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Abstract

Mitochondria are not only the powerhouse of the cell, but the organelle also store its own genetic
material, mitochondrial DNA (mtDNA). The amount of mtDNA is referred to as mtDNA copy
number and has been found to reflect both energy demand and physiological adaptations of tissues.
However, there are a limited number of studies that have examined if this pattern can be seen in
marine invertebrates. To expand this knowledge, I examined how mtDNA copy number varies
between tissues among males of a small marine invertebrate named Littorina saxatilis. Since the
species L. saxatilis consists of different ecotypes that exhibit adaptation to different microhabitats,
it was hypothesized that variation in mtDNA copy number would reflect these adaptive differences.
DNA was extracted from different tissues (mantle, foot, head, seminal vesicles and testes), and
mtDNA copy number was quantified in each tissue through qPCR. Comparisons were performed
between ecotypes within a single population and between ecotypes across two different
populations. The results were analyzed using a linear mixed effects model (LMM), which showed
a significant effect of Tissue (p < 0.001) and Population (p < 0.001), but the effect of Ecotype was
not significant. Significance was also shown in the interactions Ecotype x Tissue and Ecotype x
Tissue x Population. Post-hoc comparisons using EMM showed the crab ecotype from
Angklavbukten had significantly higher mtDNA copy number in the mantle and seminal vesicles.
From Inre Arsklovet, the wave ecotype exhibited significantly higher mtDNA copy number in the
head. Results showed variations in mtDNA copy number depend on the type of tissue, and that in
turn is influenced by both ecotype and population.

Key words: mtDNA copy number, Littorina saxatilis, ecotypes, tissue-specific variation, qPCR.

Sammanfattning

Mitokondrier dr inte bara cellens kraftverk, organellen innehéller ocksd genetiskt material,
mitokondriellt DNA (mtDNA). Miangden mtDNA kallas for mtDNA-kopienummer och har
pavisats kunna aterspegla bade energibehov och fysiologiska anpassningar hos vévnader. Det ér
diaremot ett begrinsat antal studier som har undersokt om detta monster kan ses hos marina
evertebrater. For att utdka denna kunskap, undersokte jag hur mtDNA-kopienummer varierar
mellan vdvnader hos hanar av en liten marin evertebrat vid namn Litforina saxatilis. Eftersom arten
L. saxatilis bestar av olika ekotyper anpassade till olika mikrohabitat, formulerades det en hypotes
att variationen 1 mtDNA-kopienummer kan d&terspegla dessa adaptiva skillnader. DNA
extraherades fran olika vdvnader (mantel, fot, huvud, sddesblasor och testiklar), och mtDNA -
kopienummer kvantifierades i varje vivnad genom qPCR. Jamforelser utfordes mellan ekotyper
inom en enda population och mellan ekotyper frén tva olika populationer. Resultaten analyserades
med hjélp av en Linear Mixed Effect Model (LMM), som visade en signifikant effekt av Tissue (p
<0.001) och Population (p < 0.001), men effekten av Ecotype var inte signifikant. Signifikans
visades ocksé 1 interaktionerna Ecotype x Tissue och Ecotype x Tissue x Population. Post-hoc
comparisons med EMM visade att krabb ekotypen fridn Angklidvbukten hade signifikant hogre
mtDNA-kopienummer i manteln och séddesblasorna. Fran Inre Arsklovet pavisade vag ekotypen
signifikant hogre mtDNA-kopienummer i huvudet. Resultaten visade att variationer i mtDNA-
kopienummer beror pd vivnadstyp, och det i sin tur paverkas av bdde ekotyp och population.

Nyckelord: mtDNA kopienummer, Littorina saxatilis, ekotyper, vivnadsspecifik variation, qPCR.



1. Introduction
1.1 Background — mitochondria and energetics

Mitochondria are organelles present in nearly all eukaryotes and provide cells with one of the most
fundamental sources of energy, ATP (Kiihlbrandt, 2015). Mitochondria play a crucial role for
cellular metabolism and are important when it comes to managing the overall health of cells
(Spinelli et al., 2018). The number of mitochondria per cell can vary between different tissues,
between different developmental stages and in response to stress. Additionally, mitochondria house
their own genetic material, called mitochondrial DNA (mtDNA), which is contained in a circular
chromosome. The number of copies of this chromosome can also vary in amount, and this amount
is referred to as copy number (Cole, 2016). Levels of mtDNA copy number are closely correlated
with the energy demands of cells (Dickinson et al., 2013), as well as being essential to maintain the
respiratory chain, a key component in the OXPHOS system (Larsson et al., 1998). Mitochondrial
DNA copy number can vary greatly between different types of cells, as well as between different
types of tissues (Filograna et al., 2021). In addition, levels of mtDNA copy number can change in
response to different stressors (Shimpi et al., 2024), which suggests that mtDNA copy number is a
suitable biomarker to use for understanding how organisms respond when stressed. Studying
variation in mtDNA copy number is therefore essential to understand how energy demands and
stress response are regulated between different cells, tissues and organisms.

A study on mice by Veltri et al. (1990) showed that differences in mtDNA copy number can be
organ specific. The brain was shown to have the lowest mtDNA copy number and the liver had the
highest. A similar pattern was found in teleost’s, demonstrating that mtDNA copy number can be
specific to tissue. For example, the species Pseudocaranx dentex had higher mtDNA copy number
in their heart tissue, which increases their oxygen transport and enables the species to be long-
distance swimmers (Li et al., 2023). In Drosophila melanogaster there is sexual dimorphism in
lifespan, where females have a longer life expectancy than the males. Kristensen et al. (2019) found
that male D. melanogaster have a reduced stress tolerance as they age, which was shown by a
reduction in their mtDNA copy number. In females, there is no reduction in either stress tolerance
or mtDNA copy number, suggesting that variation in mtDNA copy number can be age specific, but
also sex specific. Age-related changes of mtDNA have also been found in the species
Nothobranchius furzeri, where it was shown that mtDNA copy number decreases with age in
tissues such as the brain, the liver and muscle tissues (Hartmann et al., 2011).

The most used method today to estimate mtDNA copy numbers is quantitative real-time
Polymerase Chain Reaction (QPCR). The results from a run of qPCR will show a ratio between
mtDNA levels and levels of a selected nuclear gene (Kilig et al., 2019).

1.2 Study system

There are a limited number of studies that have been done on mtDNA copy number variation in
marine invertebrates. To contribute with new knowledge to this research field, I investigated
variation of mtDNA copy number in a small marine invertebrate named Litforina saxatilis. The
project was conducted at Tjarnd Marine Laboratory, located on the northern west coast of Sweden.
The laboratory is in the Koster archipelago, and L. saxatilis can be found along intertidal shores
among the many islands surrounding the laboratory.

Littorina saxatilis consists of different ecotypes, and the most commonly occurring ecotypes
around Tjarnd, are the crab- and wave ecotype. These two ecotypes are adapted to different
microhabitats. The crab ecotype inhabits rocky shores, where it lives more sheltered from waves
and wind. However, they are subjected to predation from crabs. In contrast, the wave ecotype is
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found on cliff sides, living more exposed while experiencing high wave action but no crab
predation (Johannesson, 2015). Additionally, the two ecotypes are phenotypically different. The
crab ecotype is large with thick shells, have relatively small apertures and high spires. According
to Johannesson (1986), the shell-morphology of the crab ecotype is suggested to be an adaptation
to better sustain crab predation, since crabs tend to crush the shell of the periwinkle or insert their
chela into the aperture when predating on them. Wave ecotypes are smaller in size, have thinner
shells and lower spires. Their aperture is larger and more rounded, leaving room for a bigger foot
that helps them stay attached to cliff sides (Johannesson, 1986, Johannesson, 2015). These two
ecotypes reside in different microhabitats, are exposed to different mechanical stressors and have
different phenotypes. Both ecotypes exhibit adaptive differences (Johannesson, 2015), and these
differences may cause variation in energy demand between different tissues which could
potentially be detected through varying mtDNA copy number.

1.3 Aim

The aim of this project was to analyze variation in mtDNA copy number among tissues in males
from two different ecotypes of the species Littorina saxatilis. It was also examined if mtDNA copy
number would reflect adaptive differences between the two ecotypes. This project also aimed to
provide a broader understanding of how mtDNA copy number can vary within a marine
invertebrate species. Tissues (head, mantle, foot, seminal vesicles and testes) were dissected, DNA
was extracted from each tissue and mtDNA copy number was quantified using qPCR.

1.4 Hypotheses

Hi: We expect that mtDNA copy number will vary among tissues in Littorina saxatilis with higher
mtDNA copy number in higher energy demanding tissues. Both ecotypes reside in different
microhabitats, showing adaptive differences through both morphological and behavioral
properties. We therefore expect there to be a significant Tissue x Ecotype interaction with respect
to mtDNA copy number.

e [t is believed that the foot tissue will exhibit higher mtDNA copy number, reflecting the
energy demand that is required for adhesion and locomotion. The wave ecotype lives in
more exposed environments and is therefore more reliant on resisting dislodgement by
waves (Le Pennec et al., 2017). It is expected the wave ecotype might exhibit a slightly
higher mtDNA copy number in the foot, reflecting adaptation to more exposed
environments.

e Another example is that the mantle will show a higher mtDNA copy number, since the
tissue is responsible for shell maintenance (Fretter & Graham, 1962), a process that might
reflect a higher energy demand, and in turn, a higher mtDNA copy number. The crab
ecotype has a thicker and bigger shell, which is suggested to be an adaptation to crab
predation (Johannesson, 1986). This could potentially mean they are more reliant on shell
production, which could be reflected through a higher mtDNA copy number.

e In addition, it is expected that both reproductive tissues, the testes and seminal vesicles,
will show higher mtDNA copy number across both ecotypes, reflecting the energy demand
that is needed for processes involved in reproductive activity.

Ho: There is no significant variation between tissues of Litforina saxatilis, and variation in mtDNA
copy number does not reflect adaptive differences between the two ecotypes.



2. Material and method

2.1 Sampling

The project was conducted at Tjarné Marine Laboratory, and sampling was performed at two sites
surrounding Tjarnd, Angkldvbukten and Inre Arsklovet (Figure 1). At each site, 12 individuals per
ecotype were sampled, resulting in 24 individuals per site and a total sample size of 48 individuals.
After sampling was done, the sex of each snail was determined, whereas the males were identified
by the presence of a penis. After determining the sex of all males, they were placed in aquaria.

Ecotype
A Crab ecotype
= Wave ecotype

2'
./"\ngklévbuktcn
50 inn m
® Sampling sites
1.
- .Inrc Arsklovet
: 0,5 . 1 ; 1,5

277100 277200

Figure 1. Overview map of sampling sites on the Swedish west coast, and detailed view of exact sampling locations. First panel
(1) shows the location of the sampling area within Sweden (rved polygon). Second panel (2) shows location of the two sampling sites,
Anklavbukten and Inre Arsklovet (red points). Panel three and four shows detailed maps of Ankllavbukten (3) and Inre Arsklovet
(4). Transects used for sampling the crab ecotype (orange) and wave ecotype (blue) are shown in legend (3). Map data: © Google,
© OpenStreetMap contributors
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Figure 2. Photo of naked male Littorina saxatilis, taken after cracking the shell and before dissection. Red arrows point out
each tissue that was dissected.

2.2 Dissecting

Before dissection began, photographs were taken of all individuals together with a millimeter paper
and an ID-tag. The millimeter paper was used as a reference to enable measurement of the size,
while the ID-tag made it possible to keep track of every individual throughout the whole project.
The first step of dissection was to break the shell of the individual. Depending on the size and
thickness of the shell, different tools were used. For the crab ecotype, which has a bigger and thicker
shell, a nutcracker or pestle was used. The wave ecotype has a smaller and thinner shell, so the
preferred tool for breaking their shell were pliers.

Position of each tissue is illustrated in figure 2. The seminal vesicles were removed by using a
pair of tweezers, and the testes were dissected in a similar way. For the mantle, a small scissor was
used to make a small cut at the juncture of the mantle edge. While cutting along the edge, a tweezer
was used to hold on to the mantle until the acquired piece was obtained. The head was dissected
with the help of a tweezer and a scalpel. With the scalpel, a cut was made below the head and then
between the head and the foot. When the head was removed, only the operculum needed to be cut
off to dissect the foot. To facilitate digestion of the tissue during DNA extraction, the foot was cut
into smaller pieces. Each sample was put in Eppendorf tubes and stored in a -80 degrees Celsius
freezer.

2.3 DNA extraction

DNA extraction for the head, mantle, testes and seminal vesicles, was done by using the DNeasy
Blood & Tissue Kit and the QIAmp DNA Micro kit from Qiagen. The extractions were performed



according to the respective protocols (Qiagen, n.d.). After DNA extraction, the samples were stored
in a refrigerator at +4 degrees Celsius until performing qPCR.

Many invertebrates have been found to secrete mucopolysaccharides, a carbohydrate that
inhibits endonucleases, enzymes needed to digest tissues before extraction (Whitmore, 1983). To
prevent this inhibition, the foot tissue was treated with collagenase IV, an enzyme that breaks down
collagen found in connective tissue (Thermo Fisher Scientific, n.d.). Prior research has also
demonstrated that the foot tissue has inconsistent results if not treated this way. The foot tissue was
digested for 2 hours in a solution of physiological saline buffer (PBS) and 2% collagenase I'V.

The foot tissue was then extracted through salt extraction, which was performed according to a
protocol presented by Aljanabi and Martinez (1997). A few modifications were done. The buffer
recipe was adjusted to create a concentrated solution (2X) so it was at normal strength when added
to the collagenase-digested tissue. The amount of buffer added to each sample was 200 puL, and the
NaCl added after incubation was SM. The first step of centrifugation was at 12 000 x g, and the
second step at 14 000 x g. After the pellet was washed with ethanol, it was centrifuged for 5 min at
8 000 x g. The ethanol was then poured out, and the pellet was dried from the ethanol with the help
of a Kimwipe. Lastly, the samples were eluted with nuclease-free water. After salt extraction was
performed, the extracted foot tissue was analyzed using a NanoDrop spectrophotometer. The
NanoDrop was used to measure the purity of the samples, including contamination from RNA and
proteins, and to determine the final concentration of all extracted DNA samples, a Qubit
fluorometer was used. The Qubit can measure double-stranded DNA concentration and is more
sensitive and accurate, especially at low concentrations.

2.4 qPCR

Quantitative PCR (qPCR) was performed using a MicroAmp Fast optical 96-well reaction plate.
Each sample was analyzed in triplicates for two primer sets, resulting in a total of six reactions per
sample. A total of 16 samples could be analyzed per plate, which equals a total of 96 reactions per
plate. To check consistency between samples and qPCR runs, 21 replicates were performed.

Two primer sets were used to quantify the relative abundance of mtDNA compared to nDNA.
The ND1 primer set amplified a 219-base segment of subunit 1 of the mitochondrial NADH
dehydrogenase gene. The TPX1 primer set amplified a 322-base segment of the nuclear reference
gene T-box transcription factor 1.

A primer mix was prepared for each set, containing equal amounts of the forward and the reverse
primer diluted to a working concentration of 2.5 umol/L. This resulted in a final primer
concentration of 0.3 pmol/L per reaction well. Each reaction was performed in a volume of 12 pLL
containing:

Each reaction well contained:

e 6 uL PowerUp SYBR Green Master Mix (2X)
e 1.4 pL Primer mix

e 4.6 uL DNA template

To ensure the amplified products of both primer sets fell in the required range for detection, it was
determined that each reaction needed to contain 3.5 ng of DNA. Therefore, a DNA-mix was
prepared for each sample by diluting the DNA with nuclease-free water to a concentration of 0.76
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ng/uL, enabling 4.6 uL of the DNA-mix to be added to each reaction. Since the required volume
of DNA for each reaction was too small to pipette accurately, DNA-mixtures of multiple reactions
(7-12 reactions depending on the DNA-concentration of the sample) were prepared and diluted
with nuclease-free water to achieve the target concentration.

For each run of qPCR, a master mix was prepared for each primer set. The master mix contained
the PowerUp SYBR Green PCR Master Mix and the primer mix. The volume of each master mix
needed to be enough for 48 reactions, but extra was made to prevent insufficient volumes during
pipetting. The recipe of each master mix was as follows (recipe for approximately 50 reactions):

e SYBR Green: 6 x 50 =300 uL
e Primer mix (ND1 or TPX1): 1.4 x 50 =72 uL

DNA dilutions were prepared and distributed in strip-tubes. Then, all components were
systematically dispensed in the 96-well plate. First, 4.6 pL of each DNA mix was added to reduce
the risk of contamination, and afterwards, 7.4 puL of the master mix was added to each reaction
well. To make the pipetting more efficient, a repeater pipette with a 0.2 mL tip was used to dispense
the master mix.

After the plate was loaded, it was sealed with a MicroAmp optical adhesive film, centrifuged,
before being placed in the StepOnePlus Real-Time PCR instrument. A plate layout was designed
beforehand and entered in the software before the qPCR run could start. Each qPCR run lasted
approximately 1.5 h and consisted of 40 cycles with the following protocol:

Holding stage:
1. 98 °C for 2 min
Cycling stage:

1. 98°Cfor15s
2. 58°Cforl15s

3. 72 °C for 1 min

Each qPCR run generates an amplification curve for each sample, consisting of an initiation,
exponential and plateau phase. During early stages of amplification, the levels of fluorescence from
the SYBR green is low, which sets a baseline. As amplification progresses, it reaches the
exponential phase, where DNA starts to amplify significantly, and fluorescence signals become at
their highest. A threshold is set within this phase, and the cycle at which amplification crosses the
threshold is recorded as the cycle threshold (Ct) value for each sample (Adams, 2020). A threshold
was set for each primer in each qPCR run, but to enable comparison of data between samples, the
thresholds were adjusted manually, resulting in both primers having the same threshold. Errors of
samples could occur and were identified based on deviating amplification curves and by high
standard deviations among replicates. These samples were rerun. From the qPCR, each sample
gave two mean Ct values, where both means were averaged across the three replicates for each
sample. One mean value for the ND1 (mtDNA) targets, and one mean value for the TPX1 (nDNA)
targets. With the Ct-mean values, ACt could be calculated according to the following formula
(Rooney, 2015):



ACt = Ctupna - Ctmepna = Ctrex - Ctapr

Relative mtDNA copy number was calculated using the following formula (Rooney, 2015):

2 x 2Act

This calculation was used due to the amplifications being exponential and each cycle doubles the
amount of DNA (Leuthner et al., 2021).

2.5 Statistical method
2.5.1 Model

Statistical analysis of the data was done using RStudios version 2024.12.1+563. The packages
readxl, tidyverse, dplyr, car, ImerTest, emmeans, effectsize, performance and broom were used for
modelling of the data. The values on mtDNA copy number were logio-transformed, improving
normality and reducing homoscedasticity. mtDNA copy number where the numeric response
variable, while ecotype, tissue and population were the categorical predictor variables.
Visualization of the data was done using geom_boxplot together with geom_jitter from the library

ggplot?.

To analyze differences in log-transformed mtDNA copy number between the two ecotypes, a
linear mixed-effects model (LMM) was constructed. The model included Tissue, Ecotype and
Population as fixed effects, together with their interaction terms. Since multiple tissues were
sampled from the same individual, the measurements were not independent. ID was therefore
included in the models as a random effect. A GLMM was constructed for the data, as well as an
additional LMM without the three-way interaction term (Ecotype x Tissue x Population). Both
models were compared against the LMM with the three-way interaction term through Akaike’s
Information Criterion (AIC), whereas the LMM with the three-way interaction had the lowest AIC
and was therefore used for further analysis.

Normality of residuals were assessed through a Q-Q plot, and additionally through a Shapiro-
Wilk test (Ghasemi & Zahediasl, 2012). Homogeneity of variance was analyzed visually through
a scatterplot of the residuals versus fitted values from the LMM. The explanatory power of the
LMM was estimated with the help of marginal and conditional R? values, and further model
diagnostics were analyzed using check model. Statistical significance of each factor, as well as the
interactions between them, was analyzed using type III analysis of variance (ANOVA). Type 111
ANOVA tests statistical significance for every term, while accounting for all others (Langsrud,
2003). For comparative purposes, type I ANOVA was performed on the model as well, but gave
similar results.

2.5.2  Post-hoc comparison

Post-hoc comparisons using estimated marginal means (EMMs) were calculated for ecotype
differences within each Tissue x Population combination, enabling comparison between all tissues
within each ecotype. A pairwise comparison was made between the two ecotypes using Tukey’s
method for honest significant difference (HSD), whereas the method controls for Type I Errors
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when generating p-values (Kim, 2015). Confidence intervals for the EMMs were also checked and
effect sizes using Cohens d were calculated for the differences between ecotypes within each Tissue
x Population combination. Lastly, group means were analyzed using the function aggregate.

3. Results

3.1 Model comparison

Model comparison was performed using Akaike’s Information Criterion (AIC). The AIC showed
that a linear mixed effects model (LMM) was more suitable to use for the data, than a generalized
linear mixed model (GLMM) (AIC = 252.8 vs. AIC = 1839.0). Further evaluation of the model
using AIC showed that keeping the three-way interaction (Ecotype x Tissue x Population) in the
LMM improved the model fit (AIC = 196.5 vs. AIC =201.0).

3.2 Model diagnostics

In the final LMM, the fixed effects explained 57.7 % of the variance (marginal R* = 0.577), and
when including the random effect of ID, 71.8% of the variance could be explained (conditional R?
= 0.718). The intraclass correlation coefficient revealed that 33.2% of the variance could be
explained by differences among individuals (ICC = 0.332) in the final LMM. Variation of residuals
was low (RMSE = 0.270, ¢ = 0.305), and the Shapiro-Wilk test showed the residuals to be normally
distributed (W = 0.994, p = 0.494). The Q-Q plot showed no clear deviations from normality, and
the residuals showed no clear violation against homoscedasticity. Variance Inflation Factors (VIFs)
revealed high collinearity between some of the interaction terms in the LMM, which was expected
due to including the three-way interaction. Additional diagnostics using check model revealed no
further violations against the model assumptions.

3.3 Type II1 ANOVA

Type III ANOVA showed a highly significant effect of Tissue on log-transformed mtDNA copy
number (F = 89.40, p <0.001). The effect of Population showed significance (F = 12.80, p <0.001),
whereas Ecotype was not significant (F = 3.38, p = 0.072). The interaction Ecotype x Tissue was
significant (F = 12.42, p < 0.001), as well as the three-way interaction Ecotype x Tissue x
Population (F = 2.94, p = 0.022; Figure 3). The interaction Ecotype x Population was not
significant (F = 1.97, p = 0.167) and the same applied for the interaction Tissue x Population (F =
1.43, p = 0.225).

3.4 Post-hoc analysis

Post hoc comparisons using estimated marginal means (EMMs) showed that in Angklavbukten,
the crab ecotype had a significantly higher mtDNA copy number in the mantle (estimate = 0.53 +
0.15 SE, t=3.50, p <0.001), and in the seminal vesicles (estimate = 0.69 £ 0.15 SE, t =4.57,p <
0.001), compared to the wave ecotype. No significant differences were observed in the foot
(estimate = -0.03 = 0.15 SE, t = -0.20, p = 0.844), the head (estimate = -0.20 + 0.15 SE, t =-1.35,
p = 0.179) or the testes (estimate = 0.18 £ 0.15 SE, t = 1.22, p = 0.224) between the two ecotypes
(Figure 4).

In Inre Arsklovet, the EMMs showed that the wave ecotype had a higher mtDNA copy number
in the head (estimate = —0.49 + 0.15 SE, t = -3.20, p = 0.002), compared to the crab ecotype. No
significant differences were observed in the mantle (estimate =0.27 £0.15 SE, t=1.74, p =0.083),
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the seminal vesicles (estimate = 0.16 = 0.15 SE, t = 1.02, p = 0.307), the testes (estimate = -0.05 £+
0.15 SE, t =-0.33, p = 0.740) or the foot (estimate = 0.27 £ 0.15, t = 1.79, p = 0.075) between the

two ecotypes (Figure 5).
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Figure 3. Log-transformed mtDNA copy number in Littorina saxatilis across tissues, ecotypes and populations. Boxplots show
mtDNA copy number (logl0) in foot, head, mantle, seminal vesicles and testes for the crab- and wave ecotype from Angkldvbukten
(Ang = Yellow boxplots) and Inre Arsklovet (Arsk = Green boxplots). Yellow jitter show distribution for individuals from
Angklavbukten and green jitter show distribution for individuals from Inre Arsklovet. Significant differences were detected in the
mantle and seminal vesicles between ecotypes from Angkldvbukten, and in the head between ecotypes firom Inre Arsklovet (Post hoc

comparison using EMM, p < 0.05).

1"



Angklavbukten

Foot Head Mantle Seminal vesicles Testes
<
_—
f=
e (o]
2 . 8
=
-
o
.q-é o Ecotype
2 o B3 crab
>
g4 % [° L BE wave
<
Z
2 ° =
£ ]
e (o]
Q
@
1 -
Crab Wave Crab Wave Crab Wave Crab Wave Crab Wave
Ecotype

Figure 4. Log-transformed mtDNA copy number in Littorina saxatilis across tissues between ecotypes in the population from
Angklavbukten. Boxplots show mtDNA copy number (logl0) in the foot, head, mantle, seminal vesicles and testes for the crab
ecotype (orange) and the wave ecotype (blue). The distribution of data points for each ecotype within each tissue is shown by the
Jjitter. The crab ecotype showed higher mean mtDNA copy number in the mantle, seminal vesicles and testes. The wave ecotype
showed higher mean mtDNA copy number in the head and foot.

Inre Arsklovet
Foot Head Mantle Seminal vesicles Testes
(o]
100 4
—_ <] (]
(=1
® - :
= @ (6}
[ ® @ ®
2 ° e o © Ecotype
g °
§, 104 ° ' Crab
§' - Wave
<
Z o
=
g
] -
Crab Wave Crab Wave Crab Wave Crab Wave Crab Wave

Ecotype

Figure 5. Log-transformed mtDNA copy number in Littorina saxatilis across tissues between ecotypes in the population from Inre
Arsklovet. Boxplots show mtDNA copy number (logl0) in the foot, head, mantle, seminal vesicles and testes for the crab ecotype
(orange) and the wave ecotype (blue). The distribution of data points for each ecotype within each tissue is shown by the jitter. The
crab ecotype showed higher mean mtDNA copy number in the foot, mantle and seminal vesicles. The wave ecotype showed higher
mean mtDNA copy number in the head and testes.
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3.5 Effect size

In Angklavbukten, the effect size was larger for the crab ecotype in the mantle (d = 1.73, SE =
0.502, 95% CI [0.74, 2.72]), and in the seminal vesicles (d = 2.25, SE = 0.505, 95% CI [1.26,
3.25]). Smaller effect sizes applied for the head (d = -0.67, SE = 0.496, 95% CI [-1.65, 0.31]), the
testes (d = 0.60, SE = 0.495, 95% CI [-0.37, 1.58]), and the foot (d =-0.10, SE = 0.493, 95% CI [-
1.07, 0.88]).

At Inre Arsklovet, the wave ecotype showed higher mtDNA copy number in the head, which
was shown by a large negative effect size (d = -1.60, SE = 0.505, 95% CI [-2.60, -0.60]). The
mantle (d = 0.87, SE = 0.501, 95% CI [-0.12, 1.86]), the seminal vesicles (d = 0.51, SE = 0.500,
95% CI [-0.48, 1.50]), the foot (d = 0.90, SE = 0.501, 95% CI [-0.09, 1.89]), and the testes (d = -
0.17, SE =0.500, 95% CI [-1.15, 0.82]) all had smaller effect sizes.

3.6 Mean mtDNA copy number

In Angklavbukten the crab ecotype showed higher mean mtDNA copy number in the mantle (1.762
vs. 1.233), the seminal vesicles (1.171 vs. 0.483) and the testes (0.949 vs. 0.765) compared to the
wave ecotype. The wave ecotype had a marginally higher mean mtDNA copy number in the head
(1.954 vs. 1.750) and the foot tissue (1.349 vs. 1.319).

The crab ecotype from Inre Arsklovet exhibited a slightly higher mean mtDNA copy number in
the mantle (1.256 vs. 0.990), the foot (1.144 vs. 0.871) and seminal vesicles (0.638 vs. 0.482).
Differences in mean mtDNA copy number in the testes was minimal between the two ecotypes
(0.733 vs. 0.784). The wave ecotype showed a higher mean mtDNA copy number only in the head
tissue (1.873 vs. 1.385).

Across both ecotypes from Angkladvbukten, variation in mean mtDNA copy number among
tissues had the following order: head (1.846) > mantle (1.492) > foot (1.229) > testes (0.871) >
seminal vesicles (0.808). A similar pattern was observed at Inre Arsklovet: head (1.629) > mantle
(1.123) > foot (1.007) > seminal vesicles (0.758) > testes (0.560). When averaged across all tissues,
mean mtDNA copy number was slightly higher in the crab ecotype compared to the wave ecotype
from Angklavbukten (1.349 vs. 1.153). In Inre Arsklovet, the averaged mean was more similar
between the two ecotypes (1.031 vs. 1.000).

4. Discussion

Mitochondrial DNA copy number varied within individuals and between individuals of Littorina
saxatilis. Variation could also be analyzed between tissues, ecotypes and populations, with Tissue
having the strongest significant effect on mtDNA copy number. Significance was also shown in
the interaction Ecotype x Tissue, which illustrated that patterns of varying mtDNA copy number
were not consistent between the two ecotypes. Across both ecotypes, the head tissue had the highest
mean mtDNA copy number, followed by the mantle tissue and foot tissue. Both reproductive
tissues exhibited lower mean mtDNA copy number across both ecotypes compared to the somatic
tissues.

4.1 Tissue effects

According to an article by Vaishnavi et al. (2010), neural activity may promote mitochondrial
growth. Many of the ganglia that constructs the central nervous system can be found in the head
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tissue of Littorina saxatilis (Fretter & Graham, 1962). These structures might cause high levels of
neural activity, which in turn could entail a higher energy demand, as well as a higher density of
mitochondria. According to Filograna et al. (2021), higher mitochondrial density can indicate a
higher mtDNA copy number. The ganglia in the head are connected to various sensory organs,
including the eyes, the statocyst and the tentacles (Fretter & Graham, 1962). Sensory organs are
considered to need a significant amount of energy to process and respond to external stimuli
(Laughlin, 2001). In other marine invertebrate species, it has been shown that tissues requiring
more energy contain a higher mtDNA copy number (Li et al., 2023). Neural activity together with
the sensory organs could explain why the head tissue had the highest mtDNA copy number across
all tissues. The wave ecotype from exhibited a slightly higher mtDNA copy number in the head.
They live in more exposed microhabitats (Johannesson, 2015), dealing with a high frequency of
mechanical stressors, such as waves and wind. The wave ecotype could be more reliant on using
their sensory organs to respond to external stimuli, requiring higher amounts of energy (Laughlin,
2001), which possibly could explain the higher mtDNA copy number in the head.

In the mantle cavity of Littorina saxatilis, shell formation and shell repair occur, and the shell
mainly consists of calcium carbonate (Fretter & Graham, 1962). Palmer (1992) estimated that the
cost of calcification equals 410% of the energy that marine molluscs invest in reproduction. Growth
and maintenance of the shell occurring in the mantle could imply significant energy requirements
of that tissue. In marine invertebrates, higher energy demanding tissues have been linked to contain
a higher mtDNA copy number (Li et al., 2023), possibly explaining why the mantle was the tissue
with the second highest mtDNA copy number. The visualization of the mtDNA copy number in
the mantle shows a large variance between data points, which may indicate individuals being in
different stages of shell growth or individuals might have different mechanisms for repairing the
shell. This interpretation is supported by the Intraclass Correlation Coefficient (ICC), saying that
33.2% of the variance in mtDNA copy number is explained by differences between individuals.
The crab ecotype had a slightly higher mean mtDNA copy number in their mantle. The shell
morphology of the crab ecotype is an adaptation to better withstand predation from crabs
(Johannesson, 1986), which could indicate them being more dependent on maintaining their shell.
Since calcification is such a high energy demanding process (Palmer, 1992), maintaining a thicker
and bigger shell could require more energy, possibly explaining why we saw a higher mtDNA copy
number in the mantle of the crab ecotype. This supports one of the hypotheses formulated for this
project, that mtDNA copy number can reflect adaptative differences between the two ecotypes.

The foot of marine gastropods is mainly used for movement and attachment (Miller, 1974). The
smooth muscle cells responsible for locomotion within the foot require significant amounts of ATP
from the mitochondria (Pavlova, 2006). To sustain adhesion, gastropods secrete protein-rich mucus
that enables attachment to different substrates (Newar et al., 2021). The foot being responsible for
processes regarding both locomotion and adhesion could indicate a high energy demand, possibly
reflecting why the tissue had the third highest mtDNA copy number. The shell morphology of the
wave ecotype is constructed to make room for a bigger and more rounded foot (Johannesson, 1986,
Johannesson, 2015), and their foot enables them to better resist dislodgement by waves (Le Pennec
etal., 2017). The wave ecotype in Angklavbukten showed a minimally higher mean mtDNA copy
number in their foot compared to the crab ecotype. However, from Inre Arsklovet, it was instead
the crab ecotype that had a higher mean mtDNA copy number in the foot tissue. For this project, it
was believed the wave ecotype would exhibit higher mtDNA copy number in their foot tissue,
reflecting adaptation to its microhabitat. Since the difference is minimal, the hypothesis cannot be
supported.

Both the testes and seminal vesicles showed lower mean mtDNA copy number compared to the
somatic tissues. In another species of gastropods, Onchidium struma, the number of mitochondria
increases during spermatogenesis, to provide with energy for sperm to mature (Chen et al., 2015).

14



Sampling could have been performed during a time when reproductive activity was lower, causing
areduced activity of spermatogenesis, and a reduced energy demand. However, the energy demand
of reproductive tissue does not necessarily correlate with mtDNA copy number, since mtDNA copy
number can be regulated independently from mitochondrial abundance. In sperm cells, it has been
shown that mtDNA copy number becomes reduced during late stages of spermatogenesis
(Bagdonaité et al., 2025), which is hypothesized to be due to prevent inheritance of mtDNA from
males to the offspring (DeLuca & O’Farrell, 2012). For this project, it was believed the
reproductive tissues would show higher mtDNA copy number, since mitochondria are an essential
component of sperm cells (Boguenet et al., 2021). Since both tissues exhibited lower mtDNA copy
number, the hypothesis cannot be supported. Within the testes of Littorina saxatilis, lobular testes
containing diploid spermatogonia and spermatocytes, as well as haploid spermatids and
spermatozoa can be found (Demin, 2019). The testes of L. saxatilis contain a mixture of haploid
and diploid cells (Demin, 2025) and the seminal vesicles are where male Littorina saxatilis store
the sperm (Kumpitsch et al., 2025). To obtain mtDNA copy number, it is calculated through a
mtDNA:nDNA ratio (Kili¢ et al., 2019), indicating that different ploidy levels most likely affects
the estimations of mtDNA copy number. Across all groups the seminal vesicles exhibited the
lowest mtDNA copy number. However, the seminal vesicles for the crab ecotype at Angklavbukten
showed higher mtDNA copy number. Certain individuals of the crab ecotype in Angklavbukten
could have been more reproductively active at the time of sampling, which could be supported by
the ICC, which indicates that 33.2% of varying mtDNA copy number is due to differences between
individuals. Although, this interpretation is highly speculative since many factors could have
influenced the reproductive state of every individual.

4.2 Ecotype and Population effects

Littorina saxatilis has been found to experience strong local selection, enabling the species to
diverge over small geographic distances. Differing levels of exposure to biotic and abiotic factors
can create different selective pressures on individuals (Johannesson et al., 2010, Johannesson,
2015) During field work, it was observed that Angkladvbukten may be more exposed than Inre
Arsklovet. Since there was a significant effect of Population on mtDNA copy number, it may
suggest that environmental conditions between Angkldvbukten and Inre Arsklovet are different
and that possibly, the environmental effects driving the ecotypes are not as strong at Inre
Arsklovet. When looking at the visual representation of the data on mtDNA copy number, and by
analyzing mean values, differences in mean mtDNA copy number were slightly smaller between
the two ecotypes from Inre Arsklovet. It could reflect a weaker selection pressure between the
two ecotypes at Inre Arsklovet, or gene flow might be stronger. Simultaneously, it may indicate
that the two ecotypes at Angkldvbukten have differentiated more from each other than the two
ecotypes at Inre Arsklovet (Johannesson et al., 2010, Johannesson, 2015). There was a non-
significant effect in the interaction between Ecotype x Population, which tells us that mtDNA
copy number averaged across all tissues exhibited similar patterns between both ecotypes in both
populations. In addition, the Tissue x Population interaction was not significant, which indicates
that mtDNA copy number averaged across both ecotypes showed similar patterns in all tissues in
both populations. Lastly, the effect of Ecotype was not significant, suggesting there to be no
overall difference in mtDNA copy number between ecotypes when averaged across all tissues
and both populations. However, despite the non-significant main effect of Ecotype, there was a
significant effect in the three-way interaction Tissue x Ecotype x Population. This suggests that
differences in mtDNA copy number between ecotypes depend on both which tissue is being
analyzed and which population this tissue represents. As previously mentioned, L. saxatilis
experience strong local selection, and degrees of divergence between ecotypes can vary between
populations, which can depend on local environmental conditions (Johannesson et al., 2010).
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Thus, differences in selective pressure between populations may affect how large a difference
there is in mtDNA copy number across tissues between these two ecotypes. In addition, mtDNA
copy number has been suggested to reflect energy demand of cells and physiological adaptation
(Liet al., 2023) and can also change due to stress response (Shimpi et al., 2024). Therefore
tissue-specific variations in energy demand and stress-exposure may contribute to differences
between ecotypes and populations. In conclusion, variations in mtDNA copy number in L.
saxatilis 1s likely influenced by ecotype, tissue and population, possibly reflecting interactions
between local environmental conditions, energy demands and degrees of divergence within
populations.

4.3 Limitations

There is little known about the physiology of Littorina saxatilis. Research regarding physiology
has been done on another species in the Littorina genus, Littorina littorea. In the discussion, it was
therefore assumed that L. saxatilis shared similar physiological properties as L. littorea.

The mtDNA copy number in a tissue might not only reflect energy demand and physiological
adaptations. According to Ryu et al. (2024) varying mtDNA copy number can also reflect
specialization of mitochondria. This could be an additional explanation of why mtDNA copy
number varies between tissue-types.

Sampling was performed around the late stages of winter and early signs of spring. During this
time of year, weather conditions can fluctuate and be somewhat harsh. Sokolova (2018) concluded
that mitochondria of intertidal animals obtain a high tolerance against environmental stress factors.
However, how high this “tolerance” goes is unclear. There is little knowledge regarding the
mechanisms Littorina saxatilis have against colder temperatures, so it is unknown if colder
conditions influence the energy demand of certain tissues, as well as the mtDNA copy number.

Sampling of all individuals was not performed at the same time. The crab ecotype from
Angklévbukten was sampled in late February, while sampling of the remaining individuals was
performed in early March. Weather conditions changed between these two occasions. As
previously mentioned, it is unclear if the mtDNA copy number of Litforina saxatilis changes as the
weather gets warmer.

The sample size for this project was 12 individuals per ecotype per population, resulting in a
total sample size of 48 individuals. A larger sample size and sampling from additional populations
might have increased the statistical power, as well as exposed clearer patterns regarding variation
in mtDNA copy number between ecotypes. However, compared to a previous study, that used 8
individuals instead of 12, the statistical power did not improve much. This may be due to there
being a lot of individual variation.

The method of sampling might have been stressful for individuals of Litforina saxatilis. Plucking
and putting them in containers, transporting them, identifying the sex and putting them in aquaria
might have induced a stress response in the individuals. Stress responses can affect the resulting
mtDNA copy number (Cole, 2016). However, we tried to minimize this effect by treating the
samples in the same manner and perform sampling quickly.

The species Littorina saxatilis is small and different tissues are positioned close to each other.
There is a possibility that some tissues were dissected differently between individuals, resulting in
a variation in tissue composition between samples. Mitochondrial DNA copy number can vary
greatly between different types of cells, and between different types of tissues (Filograna et al.,
2021), which could have affected the resulting mtDNA copy number.
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Different methods were used for DNA extraction for the foot tissue compared to the other
tissues, and this may have caused variation in DNA extraction yield between the samples, if they
for some reason biased mtDNA over gDNA. This in turn could have affected the resulting mtDNA
copy number, affecting the resulting data.

4.4 Future research

If this project were to be performed again, the first thing to reconsider is the sample size. A larger
sample size might increase the statistical power, as well as decrease the risk of type II errors even
more. Besides a larger sample size, a smaller time frame for sampling of individuals is a suggestion.
If sampling occurs within a shorter time frame, the conditions become more equal for all
individuals.

For this project, the time of dissection was relatively equal for every individual. Individuals
spent a maximum of two to three days in the aquariums. If further research were to be done, a
suggestion might be to try and dissect all individuals within a shorter time frame, or perhaps
perform dissection of Littorina saxatilis as a group effort.

An additional change for further research within this area is to make sure all tissues are extracted
through the same extraction method. Using the same method will cause a similar DNA extraction
yield between all samples.

5. Conclusion

From the results, we found that Tissue had the strongest effect on mtDNA copy number. Across
both ecotypes and populations, the head tissue had the highest mtDNA copy number, followed by
the mantle tissue and the foot tissue. Meanwhile, the testes and the seminal vesicles both exhibited
lower mtDNA copy number compared to the somatic tissues. The resulting mtDNA copy number
of the somatic tissues supports the hypothesis that mtDNA copy number varies between tissues,
with higher mtDNA copy number in higher energy demanding tissues such as the mantle and the
foot. However, both the testes and the seminal vesicles showed lower mtDNA copy number, which
contradicts the expectation that both reproductive tissues would reflect a higher energy demand.
This could indicate that other biological factors need to be taken in consideration when estimating
mtDNA copy number. Varying ploidy levels, mitochondrial specialization and different stages of
reproductive activity are a few of possibly many factors that can influence variation in mtDNA
copy number.

The results showed a significant effect of the Ecotype x Tissue interaction, supporting the
hypothesis that mtDNA copy number may reflect adaptation, as illustrated by the crab ecotype
showing a higher mtDNA copy number in the mantle. Furthermore, the significant effect of
Population, and the significant three-way interaction suggests that mtDNA copy number is not only
affected by the type of tissue. Variation in mtDNA copy number can also be explained by
differences between ecotypes, as well as by differences between populations.

Variation in mtDNA copy number likely reflects differences in energy demands and
physiological adaptations, suggesting it to be an informative biomarker to use for analyzing factors
that contribute to variation among cells, tissues and organisms. Since previous studies regarding
mtDNA copy number variation in marine invertebrates are limited, results obtained from this
project hopefully provide new knowledge, while also encouraging to conduct further research.
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8. Appendix 1
8.1 Laboratory instructions
8.1.1 DNA extraction - QIAGEN
Procedure
1. Add 180 pL Buffer ATL

2. Add 20 pL Proteinase K. Mix thoroughly by vortexing and incubate at 56°C until the tissue
is completely lysed. Vortex occasionally during incubation.

3. Vortex for 15 s. Add 200 pL Buffer AL to the sample and mix thoroughly by vortexing.
4. Then add 200 pL ethanol (96-100%), invert samples, and mix thoroughly by vortexing.

5. Pipette 600 uL of the mixture from step into the DNeasy Mini Spin Column placed in a 2
mL Waste Tube.

6. Centrifuge at > 6000 x g for 1 min. Discard the flow-through and reuse the Waste Tube.

7. Place the DNeasy Mini Spin Column back in the Waste Tube, add 500 uL Buffer AW1,
and centrifuge for 1 min at > 6000 x g. Discard the flow-through and reuse the Waste Tube.

8. Place the DNeasy Mini Spin Column in the Waste Tube, add 500 uL Buffer AW2, and
centrifuge for 3 min at 20,000 x g to dry the DNeasy membrane. Discard the flow-through and
Waste Tube.

9. Place the DNeasy Mini Spin Column in a clean 1.5 mL or 2 mL Eppendorf tube and add
the required amount of nuclease-free water.

10. Incubate sample for 10 minutes, and centrifuge for 1 min at > 6000 x g in order to elute the
sample.

8.1.2 Salt extraction
Day 1

1. Pipette 200 pL of salt extraction buffer and 40 pL. 20% SDS into the 1.5 mL Eppendorf
tube with the sample.

2. Add 8 puL of Proteinase K to the tube, mix by inverting several times.
3. Digest at 58 -C until tissue is dissolved (260 rpm).

Day 2

1. Add 300 puL 5M NaCl to the tube - mix well by inverting the tube.
Centrifuge at 12 000 x g for 30 minutes.

Carefully pipette out 600 pL of the liquid into a clean tube.

Add 600 pL of isopropanol, gently invert the tube several times.
Place the sample in a -20 -C freezer for 20 minutes.

Centrifuge at 14 000 x g in 4 -C for 20 minutes.

NS kv

Pour out the isopropanol, not the pellet.
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8. Add 500 uL 70% ethanol, roll tube to “wash” pellet.
9. Centrifuge at 8000 x g for 5 minutes.
10. Pour out the ethanol and make sure the pellet dries.

11. Add nuclease-free water, incubate samples at 54 -C for 1 hour.

8.1.3 Collagenase IV
Example recipe for 24 samples:
1. 12.25 mg Collagenase IV
2. 4900 uL PBS
Procedure:
3. Foot tissues treated with 200 pL collagenase IV
4. Incubate samples for 2h at 260 rpm (no temperature)
8.2 Statistical analysis
8.2.1 Type IIl ANOVA

Effect NumDF DenDF F value Pr(>F)
Ecotype 1 46.931 3.380 0.072
Tissue 4 175.516 89.399 0.000
Population 1 46.931 12.799 0.001
Ecotype:Tissue 4 175.516 12.415 0.000
Ecotype:Population 1 46.931 1.967 0.167
Tissue:Population 4 175.516 1.432 0.225

Ecotype:Tissue:Population 4 175.516 2.938 0.022
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8.2.2 Post-hoc analysis

Population Tissue estimate  SE t.ratio p.value
Ang Foot -0.03 0.15 -0.20 0.84
Ang Head -0.20 0.15 -1.35 0.18
Ang Mantle 0.53 0.15 3.50 0.00
Ang Seminal vesicles 0.69 0.15 4.57 0.00
Ang Testes 0.18 0.15 1.22 0.22
Arsk Foot 0.27 0.15 1.79 0.07
Arsk Head -0.49 0.15 -3.20 0.00
Arsk Mantle 0.27 0.15 1.74 0.08
Arsk Seminal vesicles 0.16 0.15 1.02 0.31
Arsk Testes -0.05 0.15 -0.33 0.74

8.2.3 Elffect size

Tissue Population effect.size SE lower.CL upper.CL

Foot ff\ng -0.10 0.49 -1.07 0.88

Head Ang -0.67 0.50 -1.65 0.31

Mantle Ang 1.73 0.50 0.74 2.72

Seminal vesicles  Ang 2.25 0.51 1.26 3.25

Testes Ang 0.60 0.50 -0.37 1.58

Foot Arsk 0.90 0.50 -0.09 1.89

Head Arsk -1.60 0.51 -2.60 -0.60

Mantle Arsk 0.87 0.50 -0.12 1.86

Seminal vesicles Arsk 0.51 0.50 -0.48 1.50

Testes Arsk -0.17 0.50 -1.15 0.82
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8.3 Model diagnostics
8.3.1 Q-0 plot

Normal Q-Q Plot
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8.3.3 Check model

Posterior Predictive Check Linearity
Model-predicted lines should resemble observed data line Reference line should be flat and horizontal
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