e
>

=3
O
e
oF
QL
QL
P
o0
D,

-

:19?7:

UNIVERSITY
OF SKOVDE

RNA In Situ Hybridization of Opsin Genes in
Polyphemus pediculus

Master Degree Project in Bioscience A1E 30 ECTS
Second Cycle 30 credits

Autumn Semester 2025

Student: Megna Parambath

Supervisor: Michael John Bok

Examiner: Erik Gustafsson



Abstract

Polyphemus pediculus is a freshwater predatory crustacean with a highly specialized compound
eye adapted for visually guided behaviour. Although structural regionalization within the eye has
previously been described, the spatial localization of opsin gene expression in this species remains
poorly understood. This study investigated the localization of selected opsin genes in the eye of P.
pediculus using RNA in situ hybridization while also evaluating fixation and cryosectioning
conditions for improved tissue preservation during hybridization procedures. Selected opsin
genes were amplified, sequenced and used for synthesis of DIG-labelled antisense RNA
riboprobes. Different fixation and cryosectioning approaches were tested prior to in situ
hybridization. Cryosections prepared on the same day following fixation showed better tissue
preservation and partial loss of sections during hybridization and washing procedures. Previously
stored cryosections retained good tissue morphology when same day cryosectioning had been
performed, indicating that storage itself was not the primary cause of tissue damage. Although
non-specific background staining remained a limitation, localized staining patterns were
observed in some retinal regions following hybridization with selected opsin riboprobes. Overall,
the study highlights the importance of optimized fixation and cryosectioning conditions for
successful RNA in situ hybridization in P. pediculus and provides a basis for future studies
investigating visual organization and opsin expression in freshwater crustaceans.



Popular Scientific Summary

Vision plays an important role in how animals interact with their environment. Many aquatic
organisms rely on vision to detect food, avoid predators and navigate through changing light
conditions underwater. Light environments in lakes and other freshwater habitats can vary
greatly depending on water depth, season and water quality. To survive in these changing

environments, aquatic animals often develop specialized visual systems.

Polyphemus pediculus is a small freshwater crustacean commonly found in lakes. Despite its small
size, it possesses a highly specialized compound eye that helps it detect and capture prey. Previous
studies have shown that different regions of the eye may have different visual functions,

suggesting that the visual system of P. pediculus is more complex than previously thought.

Vision in animals is controlled by light-sensitive proteins called opsins. Different opsin genes
respond to different wavelengths of light and may help animals adapt to their surrounding
environment. Understanding where these opsin genes are expressed within the eye can provide
important information about how vision is organized and how animals respond to environmental

light conditions.

The aim of this project was to investigate the spatial localization of selected opsin genes within
the eye of P. pediculus using a molecular technique called RNA in situ hybridization. This method
allows visualization of where specific genes are expressed within tissues. In this project,
riboprobes targeting specific opsin sequences were successfully synthesized. Also, fixation and
cryosectioning methods were optimized to preserve the delicate eye tissues during laboratory

procedures.

The study demonstrated that tissue preservation was strongly affected by cryosectioning
conditions. Cryosections prepared on the same day following fixation showed improved tissue
integrity during in situ hybridization procedures, while overnight delayed cryosectioning
frequently resulted in tissue disruption and partial loss of sections. The study also showed that
previously stored cryosections could still retain good tissue morphology when same day
cryosectioning had originally been performed, suggesting that long-term storage itself was not

the primary factor affecting tissue preservation.

Although non-specific background staining remained a technical limitation, localized staining
patterns were observed in some retinal regions, indicating that RNA in situ hybridization may be

useful for studying opsin expression in P. pediculus. The findings of this study will contribute to
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future research investigating visual adaptation, retinal organization and environmental responses

in aquatic organisms.

Overall, this project improved methods for studying gene expression in the eye of P. pediculus and
provides a foundation for future studies exploring how aquatic animals adapt their visual systems

to changing environments.
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1. Introduction

Aquatic habitats display greatly fluctuating optical conditions that significantly affect the
development and arrangement of visual systems in water-dwelling organisms. Underwater light
intensity and spectral composition are influenced by water depth, suspended particles, dissolved
organic matter and seasonal changes, resulting in diverse visual environments that necessitate
specific sensory adaptations (Warrant & Locket, 2004). Vision holds significant importance for
aquatic predators since locating prey, evading predators and navigating rely on effective light
detection and visual processing. As a result, numerous aquatic species display uniquely developed
eye structures and photoreceptor system suited to their ecological environments (Cronin et al,
2014). Factors such as water depth, suspended particles, phytoplankton density, and dissolved
organic matter interact to shape both the intensity and the spectral composition of light in aquatic
habitats. Even within geographically close lakes, these factors can vary considerably, creating
distinct visual environments and imposing selective pressures on the sensory systems of resident

species (Bertinetti & Torres Dowdall, 2025).

In animals, light detection is facilitated by opsins, which are light-sensitive G-protein-coupled
receptors found in photoreceptor cells. Opsins attach to chromophores to create visual pigments
that can absorb photons at specific wavelengths (Terakita, 2005). Changes in opsin amino acid
sequences modify spectral sensitivity and allow organisms to adapt to various light environments
(Yokoyama, 2000). Consequently, gene duplication and the diversification of opsins have played
a crucial role in the development of animal visual systems, especially in aquatic species facing a
variety of optical environments (Porter et al., 2012). Arthropods have several opsin classes tied
to ultra-violet, short-wavelength and long-wavelength sensitive photoreceptors, allowing them to

differentiate among various spectral environments (Briscoe & Chittka, 2001).

Compound eyes are among the most varied visual systems in the animal kingdom and consist of
numerous optical units, or facets, known as ommatidia. Every ommatidium includes
photoreceptor cells and related optical components that aid in visual perception (Land & Fernald,
1992). The morphology and optical structure of crustacean compound eyes show significant
differences based on habitat, behaviour and ecological needs (Cronin & Marshall, 1989).
Crustacean visual systems have adaptations such as alterations in the arrangement of
photoreceptors, specialization of different retinal regions and modifications in optical structures
that enhance spatial resolution or visual sensitivity in particular environmental conditions

(Nilsson & Kelber, 2007).



Among crustaceans, cladocerans, or water fleas, generally possess relatively simple compound
eyes with comparatively few ommatidia. However, the freshwater predatory cladoceran
Polyphemus pediculus possesses a single fused compound eye occupying most of the head. The eye
of P. pediculus contains approximately 130 ommatidia classified into distinct foveal, subfoveal,
dorsal, lateral and ventral ommatidial types, each possessing characteristic optical structures,
crystalline cone morphology, and photoreceptor morphologies. These ommatidial types exhibit
regional differences in interommatidial angles and optical organization, suggesting functional

specialization across retinal regions (Nilsson & Odselius, 1983).

The foveal region of the P. pediculus eye is particularly specialized and is associated with acute
vision. Nilsson and Odselius (1983) reported that foveal ommatidia possess prism-like crystalline
cone structures capable of improving focusing and enhancing spatial resolution despite the small
size of the eye. The authors further proposed that these visual adaptations are associated with the
visually guided predatory behaviour of P. pediculus, which captures prey through rapid attack
responses. The presence of structurally distinct retinal regions therefore suggests that

photoreceptor organization and opsin expression patterns may also vary spatially across the eye.

Opsin diversification is widespread among arthropods and contributes significantly to visual
adaptation. Multiple opsin genes have been identified in crustaceans inhabiting freshwater,
marine and deep-sea environments (Porter et al, 2007). Opsin gene duplication may enable
functional specialization of photoreceptors adapted to different ecological or behavioural
requirements (Henze & Oakley, 2015). Regional differences in opsin expression have also been
reported in several arthropods and may contribute to functional differentiation of retinal regions
involved in prey detection, navigation and polarization vision (Sison-Mangus et al., 2006). Spatial
variation in opsin expression may therefore reflect adaptation of specific retinal regions to distinct

visual tasks.

Studies investigating spatial localization of opsin genes are important because retinal expression
patterns provide insight into photoreceptor organization and visual function. Spatially restricted
opsin expression within specific retinal regions may indicate functional specialization associated
with spectral discrimination or visual sensitivity (Arikawa, 2003). In crustaceans, regional
differences in retinal organization and optical systems have been associated with distinct visual
functions, including enhanced spatial resolution and increased sensitivity under low-light
conditions (Cronin et al., 2014). Since P. pediculus exhibits pronounced regional differentiation
within the compound eye, examination of opsin expression patterns may contribute to

understanding the relationship between retinal structure and visual specialization.



RNA in situ hybridization is a widely used molecular technique for localizing gene expression
within tissues and enables visualization of spatial distribution patterns of specific transcripts at
the cellular level (Levsky & Singer, 2003). The technique utilizes labelled antisense probes
complementary to target messenger RNA sequences, allowing localization of transcript
expression directly within tissue cryosections (Bok et al., 2014). In visual system research, in situ
hybridization has been widely applied in studies of retinal development, photoreceptor
organization and visual system specialization because it allows spatial analysis of gene expression
patterns within morphologically distinct retinal regions (Porter et al., 2020). The technique has
also been useful for identifying localization patterns of opsin transcripts within photoreceptor
tissues. Differential opsin expression patterns have been demonstrated in arthropods and
vertebrates, providing insight into retinal regionalization and spectral specialization (Sison-
Mangus et al., 2008). Spatial localization studies are especially important in species possessing
morphologically differentiated retinal regions because anatomical specialization may be

associated with variation in photoreceptor gene expression and visual function.

Successful in situ hybridization experiments require preservation of tissue morphology together
with maintenance of RNA integrity throughout fixation, cryoprotection and hybridization
procedures. Cryosectioning is commonly used in retinal studies because it preserves nucleic acids
while minimizing tissue damage associated with embedding procedures. However, cryosections
are particularly susceptible to tissue disruption during hybridization and washing procedures,
especially in small and delicate tissues. Preservation of tissue integrity therefore depends strongly
on fixation conditions, cryoprotection procedures and cryosection handling (Thavarajah et al,

2012).

Despite the structural complexity and pronounced retinal regionalization of the P. pediculus
compound eye, little information is currently available regarding spatial localization of opsin gene
expression within retinal regions. Previous studies have primarily focused on anatomical and
optical specialization of the compound eye, while molecular localization of opsin transcripts
remains poorly understood. Recent observations suggest that individual P. pediculus may express
a large diversity of opsin genes (over 33 transcripts in a single individual), with several showing
environmentally regulated expression patterns depending on the optical conditions of their
habitat (Bok, unpublished data). Variation in expression levels and spatial expression patterns
across individuals suggests that P. pediculus may possess a high degree of visual plasticity,
potentially allowing adaptation of the visual system to local light environments. Such plasticity
may contribute to prey detection, environmental perception and ecological success in visually

complex freshwater habitats.



Mapping the spatial expression of opsin genes in P. pediculus is therefore important for
understanding the functional organization of different retinal regions. Distinct retinal regions may
contribute to different visual tasks, including prey detection, orientation and environmental light
perception. RNA in situ hybridization enables visualization of transcript localization within retinal
tissues and may therefore provide insight into the relationship between retinal organization,

opsin expression and visual specialization in P. pediculus.



2. Aims and objectives

The aim of this study is to investigate the spatial localization of selected opsin genes within the
eye of Polyphemus pediculus using RNA in situ hybridization and to optimize fixation and

cryosectioning conditions for tissue preservation during hybridization procedures.

e To optimize fixation and cryosectioning methods for tissue preservation during in situ

hybridization
e To compare tissue preservation under different fixation and cryosectioning conditions
e To synthesize DIG-labelled antisense RNA riboprobes for selected opsin genes
e Tolocalize the expression of selected opsin genes within retinal tissues

e To evaluate preliminary spatial staining patterns observed during in situ hybridization

experiments

e To assess the suitability of the developed methods for future in situ hybridization studies

in P. pediculus.



3. Materials and methods

3.1 Sampling, fixation and cryosectioning

Specimens of P. pediculus were collected from Dalby Stenbrott, Sweden, using a sweep net and
transported to the laboratory for further analysis. Individuals were identified and separated

under a compound microscope prior to fixation.
Three fixation approaches were tested prior to cryosectioning:

Method 1: Specimens were fixed in 4% paraformaldehyde (PFA) in 1x phosphate-
buffered saline (PBS) for 30 min followed by direct transfer to 30% sucrose solution

until specimens settled.

Method 2: Specimens were fixed in 4% PFA in 1x PBS followed by sequential incubation

in 10%, 20%, and 30% sucrose solutions until specimens settled at each step.

Method 3: Specimens were fixed in a solution containing equal volumes of 4% PFA in 1x

PBS and 30% sucrose solution (0.5 mL each) until specimens settled completely.

Following fixation, samples were embedded in mounting medium (NEG-50, Thermo Fisher
Scientific) and prepared for cryosectioning. For each fixation method, cryosectioning was

performed either:
(a) on the same day following fixation and embedding, or
(b) after overnight storage of embedded samples prior to sectioning.

Additional previously prepared cryosections collected during May 2025 and stored at -80°C were
also used for preliminary in situ hybridization experiments. These previously prepared
cryosections had been fixed in 4% PFA in 1x PBS followed by sequential incubation in 10%, 20%,

and 30% sucrose PBS solutions prior to cryosectioning.

Cryosections were prepared at a thickness of 14 pm using a cryostat and mounted on SuperFrost

Plus Adhesion Microscope Slides (Epredia).

3.2 RNA extraction and cDNA synthesis

P. pediculus specimens collected from Dalby Stenbrott, Sweden, were used for total RNA
extraction. Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, Cat. No. 74134)

following the manufacturer’s instructions. RNA was eluted in 30 pL. RNase-free water. RNA purity



and concentration were assessed using a NanoDrop, and samples were stored at -20°C until

further use.

Complementary DNA (cDNA) was synthesized from the extracted RNA using the SuperScript IV
First-Strand Synthesis System (Invitrogen) according to the manufacturer’s instructions.
Oligo(dT) primers were used for reverse transcription. The reaction mixture was incubated at
55°C for 10 min followed by enzyme inactivation at 80°C for 10 min. Synthesized cDNA was stored

at —20°C until further use.

3.3 Primer design

Gene-specific primers targeting highly expressed opsin genes of P. pediculus were designed using
Geneious Prime (Version 2026.0.2). Previously generated transcriptomic expression analyses
(Figure 1) were used as references for selecting opsin genes for primer design. Primer selection
was based on melting temperature, expected product size, and specificity to the target sequences.
For antisense riboprobe synthesis, T7 promoter sequences (5' TAATACGACTCACTATAG 3') were

added to the 5’ end of selected reverse primers to enable in vitro transcription of antisense

riboprobes.
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Figure 1. Previously generated phylogenetic relationships and relative transcriptomic expression patterns
of opsin genes in Polyphemus pediculus used as references for primer selection. MWS1 and MWS2
represent medium wavelength-sensitive opsin groups, while SWS represents short wavelength-sensitive
opsins. Simplified gene names used in this study (e.g., Pp-03) correspond to the serial numbers shown in
the phylogenetic analysis.



3.4 PCR amplification and gel electrophoresis

PCR amplification was performed using PCR Master Mix 2x (Thermo Scientific, Cat. No. K0171)
according to the manufacturer’s instructions. Gene-specific primers targeting opsin genes were
used for amplification of the target sequences. Opsin gene Pp-13 was used as a positive control
(PC), while reactions lacking template cDNA were used as negative controls (NC). Thermal

cycling conditions used for amplification are listed in Table 1.

Table 1. Thermal cycling conditions used for PCR amplification of opsin genes

Step Temperature (°C) Time Cycles
Initial denaturation 95 3 min 1
Denaturation 95 30s

Annealing 55 30s 30
Extension 72 1 min/kb

Final Extension 72 15 min 1

PCR products were analysed using the E-Gel EX 1% Agarose Gel System (Invitrogen) according to
the manufacturer’s instructions. Amplified DNA bands were visualized using UV light imaging

system. Expected PCR product sizes for amplified opsin genes are listed in Table 2.

Table 2. Expected PCR product sizes of amplified opsin genes from P. pediculus used for sequencing and
riboprobe synthesis.

Gene Expected product size (bp)
Pp-03 (MWS1) 810

Pp-06 (MWS1) 975

Pp-11(MWS1) 837

Pp-13 (MWS1) 1096

Pp-20 (MWS1) 817

Pp-23 (MWS2) 907

Pp-26 (MWS2) 946

Pp-27 (MWS2) 884




Pp-28 (SWS) 954

Pp-30 (SWS) 810

3.5 PCR purification and sequencing

PCR products were purified using the PureLink PCR Purification Kit (Invitrogen) according to
the manufacturer’s instructions. Purified PCR products were eluted in 50 pL elution buffer and

stored at -20°C until further use.

Purified PCR products were submitted for Sanger sequencing using the Mix2Seq sequencing
service (Eurofins Genomics). DNA concentrations were quantified using a NanoDrop prior to
sequencing. Sequencing reactions were prepared according to the manufacturer’s instructions

using purified PCR products and gene-specific primers.

3.6 Riboprobe synthesis

Antisense RNA riboprobes were synthesized from purified and sequence-confirmed PCR
products using the MAXIscript T7 In Vitro Transcription Kit (Invitrogen). PCR templates
containing a T7 promoter sequence on the reverse primer were used for in vitro transcription.
Transcription reactions were prepared according to the manufacturer’s instructions using DIG
labelling mix (Roche, Cat. No. 11277073910) for probe labelling. Synthesized riboprobes were
purified using the RNeasy Plus Mini Kit (Qiagen, Cat. No. 74134). Riboprobe concentration and

purity were assessed using a NanoDrop, and probes were stored at -20°C until further use.

3.7 In situ hybridization

Initial in situ hybridization experiments were performed using previously prepared cryosections
stored at -80°C and DIG-labelled antisense riboprobes targeting Pp-13, Pp-20, Pp-23 and Pp-28.
Following evaluation of fixation and cryosectioning conditions, fixation using a combined
solution of 4% PFA and 30% sucrose (1:1) together with same day cryosectioning was selected

for subsequent experiments.

Subsequent in situ hybridization experiments using Pp-13 and Pp-28 riboprobes were
performed on newly prepared and previously prepared cryosections to evaluate tissue
preservation following different cryosectioning conditions. Additional experiments were
conducted using both newly prepared cryosections and previously prepared cryosections stored
at —-80°C to evaluate whether cryosection storage affected tissue preservation during in situ

hybridization procedures. Comparisons were performed between cryosections prepared on the



same day following fixation and cryosections prepared after overnight storage prior to

sectioning.

In situ hybridization on cryosections of P. pediculus was performed using DIG-labelled antisense
RNA riboprobes. Prior to hybridization, slides were air-dried, fixed in 4% PFA in 1x PBS, washed
with 1x PBS and acetylated. Sections were pre-hybridized in hybridization solution before

incubation with DIG-labelled riboprobes overnight at 60°C in a humidified chamber.

Following hybridization, sections were washed with SSC buffers of decreasing concentration and
blocked using buffer containing normal goat serum. DIG-labelled probes were detected using
anti-DIG alkaline phosphatase-conjugated antibody fragments diluted 1:5000. Signal
development was performed using NBT/BCIP substrate solution in the dark at room
temperature. Following colour development, slides were washed, mounted using 30% glycerol,

covered with coverslips and sealed with nail polish.

Hybridized sections were viewed using a compound microscope. Spatial expression patterns of

opsin genes were examined by comparing staining localization across retinal regions of the eye.

3.8 Al Declaration

Al- based tools, including ChatGPT (OpenAl), were used during preparation of this thesis for
language support, grammar correction, sentence restructuring and improvement of readability.
Al tools were not used for generation, manipulation or interpretation of experimental data. All
laboratory work, experimental procedures, data analysis, interpretation of results and scientific

conclusions were performed independently.
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4.Results

4.1 Effect of fixation and cryosectioning on tissue morphology

Cryosections prepared using different fixation and cryosectioning conditions showed variation in
tissue morphology following cryosectioning when examined under a compound microscope
(Figure 2, Figure 3). Cryosections prepared using Method 1 (4% PFA fixation followed by direct
transfer to 30% sucrose solution), Method 2 (4% PFA fixation followed by sequential incubation
in 10%, 20%, and 30% sucrose solutions) and Method 3 (fixation using a combined solution of
4% PFA and 30% sucrose) showed tissue disruption when cryosectioning was performed after
overnight storage prior to sectioning (Figure 2A-C). Among the three fixation approaches, tissue
disruption following overnight delayed cryosectioning was observed as partial separation of
retinal structures, disruption of tissue morphology and fragmentation of sections during

cryosectioning. These effects were observed to varying degrees across all fixation methods.

Figure 2. Tissue morphology of cryosections prepared using overnight delayed cryosectioning conditions.
(A) Method 1. (B) Method 2. (C) Method 3.

Cryosections prepared on the same day following fixation and embedding showed improved
preservation of tissue morphology and more intact retinal structure irrespective of fixation
method (Figure 3A-C). Cryosections prepared immediately following fixation generally retained
more intact retinal organization and clearer tissue boundaries compared with cryosections
prepared after overnight storage. Intact retinal morphology was observed across all fixation

methods when cryosectioning was performed immediately following fixation and embedding.
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Figure 3. Intact tissue morphology of cryosections prepared using same day cryosectioning conditions. (A)
Method 1. (B) Method 2. (C) Method 3.

Previously prepared cryosections collected during May 2025 and stored at —80°C also showed
variation in tissue morphology depending on the original cryosectioning conditions. Cryosections
that had originally been sectioned on the same day following fixation retained good tissue
morphology, whereas cryosections that had undergone delayed cryosectioning prior to storage

showed tissue disruption following cryosectioning.

4.2 RNA quality and cDNA synthesis

RNA extraction produced RNA of sufficient concentration and purity for downstream cDNA
synthesis and PCR amplification. NanoDrop analysis showed an RNA concentration of 749.8 ng/uL
with an A260/A280 ratio of 1.83. The extracted RNA was successfully used for cDNA synthesis,

and the synthesized cDNA was used for subsequent amplification of selected opsin genes.

4.3 Design of gene — specific opsin primers

Gene-specific primers were successfully designed for selected opsin genes representing the
MWS1, MWS2, and SWS opsin groups. Previously available phylogenetic and expression data were
used as references for selecting opsin genes for primer design and downstream in situ
hybridization experiments. Primer design was based on melting temperature, expected product
size, and sequence specificity. T7 promoter sequences were successfully incorporated into
selected reverse primers for antisense riboprobe synthesis. Primer sequences and expected

product sizes are listed in Table 3.

Table 3. Gene-specific primers used for amplification and antisense riboprobe synthesis of selected opsin
genes in P. pediculus. F, forward primer; R-T7, reverse primer containing the T7 promoter sequence.

Primer Sequence (5’-3") Tm Length  %GC
Name (°Q) (nt)

Pp-03-F AGGCAGTCCTTTGACCCTTG 59.9 20 55
Pp-03-R-T7 TAATACGACTCACTATAGTTTAGCAGCTCGGATCTCGG 59.6 38 55
Pp-06-F TTCCGGACACGTTCACCATC 60 20 60

12



Pp-06-R-T7 TAATACGACTCACTATAGATCCACGGGTAGAGCTCCTT 60 38 55
Pp-11-F TGAATTCCACGTACGCCGAA 60 20 50
Pp-11-R-T7 TAATACGACTCACTATAGCTTTGGCCGCTTTGATCTCG 599 38 55
Pp-13-F AGCCGAGTCGTCAACACATT 60 20 50
Pp-13-R-T7 TAATACGACTCACTATAGAGCCGAGTCGTCAACACATT 60 38 50
Pp-20-F GGTGTTGCGGATGTTTGGTC 60 20 55
Pp-20-R-T7 TAATACGACTCACTATAGACATTCGCGGTATTTGGGGT 60 38 50
Pp-23-F CTTGGCGCCGCTTCTATTTC 60 20 55
Pp-23-R-T7 TAATACGACTCACTATAGCGCTCTGTTTCTCGGGTTCT 60 38 55
Pp-26-F TCCCTGACGACATGAAAGCC 59.9 20 55
Pp-26-R-T7 TAATACGACTCACTATAGGCCAATCGGAATTTCGGGTG 60 38 55
Pp-27-F TCAACGAGTCAAGCAACGGA 59.9 20 50
Pp-27-R-T7 TAATACGACTCACTATAGCCCGATGAAGGCGATGATGA 60 38 55
Pp-28-F TCGTTGGAGCAGCATGGATT 60 20 50
Pp-28-R-T7 TAATACGACTCACTATAGCGTGTTGGGAAATGGCTGTG 60 38 55
Pp-30-F GTCAGCTGTCAACGAGTCCA 60 20 65
Pp-30-R-T7 TAATACGACTCACTATAGTCGTTTCTTGCGTTGGCTTG 60 38 50

Primer pairs were successfully designed for opsin genes representing different opsin groups,
including MWS1, MWS2 and SWS-related genes. Reverse primers containing the T7 promoter
sequence enabled subsequent antisense riboprobe synthesis through in vitro transcription

procedures.

4.4 Amplification of selected opsin genes

PCR amplification of the selected opsin genes produced distinct bands corresponding to the
expected product sizes ranging from approximately 800-1100 bp (Figure 4). Band intensity varied
slightly among genes, although most amplified products showed strong and clearly
distinguishable bands. Minimal non-specific amplification was observed across the amplified
samples. Opsin gene 13, used as the positive control, showed a clear band at the expected size,
while no amplification was observed in the negative control. Gene Pp-03 initially showed a faint
amplification band under the standard PCR conditions. After reducing the annealing temperature
to 50°C, amplification of the expected product was obtained. Following optimization,
amplification bands corresponding to the expected product size became more clearly visible

during agarose gel electrophoresis.
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Figure 4. Agarose gel electrophoresis of PCR-amplified opsin genes from P. pediculus. Lane M represents the
GeneRuler 100 bp Plus DNA Ladder. Lanes 1-8 correspond to opsin genes 03, 06, 11, 20, 23, 26, 27 and 30,
respectively. Lane 9 represents the positive control (PC), and lane 10 represents the negative control (NC).

4.5 Purification and sequence verification of PCR products

Purified PCR products showed concentrations and purity ratios suitable for downstream
sequencing and riboprobe synthesis (Appendix 1, Table 1.1). Sanger sequencing produced clean
sequence reads for most amplified opsin genes (Appendix 2, Figure 2.1). Most sequencing
chromatograms showed well-defined peaks with minimal background noise. However, gene 06
initially produced poor-quality chromatograms with multiple overlapping peaks. PCR conditions
for gene Pp-06 were subsequently optimized by increasing the annealing temperature to 60°C.
Following optimization, cleaner amplification and improved sequencing quality were obtained.

Overall, sequencing results showed successful amplification of the selected opsin gene fragments.

4.6 Synthesis of DIG-labelled riboprobes

DIG-labelled antisense riboprobes were synthesized for Pp-13 and Pp-28 for preliminary in situ
hybridization experiments. Additional riboprobes were subsequently synthesized for Pp-03, Pp-
06, Pp-11, Pp-13, Pp-20, Pp-23, Pp-28, and Pp-30. NanoDrop measurements of synthesized
riboprobes are shown in Appendix 1 (Table 1.2). Variation in riboprobe concentration was also
observed during NanoDrop analysis, with stronger riboprobe yields generally corresponding to

more intense gel bands observed during electrophoresis.

Agarose gel electrophoresis of synthesized riboprobes showed variation in riboprobe yield and
band intensity among the synthesized probes (Appendix 3, Figure 3.1). Strong riboprobe bands
were observed for Pp-13, Pp-20, Pp-23, and Pp-28, while weaker signals were observed for Pp-
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03, Pp-06, Pp-11, and Pp-30. Based on riboprobe yield and gel visualization, Pp-13, Pp-20, Pp-23,

and Pp-28 were selected for subsequent in situ hybridization experiments.

4.7 Preliminary localization of opsin transcripts by RNA in situ hybridization

Initial in situ hybridization experiments showed substantial tissue disruption and partial loss of
cryosections during hybridization and washing procedures. Although staining patterns could be
detected in some regions of the eye, widespread background staining and non-specific signals
were also observed throughout the sections (Figure 5). Tissue disruption was observed as
fragmentation of retinal structures, folding of tissue sections and partial detachment of sections

from the slides during washing procedures.

Figure 5. In situ hybridization performed on cryosections prepared from specimens collected during May
2025 showed tissue disruption, partial loss of sections and non-specific background staining following
hybridization procedures. (A) Section hybridized with Pp-13 antisense riboprobe, (B) section hybridized
with Pp-20 antisense riboprobe, (C) section hybridized with Pp-26 antisense riboprobe and (D) section
hybridized with Pp-28 antisense riboprobe.

Subsequent in situ hybridization experiments using the Pp-13 riboprobe on newly prepared
cryosections fixed using a combined solution of 4% PFA and 30% sucrose (1:1) and sectioned on

the same day following fixation showed improved tissue preservation after hybridization

procedures, although non-specific background staining was still observed (Figure 6A).

Previously prepared cryosections collected during May 2025, fixed using sequential sucrose
gradient incubation and originally sectioned on the same day following fixation, also retained
tissue integrity during in situ hybridization with the Pp-13 riboprobe and showed localized

staining patterns within regions of the eye together with non-specific background staining (Figure
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6B). In these sections, retinal regions remained more clearly distinguishable after hybridization

procedures.

Figure 6. In situ hybridization performed on cryosections sectioned on the same day following fixation. (A)
Newly prepared cryosection hybridized with the Pp-13 antisense riboprobe. (B) Previously prepared
cryosection hybridized with the Pp-13 antisense riboprobe.

Both newly prepared and previously prepared cryosections that had undergone overnight
delayed cryosectioning showed poor tissue preservation during hybridization procedures.
Sections hybridized with Pp-13 and Pp-28 riboprobes frequently showed partial loss of tissue
from the slides, and intact retinal morphology was not maintained following hybridization
procedures (Figure 7). Tissue disruption in overnight delayed cryosections was observed in
both newly prepared and previously prepared samples. In several sections, only partial retinal

structures remained attached to the slides following hybridization procedures.

Figure 7. In situ hybridization performed on cryosections prepared after overnight delayed cryosectioning.
(A) Newly prepared cryosection hybridized with the Pp-13 antisense riboprobe. (B) Newly prepared
cryosection hybridized with the Pp-28 antisense riboprobe. (C) Previously prepared cryosection hybridized
with the Pp-13 antisense riboprobe. (D) Previously prepared cryosection hybridized with the Pp-28
antisense riboprobe.
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5 Discussion

The present study aimed to establish and optimize RNA in situ hybridization methods for
investigating opsin gene expression in the eye of Polyphemus pediculus. Particular emphasis was
placed on optimizing fixation and cryosectioning conditions to preserve retinal tissue integrity
during hybridization procedures. Working with retinal tissue from these tiny zooplankton
presented unexpected challenges, requiring thorough optimization of preparatory conditions. It
was important to successfully preserve tissue morphology to maintain intact cryosections
during in situ hybridization procedures, since fixation conditions strongly influence RNA
preservation, tissue integrity and probe accessibility (Basyuk et al., 2000). PFA fixation and
sucrose cryoprotection are commonly used in histological and in situ hybridization procedures
to preserve tissue morphology and reduce tissue disruption during cryosectioning and freezing
(Hare et al,, 2014). In previous studies in this lab, fixed material of larger crustacean compound
eyes could be stored at 4°C for days to weeks prior to cryoprotection and sectioning. In the
present study, P. pediculus cryosections prepared on the same day following fixation and
embedding generally showed improved tissue morphology compared with cryosections
prepared after overnight storage prior to sectioning. Delayed cryosectioning appeared to
increase tissue disruption irrespective of fixation approach, suggesting that the timing of
cryosectioning may strongly influence tissue stability in P. pediculus during downstream
hybridization procedures. These findings directly support the primary aim of the study, which
was to optimize fixation and cryosectioning conditions for preservation of retinal tissue during
RNA in situ hybridization. The differences observed between same day and delayed
cryosectioning indicate that tissue handling procedures may strongly influence the success of
downstream molecular visualization techniques in delicate aquatic invertebrate tissues. Since P.
pediculus possesses extremely small and fragile retinal structures, even minor alterations in
tissue preparation conditions may contribute to structural instability during hybridization

procedures.

All three fixation methods showed improved tissue morphology when cryosectioning was
performed on the same day following fixation and embedding. However, fixation using a combined
solution of 4% PFA and 30% sucrose was selected for subsequent experiments because it reduced
fixation time while still maintaining intact tissue morphology. In contrast, sequential sucrose
incubation required longer processing times due to the need for specimens to settle at each
sucrose concentration step before transfer to the next solution. These observations suggest that
the combined PFA and sucrose fixation approach provided a more time-efficient procedure while
maintaining suitable tissue preservation for downstream ISH experiments. Sucrose is often used
for cryoprotection to decrease ice crystal formation during freezing and to limit structural damage

during cryosectioning. Extended exposure to fixation and cryoprotection agents can change tissue
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moisture levels and mechanical integrity, especially in small aquatic species with fragile tissues
(Tran et al, 2017). The present findings indicate that reducing handling time before
cryosectioning will improve preservation of retinal morphology in P. pediculus. The RNA
concentration and purity obtained in this study were sufficient to support multiple repeated
downstream molecular procedures, including cDNA synthesis and PCR amplification procedures
throughout the study. RNA quality and template integrity are important factors influencing
reverse transcription efficiency and reliable downstream amplification (Bustin and Nolan,
2004). Successful amplification of multiple opsin genes indicated that the extracted RNA
retained sufficient integrity throughout repeated experimental procedures. Since retinal tissues
from small zooplankton specimens provide limited starting material for molecular analysis,
maintaining RNA quality was an important step for successful downstream riboprobe synthesis

and hybridization experiments.

Gene - specific primers were designed only for the most expressed opsin genes and then used for
PCR amplification. Primer designing considered factors such as melting temperature, GC content,
primer length and sequence specificity so that amplification efficiency and specificity could be
improved (Kayama et al,, 2021). T7 promoter sequence incorporated into the reverse primers
enabled riboprobe synthesis through in vitro transcription using T7 RNA polymerase which is

commonly used for RNA probe generation in in situ hybridization studies (Suzuki et al., 2005).

Most amplified genes produced products of the expected sizes with minimal non-specific
amplification, indicating that the designed primers were suitable for the amplification of the
selected highly expressed opsin genes. PCR optimization was required for a few genes. Gene Pp-
03, which initially produced weak amplification under standard PCR conditions, but lowering the
annealing temperature to 50°C improved amplification efficiency and resulted in clearer
amplification of the expected product. When primer-template interactions are weak or less stable,
it can be improved by lowering annealing temperature (Rychlik et al., 1990; Dieffenbach et al.,
1993). Similarly, gene Pp-06 initially produced poor-quality sequencing chromatograms with
overlapping peaks, suggesting possible non-specific amplification. In this case, increasing the
annealing temperature to 60°C improved amplification specificity and sequencing quality.
Optimization of annealing temperature is widely used in molecular studies because annealing
temperature strongly influences primer binding specificity and amplification efficiency (Lorenz,
2012). These observations highlight the importance of gene-specific optimization during PCR
amplification, especially when working with transcriptomic targets that may differ in sequence
composition and amplification efficiency. Although most primer pairs produced amplification

under standardized conditions, optimization of individual genes was still necessary to improve
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specificity and sequencing quality. Such optimization is commonly required in molecular studies

involving newly designed primers and non-model organisms.

Variation in riboprobe concentration and gel intensity was observed among the synthesized
riboprobes, suggesting differences in transcription efficiency, PCR template quality or purification
efficiency during riboprobe synthesis (Melton et al., 1984; Wilkinson, 1998). Stronger riboprobe
signals obtained for Pp-13, Pp-20, Pp-23 and Pp-28 allowed these probes to be selected for the
subsequent in situ hybridization experiments. DIG-labelled antisense riboprobes are widely used
in in situ hybridization studies because they provide stable non-radioactive detection with good
sensitivity and spatial resolution (Schaeren-Wiemers & Gerfin-Moser, 1993). In contrast, weaker
riboprobe signals observed for Pp-03, Pp-06, Pp-11 and Pp-30 may have reduced hybridization

efficiency and contributed to weaker signal detection during downstream experiments.

Initial in situ hybridization experiments performed on previously prepared cryosections showed
substantial tissue disruption and partial loss of sections during hybridization and washing
procedures. Cryosections are generally more susceptible to structural damage during in situ
hybridization because repeated washing, hybridization and detection steps can weaken section
adherence and integrity (Young et al., 2020). The widespread background staining and non-
specific signals observed throughout the sections may have resulted from non-specific probe
binding or insufficient washing stringency during hybridization procedures. Background staining
and non-specific hybridization signals are common technical challenges in RNA in situ
hybridization experiments and can interfere with interpretation of gene expression patterns
(Rehman et al., 2024). The extensive tissue disruption observed during the initial experiments
demonstrated that successful RNA in situ hybridization in P. pediculus requires substantial
methodological optimization before interpretation of staining patterns. The results also indicate
the challenges associated with applying histological and molecular techniques to very small

aquatic organisms possessing fragile retinal tissues.

Following optimization of fixation and cryosectioning methods, improved preservation of tissue
morphology was observed during subsequent in situ hybridization experiments, suggesting that
the modified fixation and cryoprotection conditions improved tissue stability during
hybridization procedures. Newly prepared cryosections fixed using a combined solution of 4%
PFA and 30% sucrose and sectioned on the same day retained tissue integrity following
hybridization with the Pp-13 riboprobe. Similarly, previously prepared cryosections that had
originally been sectioned on the same day following fixation also maintained tissue integrity
during hybridization procedures despite long-term storage at -80°C. In contrast, both newly

prepared and previously prepared cryosections that had undergone delayed cryosectioning
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showed substantial tissue disruption and partial loss of sections following hybridization
procedures. These observations suggest that delayed cryosectioning may reduce tissue stability
during downstream ISH more strongly than long-term cryosection storage itself. These findings
were important as they demonstrated that tissue disruption observed during the initial
experiments was not primarily caused by long-term storage of cryosections at -80°C. Instead, the
timing of cryosectioning before storage appeared to have a greater influence on tissue

preservation during subsequent hybridization procedures.

Localized staining patterns observed within regions of the eye in sections hybridized with Pp-13
and Pp-28 riboprobes may indicate spatial localization of opsin transcripts within retinal tissues.
However, the persistence of background staining prevented definitive confirmation of specific
opsin expression patterns. Previous studies have emphasized that inclusion of appropriate
negative controls is important for distinguishing specific hybridization signals from non-specific
background staining in in situ hybridization experiments (Thisse & Thisse, 2008). Additional
optimization of probe concentration, hybridization temperature and washing conditions may
therefore improve signal specificity in future studies. Although confirmation of opsin localization
was not achieved in the present study, the preliminary staining observed within retinal regions
suggest that RNA in situ hybridization may still represent a useful approach for investigating
spatial organization of opsin expression in P. pediculus. Additional refinement may allow future
studies to more accurately distinguish region-specific opsin expression patterns within different

retinal structures.

Overall, this study successfully established the first methods for cryosectioning, riboprobe
synthesis and in situ hybridization in P. pediculus. The study achieved the primary aims of
optimizing fixation and cryosectioning conditions and evaluating tissue preservation during in
situ hybridization. Optimization fixation and cryoprotection methods improved preservation of
tissue morphology during downstream molecular experiments, while comparison between same
day and delayed cryosectioning demonstrated that cryosection timing strongly influenced tissue
stability during hybridization procedures. Although technical limitations, including background
staining and the absence of negative controls limited definitive confirmation of opsin expression
patterns, localized staining observed within retinal regions suggests potential spatial expression
of selected opsin genes. Further optimization of hybridization conditions and inclusion of
appropriate controls may help confirm opsin localization and contribute to future studies on

visual system organization in P. pediculus.
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6 Ethical considerations

Polyphemus pediculus, being small freshwater arthropods, are not protected under the EU
Directive 2010/63/EU on the protection of animals used for scientific purposes or the Swedish
Animal Welfare Ordinance (2019:66). Nevertheless, ethical responsibility remains an important
aspect of scientific research, and this study followed the principles of replacement, reduction and

refinement (3Rs) wherever applicable to minimize unnecessary harm to the organisms used.

Specimens of P. pediculus were handled carefully and maintained under conditions that resembled
their natural environment as closely as possible, including appropriate water quality, temperature
and feeding conditions. Collection of specimens was limited to the minimum number required for
experimental procedures to reduce unnecessary use of organisms. Since P. pediculus is naturally
abundant in Swedish freshwater habitats, sample collection was not expected to cause ecological
disturbance or negatively affect local populations. Whenever feasible, remaining live specimens

were returned to their original habitat following experimental procedures.

Although legal ethical approval was not required for this study, all laboratory procedures were
conducted responsibly and in accordance with general scientific standards for animal care and
handling. Experimental procedures involving fixation and tissue preparation were performed

carefully to minimize unnecessary stress or damage to specimens.

In addition to ethical handling of organisms, responsible scientific data management was also
considered throughout the study. Data generated during the project were organized according to
FAIR data principles, ensuring that data remain findable, accessible, interoperable and reusable
whenever possible. Application of these principles supports transparency, reproducibility and

future research in visual ecology and molecular biology.

This study focused on a small freshwater crustacean, understanding visual adaptation and gene
expression in aquatic organisms may contribute to broader knowledge in visual ecology,
environmental adaptation and molecular biology. Improved understanding of aquatic sensory
systems may also support future ecological and environmental research related to freshwater

ecosystems.
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7 Future Perspectives

The present study established preliminary RNA in situ hybridization conditions for investigating
opsin gene expression in the eye of Polyphemus pediculus. Although localized staining patterns
were observed in some retinal regions, non-specific background staining and tissue disruption
remained important technical limitations. Further optimization of hybridization and washing
conditions may improve specificity and preservation of tissue morphology in future experiments

(Jensen, 2014).

Future studies should include additional controls, such as sense probes and negative controls, to
evaluate staining specificity and reduce the possibility of non-specific signal detection.
Optimization of fixation duration and cryoprotection procedures may also improve tissue
stability. Since same day cryosectioning showed improved preservation of tissue morphology in
the present study, future work may further investigate the underlying factors affecting tissue

integrity during delayed cryosectioning.

Since P. pediculus inhabits freshwater environments with varying optical conditions, future
studies comparing individuals collected from lakes with different light environments may help
determine whether opsin expression patterns vary in response to environmental conditions.
Previous studies have demonstrated that environmental light conditions can influence opsin
expression and visual plasticity in aquatic organisms (Sakai et al., 2016; Luehrmann et al., 2018).
Spatial variation of opsin expression within retinal regions has also been associated with visual

specialization in aquatic species (Henze et al., 2012).

In addition, fresh specimens of P. pediculus are primarily available during the months of April
through October. Future studies may therefore benefit from large-scale collection and
immediate cryosectioning of samples during this period for subsequent molecular and
histological analyses. The present study demonstrated that previously prepared cryosections
retained tissue integrity when same day cryosectioning conditions had originally been used,
suggesting that long-term storage itself may not significantly compromise tissue morphology.
Establishing preserved sample collections may therefore support future studies investigating

opsin expression, retinal organization and visual adaptation in P. pediculus.
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Appendix 1: NanoDrop measurements

Table 1.1. NanoDrop measurements of purified PCR products used for Sanger sequencing and riboprobe
synthesis of selected opsin genes from P. pediculus.

Gene Name Concentration (ng/ pL) A260/280
Pp-03 4.5 1.83
Pp-06 11.0 1.83
Pp-11 10.0 1.76
Pp-13 37.7 1.84
Pp-20 13.1 1.88
Pp-23 9.1 1.86
Pp-26 10.2 1.85
Pp-27 5.5 1.85
Pp-28 27.2 1.84
Pp-30 9.7 1.87

Table 1.2. NanoDrop measurements of synthesized DIG-labelled antisense riboprobes used for in situ

hybridization experiments.

Gene Name

RNA Concentration (ng/ pL) A260/280

Pp-03
Pp-06
Pp-11
Pp-13
Pp-20
Pp-23
Pp-28
Pp-30

0.4
2.5
354
66
56.8
474
24.8
12.4

1.53
29

1.85
1.86
1.99
2.00
191
0.81
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Appendix 2: Sequencing Result
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Figure 2.1. Sequencing results of selected PCR-amplified opsin gene fragments. Transcriptome target
sequences are shown in black, while corresponding sequencing results obtained from PCR products are
shown in blue.
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Appendix 3: Electrophoresis Result

———

Figure 3.1. Agarose gel electrophoresis of synthesized DIG-labelled antisense riboprobes. Lane M represents
the GeneRuler 100 bp Plus DNA Ladder. Lanes 1-8 correspond to riboprobes synthesized for Pp-03, Pp-06,
Pp-11, Pp-13, Pp-20, Pp-23, Pp-28, and Pp-30, respectively.

30



