DEP were identified as highly correlated and they
are annotated as TRPC gene and transient receptor potential channel protein, respectively. Meanwhile,
TRPC gene and transient receptor potential channel protein are implicated in the biological function of
ion transmembrane transporter activity, and their products are involved in phototransduction pathway
(Figure.6).
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Figure.6. The GO and KEGG annotation information of DEGs and DEPs with high correlation. Note: The
left to right elements of each heatmap represent functional genes, functional proteins, unigene sequence IDs,
GO/KEGG enrichment results, expression level of functional genes/proteins (upside), and full-name of GO
terms/KEGG pathways (downside).

4. Discussion

Recognition of CPL is a unique and fascinating phenomenon in the animal kingdom. In this study we reveal
the micro-regulatory mechanisms of how a mantic shrimp such as O. oratoria can recognize CPL.

4.1 The refined structure of the compound eye is responsible for the CPLV

In order to improve the capture and absorption efficiency of CPL, the mantis shrimp compound eye has
inevitably evolved the morphological features that can enhance CPL sensitivity (Honkanen et al., 2014).
TheO. oratoria compound eye is divided into two almost perfectly symmetric halves by a mid-band to create
triphasic vision, but the mid-band with CPL-recognition consists of only two rows of ommatidia, which is
sparse compared to the many mantis shrimps (such as Gonodactyloidae) (Marshall, 1988; Chiou et al., 2008;
Graydon, 2009; Templin, 2017). Thus, we speculate that the CPLV of O. oratoriamay be weakened. Previous
study confirmed that the PL in water is predominately caused by the scattering of various particles (Ivanoff
and Waterman, 1958, Cronin et al., 2003), and the polarization degree of light in turbidity water (usually
not above 30%) was significantly lower than that in clear water (reach to 60%) (Ivanoff and Waterman, 1958,
Cronin et al., 2003).O. oratoria are known to live in relatively high turbidity environments and thus may
experience less CPL throughout its evolutionary process than other mantis shrimp species living in relatively
clear water, which indirectly leads to the “disuse” of CPLV-related mid-band in O. oratoria .

The relatively large ommatidium area (width ˜ 800 μm) appears to enhance the capture efficiency of O.
oratoria compound eye to photon (McIntyre and Caveney, 1998). Although we did not perform the validation
experiment for ommatidia function in O. oratoria , related study has been accurately established in the
ommatidia of other mantis shrimps (Templin, 2017). Each ommatidium resembles a cylindrical structure,
which also increases the possibility of photon capture. We observed that the microvilli in the rhabdom are
orthogonal geometric interleaved, this array has been proved to be very valuable for the transmission and
recognition process of CPL due to it can facilitates the ability to detect two or more e-vector orientations
(Kleinlogel, 2006; Templin, 2017). It is worth noting that two different shapes (square and oval) of rhabdom
were captured in the electron microscopic section of ommatidia, which may be derived from R1-7 and R8
retinular cells, respectively (Liu and Ding, 2015). Previous studies have demonstrated that the short oval
rhabdom can act as a quarter-wave plate and convert the received CPL into LPL (Cronin et al., 1991).
Hence, the O. oratoria compound eye has microstructures that can recognize CPL, and these structures can
ensure that the compound eye can accurately distinguish the angle of light after detecting CPL, and convert
CPL into easily recognized LPL.

4.2 The potential order of light utilization byO. oratoria compound eye

The expression levels of vision-related functional genes and proteins are light scenario-specific, so the iden-
tified DEGs and DEPs may regulate the light recognition process of O. oratoria compound eye. Based
on the annotation information, visual regulation-related DEGs and DEPs mainly appear in NL-vs-DL and
LCPL-vs-DL, especially in NL-vs-DL. This may mean that O. oratoria compound eye use NL and LCPL
over LPL and RCPL, although LCPL needs to be converted to LPL for further recognition. This is puzzling
because any areas (whether dorsal, ventral, or midband) of the mantis shrimp compound eye have been
shown to recognize the LPL (Marshall, 1988; Chiou et al., 2008; Graydon, 2009; Templin, 2017). Meanwhile,
orthogonal geometric interlace rhabdom were also found in the O. oratoria ommatidia, suggesting that theO.
oratoria has the LPL recognition ability. There may be two explanations for this, including (1) the lack
of reference genome forO. oratoria or other mantis which limited the comparative transcriptomic and pro-
teomic analyses, and no annotations were found for functional genes or proteins that can recognize LPL. (2)
LPL is an “ecological trap (Dwernychuk and Boag, 1972)” of O. oratoria , which is a very bold hypothesis
without further proof. In fact, we repeated three breeding experiments and found that the mortality rate
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ofO. oratoria s exposed to LPL was close to 50%, while the mortality rate of O. oratoria s exposed to other
light scenarios was almost 0. Therefore, we suspected that the “ecological trap” caused by LPL is more
likely to be a behavioral phenomenon ofO. oratoria (Battin, 2004; Robertson and Hutto, 2006). Specifi-
cally, the attractiveness of LPL toO. oratoria may not be commensurate with its suitability for survival and
reproduction (Levins, 1968, Witherington, 1997), and may even lead to the death of mantis shrimp. This
“polarization captivity effect” has been demonstrated in a variety of animals and are responsible for their
continued death (Kriska et al., 2006; Horváth et al., 2011; Robertson et al., 2017), but was not measured
here. While further research and validation is needed, from our results we speculate that the order of light
utilization by O. oratoria compound eye is NL, LCPL, LPL, RCPL and DL.

4.3Opsin is the first stage of CPL perception

We found significant changes in the expression of some opsin genes and related proteins in O. oratoria com-
pound eyes exposed to LCPL, suggesting that opsin is critical for CPL recognition in O. oratoria compound
eye. Photon acquisition and absorption by opsin initiates the visual transduction cascade mechanism (Zang
and Neuhauss, 2021), the physical stimuli generated by photons are subsequent converted into biological
signals and then regulate the neurotransmitter glutamate released by photoreceptor synapses (Burns and
Maylor, 2001; Lamb and Pugh, 2006; Fu and Yau, 2007), which will ultimately be received by the brain.
In this process, opsins belonging to the G protein–coupled 7-transmembrane receptor family are typically
covalently bound to retinal-binding proteins (formed by vitamin A1 11-cis-retinal and Schiff base) to form
photopigment complexes called visual pigment (Figure.7; Farrens et al., 1996; Bowmaker and Hunt, 2006;
Liu et al., 2007; Peña et al., 2016).

Figure.7. Schematic diagram of rhodopsin transformation.

In the present study, long-wavelength sensitive LWS I andLWS II were found to be up-regulated in the
O. oratoriacompound eye exposed to LCPL and we speculate that this is related to the shallow-water life
habit ofO. oratoria (Sealifebase database). It is well-known that the penetration of long-wavelength light
is not strong and thus it is mainly concentrated in the upper water (Chen et al., 2014). Both ultraviolet
(UV)-sensitive SWS I and blue-sensitiveSWS II were also up-regulated in the O. oratoria compound eye
exposed to LCPL. The polarization pattern in the UV and blue-ray have been speculated to be more stable
and still trustworthy even in caliginous environment (Barta and Horváth, 2004; Horváth and Varjú, 2004).
Meanwhile, both R7 and R8 retinular cells are UV-sensitive (Labhart and Meyer, 1999), and this property has
been demonstrated to contribute to polarization vision in Musca domestica (von Philipsborn and Labhart,
1990) and Schistocerca gregaria (Schmeling et al., 2014). Accordingly, the SWS I andSWS II of the O.
oratoria compound eye may be commonly used to detect the shorter-wavelength LCPL, and similar result
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has been confirmed in Neogonodactylus oerstedii (Portera et al., 2020). We also found ARR I , ARR II ,
TRPC , HISC andSLC to be up-regulated in the O. oratoria compound eye exposed to LCPL. The arrestin
proteins encoded by the ARR I and ARR II have long been shown to control visual transduction cascades
by deactivating the phosphorylated photopigments (Wilden et al., 1986; Liu et al., 2017), and thus the
increased arrestins could maintain the animal’s ability to respond to light continuously (Renninger et al.,
2011; Zang and Neuhauss, 2021). The transient receptor potential (TRP) channel involved by TRPC gene
and histamine-gated chloride (HCL) channel involved by HISC gene are Ca2+ and Cl- permeable channels
with pore canal, respectively, and have been shown to regulate the opening of cyclic nucleotide-gated ion
channels during optical signaling and ultimately affect the photosensitivity (Geng et al., 2002; Leung et
al., 2007). In fact, up-regulation of ion channel-related genes can result in a positive influence on retinal
current, suggesting that ion channel-related genes are critical for the LCPL visual transmission (French
et al., 2015). Notably, we identified another gene (KCNKN ) involved in ion channel regulation in the O.
oratoria compound eye exposed to NL scenario. The KCNKN gene with K+ exchange function can balance
the efflux/influx of Ca2+ in response to light stimulation, thus maintaining moderately high intracellular
Ca2+ concentration (Sakurai et al., 2016; Vinberg et al., 2017). Additionally, the expression of RRH and
CYAB were only up-regulated in the O. oratoriacompound eye under NL scenario. RRH -encoded peropsin
is a chromophore like 11-cis-retinal, which can be bound to the all-trans retina and generate the 11-cis retina
form under light stimulation (Koyanagi et al., 2002; Nagata et al., 2010). Therefore, peropsin can activate
the transducin and has the function of light-sensing G protein-coupled receptors (Nagata et al., 2018).CYAB
gene encodes the α-crytallin that has been shown to maintain crystalline lens transparency and phototaxis
in vertebrates (Posner et al., 2012). Meanwhile, CYAB gene and sHSP (small heat shock protein) gene have
also been confirmed to be sequentially homologous and possess molecular chaperone activity, which can be
used to maintain the solubility of opsin and eventually effectively reduce light scattering in the O. oratoria
compound eye.

Based on the potential function molecular responses of DEGs and DEPs described above, we can infer the
CPLV transduction cascade processes in O. oratoria compound eyes (Figure.8). After the O. oratoria com-
pound eye senses the LCPL, the 11-cis-retinal of the visual pigment isomerizes to trans-retinal and then
detaches from shortwave opsin to activate shortwave opsin. Activated-shortwave-opsin is phosphorylated
by G protein-coupled receptor kinase (GPK) and then binds to the transducin (T) that binding guanosine
diphosphate (GDP). Subsequently, guanosine triphosphate (GTP) is exchanged with the GDP of the above
complex and further produces T-GTP for activating the cyclic guanosine monophosphate-specific phosphodi-
esterase (cGMP-PDE). The protons produced by the hydrolysis of activated cGMP-PDE can inhibit sodium
ion channels, resulting in nerve impulses and ultimately forming CPLV.
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Figure.8. The inferred CPLV transduction cascade process of O. oratoria compound eye. Note: LCPL: left-
rotation circularly polarized light. GDP: guanosine diphosphate. GPK: G protein-coupled receptor kinase.
T: transducing. P: phosphorylation. GTP: guanosine triphosphate. cGMP: cyclic guanosine monophosphate.
PDE: phosphodiesterase. cGMP-PDE: cyclic guanosine monophosphate-specific phosphodiesterase. Arr:
arrestin protein. H+: hydrogen ion. Ca2+: calcium ion. K+: potassium ion. Cl-: chloride ion. The
yellow arrow represents the inferred CPLV transduction cascade process. The black arrow represents the
efflux/influx of ion.

4.4 CPLV depends on the shape of microvilli at the retinular cells

The microvilli are the material basis for ensuring the highly sensitive and sharp frequency-selective response
to mechanoelectrical transduction (MET) generated by various stimuli (Lelli et al., 2016). A previous
study confirmed that light stimulation can cause a series of changes in the ultrastructure of the compound
eye, including the decrease of the diameter of the rhabdom, the disordered arrangement of microvilli, the
thickening of the cytoplasm around the rhabdom, and the appearance of many organelles (i.e. multivesicular
bodies, vesicular lamellar bodies, lamellar bodies and lysosomes) (Luo et al., 2006). In the present study, two
genes (MYO III and MYO XV ) related to the regulation of microvilli structure were found to be involved in
the light adaptation of O. oratoria compound eye. In fact, myosins encoded by the MYO genes are important
molecular motors that can convert the energy generated by ATP hydrolysis into kinetic energy, and have
been revealed to contribute to various cellular activities of hearing and vision (Cao et al., 2011; Lelli et al.,
2016). Myosins (myosin-3 and myosin-15) encoded by MYO III and MYO XV belong to the unconventional
myosins, which are mainly involved in cell movement and intracellular transport of various substances (Cao et
al., 2011). Circumstantially, myosin-3 protein was first discovered inDrosophila compound eye photoreceptor
cells, and its N-terminal kinase domain can activate multiple types of light signaling elements to initiate
downstream cascades that help organisms recognize light (Shieh and Zhu, 1996; Salles et al., 2009). Myosin-
15 at the tip of microvilli has also been shown to be involved in the regulation of microvilli growth, and the
destruction of myosin-15 often results in abnormal shortening and non-hierarchical distribution of microvilli
(Delprat et al., 2005; Manor et al., 2011). Therefore, the up-regulation ofMYO genes and myosin proteins
ensures the structural integrity and correct arrangement of microvilli at the retinal cells, and promotes the
conversion of LCPL optical signals into effective electrical signals in the O. oratoria compound eye. Another
interesting discovering about the MYO genes is that MYO genes are involved in an ingenious automatic-gain
control in the compound eye, in which theMYO genes activated by bright light can pulls pigment particles
to the rhabdoms to help compound eyes adapt to bright light (Lin-Jones et al., 2009; Peña et al., 2016).
Meanwhile, light-induced Ca2+ influx is highly effective in stimulating the motor activation of MYO (Satoh
et al., 2008; Shen et al., 2016). It is well known that many lower animals that lack pupillary reflexes have
developed pigment granules movements in response to changes in light conditions (Zang and Neuhauss,
2021). Specifically, pigment granules in the O. oratoriacompound eye in the darkness were concentrated at
the basal part of pigment cells. With LCPL exposure, the pigment granules in the O. oratoria compound
eye will migrate to the fully light adapted position, forming a protective mechanism like “sunglasses” (Ali,
1971). Not surprisingly, MYO III and MYO XV were significantly upregulated in LCPL scenario, which
may regulate the structural integrity and arrangement of microvilli in retinular cells, thereby helping O.
oratoria compound eye to recognize LCPL.

Data and Resource Availability

All clean tanscriptome reads are available at NCBI SRA under the accession number of SRR25485440 to
SRR25485454 under BioProject PRJNA1001057, and the reviewer can consult these reads through htt-
ps://www.ncbi.nlm.nih.gov/sra/?term=PRJNA1001057. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD044280, and the reviewer can consult the data through follow-up information: username: reviewer -
pxd044280@ebi.ac.uk; password: Y8vXxkPA.
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