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Introduction: As long-lived top predators inhabiting the Arctic and subarctic,
belugas are under threat of anthropogenic stressors including climate change,
pollution, noise, and habitat degradation, which in turn can negatively affect their
health and viability. There is currently a need for health indicators that can be
easily collected and used to assess and monitor the response to stressors in
whales. Comparative transcriptomics using skin tissue can be used to provide
understanding of organismal responses to stressors at the cellular level.

Methods: For this study, intra- and inter-population comparisons were
performed using the skin transcriptomes obtained from Bristol Bay (BB)
belugas sampled in spring and late summer, and Eastern Chukchi Sea (ECS)
belugas sampled in early summer in Alaska to investigate significantly
differentially expressed genes over 2-fold change (padj<0.05).

Results: Both principal component and hierarchical clustering analysis showed
separate clustering of ECS whales, with further clustering of BB whales based on
season. Intra-population comparisons carried out between different sexes and
age groups did not result in any significant changes. However, the samples
collected in spring versus summer within BB stock resulted in 541 significantly
regulated genes, with significant activation (z-score>|2|) predictions in pathways
related with extracellular matrix organization, collagen biosynthesis and
degradation, wound healing and cytokine signaling, potentially suggesting
epidermal changes occurring in preparation for the seasonal molt in BB
whales. The inter-population comparisons performed separately for BB-Spring
versus ECS and BB-Summer versus ECS resulted in 574 and 938 significantly
requlated genes, respectively. The significantly enriched canonical pathways
common to both comparisons suggest increased cell survival and host defense
responses along with increased cellular maintenance and growth in BB whales,
and increased inflammation in ECS whales.

Discussion: These changes observed could potentially be due to differences in
molting, bias in hunting preferences and/or differences in environmental
conditions during the time of sampling. Findings from this study suggest
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comparative skin transcriptomics as a useful tool towards understanding
biologically relevant gene expression differences at different temporal and
spatial scales among beluga stocks with potential to inform and contribute to
conservation and recovery of endangered beluga stocks.

KEYWORDS

beluga, skin, transcriptome, gene expression, Bristol Bay, Eastern Chukchi Sea,

whale, cetacean

1 Introduction

As an ice-associated species mainly inhabiting Arctic and
subarctic regions, belugas are increasingly exposed to multiple
stressors potentially exacerbated by changes in sea ice conditions
and ocean temperature (i.e., climate change). Even though the
adaptive capacity of belugas to respond to these changes is
currently unknown (Moore and Huntington, 2008; Gulland et al.,
2022), some of the factors potentially affecting their distribution,
behavior, reproduction and health, directly or indirectly, include
contaminants, anthropogenic noise (e.g., offshore energy
development, commercial shipping), changing prey populations,
increased predation pressures, and emerging pathogens (Burek
et al., 2008; Simmonds and Eliott, 2009; Gulland et al., 2022).
There is a growing body of evidence about the effects of some of
these stressors on the neuroendocrine and immune systems,
reproduction, metabolism, as well as cellular DNA integrity and
gene expression (Kight and Swaddle, 2011). Belugas are also an
integral part of Alaska Native communities and are traditionally
hunted for subsistence (Breton-Honeyman et al., 2021). As such,
belugas are not only vitally important for meeting nutritional needs
of many communities in Alaska, but they are also crucial for their
medicinal, spiritual, economic and social network. Therefore, any
changes in their distribution and health will in turn have negative
consequences for the indigenous communities that depend
on them.

There are six confirmed genetically distinct beluga stocks in
Alaska (O’Corry-Crowe et al., 1997; O’Corry-Crowe, 2018;
O’Corry-Crowe et al,, 2021). Among these, the northerly located
Eastern Chukchi Sea (ECS) stock is currently stable with a
negatively biased estimate of 6,456 — 16,598 individuals observed
during the months of July and August between 2012-2017 (Givens
et al, 2020). Inhabiting both shallow nearshore and deepwater
offshore habitats, the ECS whales mostly consume bottom
invertebrates including shrimp along with some cod (Quakenbush
et al., 2015). This stock is migratory, performing long-range
seasonal migrations from oceanic wintering areas in the Bering
Sea to ice-free estuaries in Chukchi Sea and western Beaufort Sea in
late spring and early summer, and offshore habitats in the Beaufort
Sea during summer, returning to the Bering Sea in the fall (Frost
and Lowry, 1990; Suydam et al., 2005). The ECS whales are thought
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to perform these long-range migrations for several reasons,
including their need for warmer water temperatures and
appropriate substrate for rubbing oft old skin for their seasonal
summer molt which occurs during late June to late July (St. Aubin
et al, 1990; Frost et al., 1993; Boily, 1995), and food sources,
particularly in the Beaufort Sea and northeastern Chukchi Sea.
The southern Bristol Bay (BB) stock remains in the bay the entire
year, showing only small seasonal shifts in distribution (Citta et al.,
2016), with an estimated average population size of ~2,040
individuals (Citta et al., 2019). Typically inhabiting shallow
estuarine bays with strong tidal influences, BB whales mostly
consume Pacific salmon as prey (Quakenbush et al., 2015). When
salmon return to the bay in summer, BB whales are found at the
river entrances, and in coastal areas, moving into deeper water
when ice begins to form within BB in the autumn and early winter
(Citta et al., 2016).

Cetacean skin has evolved for adaptation to life in the aquatic
environment acting as a metabolically active barrier without the
presence of a fully cornified layer of epidermis as observed in
terrestrial mammals (Ehrlich et al., 2019; Espregueira Themudo
et al, 2020; Menon et al,, 2022). Cetacean epidermal skin is
composed of lipokeratinocytes which are responsible for the
production of keratin and lipid droplets, enhancing the capability
to act as a physical barrier within a hypertonic environment, also
providing buoyancy and an energy reserve (Elias et al., 1987; Elias,
1988; Mouton and Botha, 2012)). It is also an active immune organ
providing essential protection from injury and infection, composed
of structural proteins and inflammatory mediators (Zabka and
Romano, 2003; Wang et al., 2021; Menon et al., 2022). Moreover,
skin is a rich source of expressed genes with diverse functions in
several physiological processes such as inflammatory, immune and
stress responses (Ierardi et al., 2009; Van Dolah et al., 2015; Neely
et al., 2018; Unal et al., 2018). Skin is also an abundant source of
contaminants for cetaceans due to direct exposure or
bioaccumulation, and skin gene expression profiling has
successfully been utilized in cetaceans to assess long-term
environmental and anthropogenic influences including
contaminant exposure and toxicological responses, general
physiological responses to stressors, immunosuppression, and
seasonal differences (Trego et al, 2019a, b; Menon et al,, 2022;
Buckman et al., 2011; Fossi and Marsili, 2011; Panti et al., 2011; Van
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Dolah et al., 2015; Lunardi et al., 2016; Neely et al., 2018). Moreover,
skin more likely represents chronic health status and/or seasonal
changes as compared to blood, since the acute changes are almost
immediately reflected in blood but not in skin (Unal et al., 2018;
Menon et al.,, 2022), potentially due to the slow rates of epidermal
cell turnover estimated to be between 45 — 75 days in cetaceans
(Hicks et al., 1985; St. Aubin et al., 1990; Bechshoft et al., 2020). Due
to these reasons and easy accessibility, cetacean skin is an ideal
organ to study and to monitor the impact of anthropogenic
stressors and environmental change (Menon et al., 2022), and can
be obtained as a part of health-assessment studies and subsistence
hunts, or through remote biopsy darts.

The seasonal molt in belugas occurs through shedding of the
outer layer of degenerative epidermal skin cells to maintain skin
health which appears to be facilitated by relatively warm and
brackish waters in estuaries and lagoons in summer months (St.
Aubin et al.,, 1990; Frost et al., 1993; Boily, 1995). Due to their
continuous exposure to subfreezing temperatures in their
wintering grounds, belugas conserve body heat by diverting
blood flow away from the skin, which in turn inhibits
continuous skin regeneration (St. Aubin et al., 1990; Pitman
et al., 2020). Their movement to warmer waters is thought to
facilitate this process as warmer temperatures can help with skin
turnover by resuming the blood supply without losing heat (Boily,
1995; Pitman et al., 2020).

Functional genomics is frequently used in conservation biology
to provide an understanding of organismal responses to
environmental stressors at the cellular level. Gene expression
studies have previously been carried out for dolphins (Panti et al.,
2011; Van Dolah et al,, 2015; Lunardi et al., 2016; Neely et al., 2018;
Trego et al., 2019a), sperm whales (Wang et al., 2021) and belugas
(Unal et al., 2018; Simond et al., 2019) by using skin samples to
investigate transcriptomic resources and responses to various
factors. However, to date, high-throughput skin transcriptome
studies from belugas have not been reported, providing us with a
unique opportunity to identify the physiological changes occurring
in these populations. Transcriptome analysis through RNA
sequencing allows the entire transcriptome to be surveyed in a
quantitative manner (Wang et al., 2009) and has the potential to
identify genes and pathways associated with immune/endocrine
dysfunction, toxic exposure, reproductive disorders, and issues
related to malnutrition and metabolism or other stressors, such as
the warming environment.

The major goals of this study are to investigate population level
gene expression differences in signaling pathways, biological
functions and potential disease associated gene markers between
the BB and ECS beluga stocks by carrying out differential gene
expression analysis of transcriptomes. Not only will this study
represent the first skin transcriptome analysis of belugas, but it
will also provide an invaluable source of information for
identification of new markers to monitor important biological
activity essential for health and the stress response. In the long
term, the data generated may potentially be utilized for comparative
analysis with other beluga stocks in order to help inform
management decisions for conservation success, especially for
those stocks that are at risk.
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2 Methods
2.1 Sample collection

For this study, epidermal skin samples of up to 5mm thickness
collected from 24 BB belugas (14 males, 10 females), and 10 ECS
belugas (7 males, 3 females) were utilized (Table 1). The BB skin
samples were collected during spring (May, 6 samples) and late
summer (August-September, 18 samples) in 2008, 2012, 2013 and
2014 during wild live-capture release beluga health assessment
studies, coordinated by the National Marine Fisheries Service
(NMFS), Alaska Department of Fish and Game, and Alaska
SeaLife Center (Norman et al.,, 2012; Goertz et al.,, 2019) (NMFS
Scientific Research Permits #782-1719 and #14245). These health
assessments included capture, physical examination, morphological
measurements, biological sampling, and satellite tagging followed
by release in less than 2 hours (Goertz et al, 2019). ECS skin
samples were collected in late June to early July 2010, 2012, 2014
and 2017 from 7 subsistence-hunted belugas (NMFS Permit #17350
by the Department of Wildlife Management, North Slope Borough,
Utqiagvik, AK), and 3 live-captured released belugas in association
with satellite tagging and health assessment and preserved in 5-10
volumes of RNAlater® solution. All samples were then kept frozen
at -80°C until further processing.

2.2 RNA extraction

The skin samples were processed utilizing a two-step tissue
disruption protocol with a sterile mortar and pestle filled with liquid
nitrogen, followed by homogenization in PureZOL'" RNA
isolation reagent (Bio-Rad, Hercules, CA) and an Omni Tissue
Homogenizer (Omni International, Inc., Kennesaw, GA) as
previously described (Unal et al., 2018). Sterile hard tissue probes
were used for homogenization, and both the mortar/pestle and the
probes were changed in between samples to prevent cross-
contamination. Total RNA extractions were then performed using
Aurum ™™ Total RNA Fatty and Fibrous Kit (Bio-Rad, Hercules,
CA) following the manufacturer’s protocol.

2.3 RNA sequencing and mapping

Total RNA samples were quantified, and the samples were
submitted for RNA Sequencing at the University of Connecticut,
Center for Genome Innovation. Quality control analyses for RNA
samples were carried out using the Agilent TapeStation Automated
Electrophoresis System (Agilent, Santa Clara, CA). Following
strand-specific library generation using the Illumina TlruSeq®
stranded mRNA library preparation kit (Illumina, Inc., San
Diego, CA), RNA sequencing was carried out using Illumina
NovaSeq S4 instrument to generate paired-end reads for
differential expression analysis.

Raw reads were trimmed with Trimmomatic (version 0.39) (Bolger
et al,, 2014), with a quality threshold of 25 and length threshold of 45.
The quality of the reads was accessed using FastQC and MultiQC
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TABLE 1 Skin samples utilized for the current study from wild live-captured released (Live-capture, LC) belugas from Bristol Bay (BBN, DLBB) and
Eastern Chukchi Sea (LC), and from subsistence-hunted (Subs. hunt) belugas from Eastern Chukchi Sea (LDL).

Animal ID Stock origin Sample group Sex Stage Season Date
BBN0208 Bristol Bay, AK Live-capture F Adult Spring 05/17/2008
BBN0308 Bristol Bay, AK Live-capture F Adult Spring 05/18/2008
BBN1008 Bristol Bay, AK Live-capture F Subadult Spring 05/21/2008
DLBB16-02 Bristol Bay, AK Live-capture F Subadult Spring 05/13/2016
DLBB16-07 Bristol Bay, AK Live-capture M Subadult Spring 05/16/2016
DLBB16-09 Bristol Bay, AK Live-capture M Adult Spring 05/17/2016
BBN1208 Bristol Bay, AK Live-capture M Adult Late Summer 09/19/2008
BBN1408 Bristol Bay, AK Live-capture M Adult Late Summer 09/20/2008
BBN1508 Bristol Bay, AK Live-capture F Subadult Late Summer 09/21/2008
BBN1708 Bristol Bay, AK Live-capture F Adult Late Summer 09/21/2008
BBN1808 Bristol Bay, AK Live-capture M Subadult Late Summer 09/24/2008
DLBB12-04 Bristol Bay, AK Live-capture M Adult Late Summer 09/08/2012
DLBB12-06 Bristol Bay, AK Live-capture F Adult Late Summer 09/10/2012
DLBB12-07 Bristol Bay, AK Live-capture M Adult Late Summer 09/12/2012
DLBB13-02 Bristol Bay, AK Live-capture F Adult Late Summer 08/24/2013
DLBB13-09 Bristol Bay, AK Live-capture M Adult Late Summer 08/302013
DLBB13-10 Bristol Bay, AK Live-capture F Subadult Late Summer 08/302013
DLBB14-01 Bristol Bay, AK Live-capture M Adult Late Summer 08/25/2014
DLBB14-02 Bristol Bay, AK Live-capture M Adult Late Summer 08/25/2014
DLBB14-03 Bristol Bay, AK Live-capture M Adult Late Summer 08/26/2014
DLBB14-07 Bristol Bay, AK Live-capture M Adult Late Summer 08/29/2014
DLBB14-08 Bristol Bay, AK Live-capture M Adult Late Summer 08/31/2014
DLBB14-09 Bristol Bay, AK Live-capture F Adult Late Summer 08/31/2014
DLBB14-10 Bristol Bay, AK Live-capture M Adult Late Summer 09/03/2014
LDL10-13 E. Chukchi Sea, AK Subs. hunt M Adult Early Summer 06/30/2010
LDL10-14 E. Chukchi Sea, AK Subs. hunt M Adult Early Summer 06/30/2010
LDL10-17 E. Chukchi Sea, AK Subs. hunt F Adult Early Summer 06/30/2010
LDL14-13 E. Chukchi Sea, AK Subs. hunt M Subadult Early Summer 07/05/2014
LDL14-14 E. Chukchi Sea, AK Subs. hunt M Adult Early Summer 07/05/2014
LDL14-16 E. Chukchi Sea, AK Subs. hunt F Subadult Early Summer 07/05/2014

LDL17-3 E. Chukchi Sea, AK Subs. hunt M Adult Early Summer 06/29/2017

LC14303 E. Chukchi Sea, AK Live-capture M Adult Early Summer 06/29/2017

LC14304 E. Chukchi Sea, AK Live-capture M Subadult Early Summer 06/29/2017
LC108772 E. Chukchi Sea, AK Live-capture F Subadult Early Summer 07/09/2012

F, Females; M, Males.

(Andrews, 2010; Ewels et al., 2016). A taxonomic classification analysis
was then carried out to identify the sequences that are of non-
mammalian origin using Kraken2 (Wood et al, 2019), utilizing a
database built from the reference sequence libraries of bacteria, viruses,
and archaea. The small percentage (<3%) of contaminating reads were
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filtered out. The remaining reads were mapped against the previously
published Delphinapterus leucas genome (Jones et al., 2017) (NCBI
Genome Assembly No: ASM228892v3) using HISAT2 (version 2.1.0)
(Kim et al,, 2015). The resulting SAM files were converted into BAM
format using samtools (version 1.9) (Li et al, 2009), and gene
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expression was estimated by generating a count matrix with htseq-
count (Anders et al., 2015).

2.4 Differential gene expression analysis
and data visualization

For initial data visualization, Principal Component Analysis
(PCA) was carried out based on the variance stabilized
transformation of the count data for 500 genes that showed the
largest variability across all the samples. The differential expression
of genes between conditions were evaluated using DESeq2 (Love
et al., 2014) installed within RStudio (Rstudio PBC, 2021.09.1). Sex
and age group (adults or subadults based on observations) were
included as covariates in the DESeq2 analysis to account for any
potential effects. Shrunken log2 fold changes were utilized for
DESeq2 to reduce the noise due to the genes with low counts and
high dispersion values (Zhu et al., 2019).

Intra-population variability was assessed by carrying out
differential gene expression analysis of different sexes (females
versus males) and life stages (subadults versus adults) for both
stocks. Differential gene expression analysis was also carried out
between live-captured and hunted whales from ECS stock, and
between different seasons (spring versus summer) in BB stock. Sea
surface temperature (SST) data for BB was obtained from
seatemperature.info website. Correlation and linear regression
analysis were carried out for the top differentially expressed
genes for seasonal comparison. Comparisons between ECS and
BB stocks were then performed separately for spring and summer
BB samples. The analysis was carried out with a false discovery
rate-controlled (Benjamini and Hochberg, 1995) significance
value (padj<0.05), and log2 fold-change cutoff value (log2FC > |
1]). Genes which did not have any counts in at least half of the
samples for each comparison were removed from the analysis
based on published recommendations (Deyneko et al., 2022).

For each comparison, a Bland-Altman plot (MA plot) was
generated to display the magnitude of change as log2FC versus the
mean expression using the normalized counts in order to visualize the
gene expression differences between two stocks. A volcano plot was
generated to show the statistical significance (-logl0(padj)) versus the
magnitude of change (log2FC). Heatmap analysis was carried out
using regularized log transformation of counts and the shrunken log2
fold changes of the top 200 differentially regulated genes in order to
visualize the hierarchical clustering of the data for samples and genes.
The top significantly (padj<0.05) regulated genes among the pairwise
comparisons were then inspected to see if their normalized counts
seem consistent with expectations using the plotCounts function in
RStudio, and were reported along with their fold change values,
significance and putative functions.

2.5 Pathway analysis
Canonical pathway analysis was carried out using the QTAGEN

Ingenuity Pathway Analysis (IPA, Version 84978992) platform
incorporating the algorithms developed for QIAGEN IPA
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(Kramer et al, 2013). QIAGEN IPA software utilizes extensive
and manually curated content maintained in the Ingenuity
Knowledge Base to investigate the activation status of the
pathways based on the differentially expressed genes between
comparisons (Kramer et al., 2013). The index of cell signaling and
metabolic canonical pathways are defined in Pathways Knowledge
Library of the Ingenuity Knowledge Base which are utilized by
QIAGEN IPA software (https://geneglobe.qiagen.com/us/
knowledge/pathways). The pathways related to cancer and
cardiovascular signaling were excluded from the analysis due to
irrelevance with skin tissue. Human orthologs of the gene names
were used as gene identifiers. Upregulated and downregulated genes
were analyzed separately and genes that were significantly associated
with a canonical pathway were identified. A right-tailed Fisher’s Exact
Test was used to calculate a Benjamini-Hochberg corrected p-value
(FDR) determining the probability that the association between the
genes in the dataset and the canonical pathway is explained by chance
alone with FDR<0.05 cutoff for significant associations. Among the
significantly enriched pathways, only those with an activation z-score
value of > |2| were reported. The z-score >2 was defined as the
threshold of significant activation, whereas z-score <-2 was defined
as the threshold of significant inhibition. Intra-population pathway
analysis was performed between two different seasons for BB samples
only (BB-Spring versus BB-Summer). Seasonal data was not available
for the ECS population. Inter-population analyses were then
performed by utilizing separate comparisons of BB-Spring versus
ECS and BB-Summer versus ECS. The canonical pathways showing
significant differences common to both comparisons were then
identified using the comparison analysis heatmap functionality of
IPA. This comparison analysis enables visualization of the paired
canonical pathways common to both comparisons as a heatmap. The
canonical pathways that are predicted to be activated or inhibited in
the same way in both comparisons were reported as a means to
minimize the effect of differences between spring and summer
$easons on gene expression.

3 Results

3.1 Transcriptome generation and
data visualization

RNA sequencing was carried out for a total of 34 beluga skin
samples obtained from two different stocks (BB and ECS), including
samples collected from two different seasons within the BB stock
generating an average of 20 million reads per sample. The
taxonomic classification analysis (Kraken2) resulted in an average
of 2.9% of the reads being represented by microorganisms. These
reads were then removed from the downstream analysis. Following
trimming for sequencing adapters and filtering of low-quality reads,
the samples had an average of 12.2 million reads with a mean read
size of 140bp and per base quality (Phred) scores of over 36 out of
40. Upon mapping of these reads to the beluga genome, the average
alignment rate was 82.32%, resulting in a total of 12,350 genes
available for differential expression analysis (Supplementary Table S1)
out of a total of 15,002 genes identified in beluga skin.
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Principal Component Analysis (PCA) of the top 500 genes that
displayed the largest variability in gene expression resulted in
separate clustering of the two stocks with the first principal
component (PC1) explaining 60% and the second principal
component (PC2) explaining 11% of the variance observed
(Figure 1). Within the BB stock, the samples collected from
spring and summer seasons also displayed separation (Figure 1).
Live-captured ECS belugas clustered with the hunted ECS belugas,
except for one individual (LC108778-12) which did not cluster with
either group displaying a very different gene expression profile than
the rest of the individuals. This individual, which might potentially
have a different health status, was then removed from the dataset for
the downstream analysis.

Hierarchical cluster (heatmap) analysis of the top 200 genes
that are significantly differentially expressed (FDR<0.05, log2FC
>1) in ECS vs BB beluga stocks displayed distinct clustering of the
individuals consistent with their stock assignments (Figure 2).
Clustering by individuals (i.e. columns) displayed two main
clusters representing each stock (ECS or BB), with further sub-
clustering of the BB stock based on season. Clustering by rows
(i.e. genes) displayed two main clusters of genes. While the top
gene cluster showed upregulation in ECS whales, the bottom
cluster showed downregulation when compared to BB
belugas (Figure 2).

3.2 Differential gene expression and
pathway analyses

3.2.1 Intra-population variability

Differential expression analysis performed between females
versus males, subadults versus adults, or hunted versus live-
captured ECS whales did not result in any significant gene
expression differences. Year was not included in the analyses

10.3389/fmars.2024.1282210

because of small sample sizes. However, differential expression
analysis performed between the samples collected in spring (May)
versus summer (September) seasons within the BB stock resulted in
3.6% of the entire transcriptome exhibiting significant changes
between spring and summer, resulting in a total of 541 significantly
(padj<0.05) regulated genes with a log2FC range from -3.78 to 3.42
(Figure 3). Out of these, 391 genes were successfully mapped with
75% of the mapped genes (293 total) showing higher expression in
summer, and 25% of the genes (98 total) showing higher expression
in spring (Supplementary Table S2).

The most significantly upregulated genes in spring vs summer
were mostly related with mitotic cell cycle, signal transduction, and
cellular growth, proliferation and development. The most
significantly (padj = 9.12E-10) upregulated gene in spring vs late
summer within the BB stock was tubulin beta 2A class Ila
(TUBB2A) which takes part in cytoskeleton organization and the
mitotic cell cycle (Table 2; Figure 4A). The additional genes that
were consistently upregulated in spring samples included those that
take part in mitotic cell cycle (CENPT), cellular proliferation and
skin aging (LMNBI1), mitochondrial maintenance (MTFR2),
mitochondrial respiration (PHB1), and oxidative stress response
(GPX2) (Table 2; Figure 4A).

The most significantly upregulated genes in summer vs spring
were mostly related with skin structural maintenance, sensory
perception and circadian rhythm. The most significantly (padj
=3.24E-17) upregulated gene in late summer vs spring was
tectorin alpha (TECTA), an extracellular matrix constituent
important in sound perception and mechanotransduction.
Additional genes that were consistently upregulated in summer
included those that take part in sensory perception and circadian
rhythm (GUCY2D, RORC), skin homeostasis, skin barrier function
and phospholipid metabolism (GRB14, NPM2, SMIM2, MTMR4),
and calcium regulation and neurotransmitter release (OBSCN,
RIMS3) (Table 2; Figure 4B).
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FIGURE 1

Principal Component Analysis (PCA) of top 500 genes that display the largest variability among the two beluga stocks for the first principal component
(PC1) explaining 60% of the variance, and the second principal component (PC2) explaining 11% of the variance. Bristol Bay live-captured whales
sampled during September are shown in red circles (BB-Summer) and those sampled during May are shown in blue circles (BB-Spring). Eastern Chukchi
Sea subsistence-hunted whales (ECS-H) are shown in green triangles and Eastern Chukchi Sea live-captured whales (ECS-LC) are shown in purple
triangles. The single individual circled indicates the outlier sample (LC108778-12) which was removed from the differential expression analysis.

Frontiers in Marine Science

06

frontiersin.org


https://doi.org/10.3389/fmars.2024.1282210
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Unal et al. 10.3389/fmars.2024.1282210
Stock
ECS
BB
B "ECS BB-Summer BB-Spring
0
2
1
=
=
[ =3 = o] ol ] o] o g
555556666000 PPoPoDoDoDo0o0o0oDDD
CECEECE T Q00000000000 000000000000
FOJPOIIRAPRDODD LD WD DD DD DD EDDEHDED
R e A S A L
@ @ 3808um8~3~w~5m5598wo~338
@ &
FIGURE 2

Hierarchical clustering (heatmap) analysis of the top 200 significantly differentially expressed genes between BB and ECS beluga stocks based on
-log(FDR) values of shrunken log2 fold-changes. BB samples showed clustering based on the two seasons (BB-Summer and BB-Spring). The
expression data is scaled by row, and clustered by rows and columns. The colors in the heatmap represent the gene expression level in terms of
log2 fold change from the mean. Mean expression across the whole dataset is set to O indicated by yellow in the color scale. Red indicates

upregulation and blue indicates downregulation in ECS vs BB stocks.

Pathway analysis resulted in a total of 24 canonical pathways that
were predicted to be significantly activated using the upregulated
genes in spring versus late summer within BB population (Table 3;
Figure 5). These pathways were mostly represented in the general
categories of extracellular matrix organization involving collagen
metabolism, cellular stress and injury, wound healing, mitotic cell
cycle and other intracellular signaling, cytokine signaling, and

metabolism of proteins with 4 to 11 genes involved per pathway
(Figure 5; Table 3). The canonical pathway that was the most
significantly enriched was “Collagen Biosynthesis and Modifying
Enzymes” with a z-score of 3.32 (FDR=1.58E-12). This pathway
also had the greatest number of genes involved (11 genes) (Table 3).
The upregulated genes in the summer samples, however, did not result
in any significant pathway enrichment based on the cutoff criteria.

¥ 7 (A
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FIGURE 3

-log10(padj)

1e+06 4 ) 0 2 4

log2FoldChange

Differential expression analysis overview for seasonal (spring versus summer) comparison within the BB stock (A) Bland-Altman (MA plot) displaying
shrunken log2 fold change (y-axis) versus mean of normalized counts (x-axis). The horizontal (x = O) line represents the mean expression value, and
the gray dots represent the genes that did not pass the significance criteria. The blue dots above the line represent upregulation in spring vs
summer, and the blue dots below the line represent downregulation in spring vs summer (i.e. upregulation in summer vs spring) (B) Volcano plot
displaying the statistical significance (-log10(padij), y-axis) versus magnitude of change (log2FoldChange, x-axis). The horizontal dashed line
represents the significance cutoff value of padj = 0.05, and the vertical dashed lines represent log2 fold change cutoff value of |1|. Black and gray
dots represent the genes that did not pass the significance criteria. Significantly downregulated genes are shown in green on the left
(log2FoldChange < -1), and significantly upregulated genes are shown in red on the right (log2FoldChange > 1).
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TABLE 2 Top significantly (padj < 0.05) differentially regulated genes in spring vs late summer within the Bristol Bay stock.

Gene ID  Gene Name

Log2FC padj

Function

Upregulated in spring (May)
TUBB2A | tubulin beta 2A class ITa 1.466 9.12E-10 Cytoskeleton organization, microtubule formation, mitotic cell cycle
GPX2 | glutathione peroxidase 2 1.377 1.81E-09 Antioxidant defense, oxidative damage/stress response
CENPT | centromere protein T 1.448 3.19E-06 Centromere assembly, kinetochore formation, chromosome segregation
LMNBI | lamin Bl 1.135 8.89E-06 Intracellular structural support, DNA replication, gene expression
MTFR2 | mitochondrial fission regulator 2 1.337 2.62E-05 Mitochondrial maintenance, aging
RRM2 | ribonucleotide reductase regulatory 1.874 3.26E-05 DNA synthesis and repair, cell cycle regulation
subunit M2
PHBI | prohibitin 1 1.068 4.83E-05 Maintenance of mitochondrial respiration, cell signaling, glucose homeostasis
Upregulated in late summer (September)
TECTA | tectorin alpha -1.644 3.24E-17 Auditory receptor cell organization, mechanotransduction, cell-
matrix adhesion
GUCY2D | guanylate cyclase 2D -2.187 7.04E-12 Phototransduction, photoreceptor functioning in light/dark cycle, response
to stimulus
GRBI4 | growth factor receptor bound protein 14 -1.205 7.92E-12 Inhibition of insulin receptor signaling skin health and metabolism
RORC | Retinoid acid related orphan receptor C -1.597 8.05E-12 Circadian rhythm signaling, inflammation, autoimmune function
NPM2 | nucleophosmin/nucleoplasmin 2 -2.070 3.62E-09 Expressed in melanocytes in pigmented skin
SMIM2 | small integral membrane protein 2 -3.246 4.04E-09 Barrier function, phospholipid metabolism, maintenance of skin integrity
MTMR4 = myotubularin related protein 4 -1.421 1.45E-08 Macrophage phagocytosis, pathogen removal
OBSCN | obscurin, cytoskeletal calmodulin -1.410 2.33E-08 Calcium regulation, organization of myofibrils, cell adhesion
RIMS3 | regulating synaptic membrane exocytosis 3 = -1.140 2.85E-08 Regulation of synaptic function, neurotransmitter release

Log2 fold-change values (Log2FC), adjusted significance value (padj) and putative gene functions in skin are indicated.

3.2.2 Inter-population variability

Differential expression analysis performed between BB-Spring
versus ECS samples yielded in 3.8% of the transcriptome (574 total)
exhibiting significant changes between them (padj<0.05, log2FC of
-4.01 to 4.93) (Figures 6A, B). Out of these, 489 were mapped, with
77.5% of the mapped genes (379 total) showing higher expression in
BB-Spring, and 22.5% (110 total) showing higher expression in ECS
(Supplementary Table S3). Differential expression analysis
performed between BB-Summer vs ECS samples yielded in 6.2%
of the transcriptome (938 total) being significantly regulated
(padj<0.05, log2FC of -3.96 to 7.82) (Figures 6C, D). Out of these,
702 genes were mapped with 79.2% of the mapped genes (556 total)
showing higher expression in BB-Summer samples, and the
remaining 20.8% (146 total) showing higher expression in ECS
samples (Supplementary Table S4).

The canonical pathway comparison of the core analysis results
that are common to both BB-Spring and BB-Summer samples
relative to ECS showed significant activity predictions for a total
of 13 pathways (Figure 7; Table 4). While 12 of these pathways were
significantly activated in BB with z-scores ranging from 2.45 to 5.20,
only one pathway was significantly activated in ECS with a z-score
of -2.45 with 1-acylglycerol-3-phosphate-O-acyltransferase 2
(AGPAT?2) being the single shared gene in both comparisons

Frontiers in Marine Science

(Table 4). The number of genes associated with these pathways
ranged between 5 and 30, with the highest numbers observed for
cellular immune response related “S100 Family Signaling Pathway”
which also had the highest z-score (Table 4). The activity z-scores
were higher, and significance values were much lower for the BB-
Spring vs ECS than BB-Summer vs ECS comparison, especially for
extracellular matrix organization related pathways.

The most significantly activated pathways in BB whales included
“S§100 Family Signaling Pathway” involving 27-30 differentially
regulated genes that broadly took part in cellular immune and
inflammatory response and cell proliferation (Table 4). The other
immune response related pathways that were activated in BB whales

» o«

were “Pathogen Induced Cytokine Storm Signaling”, “Complement
Cascade” and “Role of Pattern Recognition Receptors in Bacteria and
Viruses” taking part in antimicrobial and inflammatory responses,
and skin barrier protection. The remaining activated pathways in BB
whales were mostly related with skin structural maintenance, cell
differentiation and growth, and tissue repair including “Extracellular

» o«

Matrix Organization” “Collagen Biosynthesis and Modifying
Enzymes”, “Elastic Fibre Formation” and “Wound Healing
Signaling” (Table 4). The only significantly activated pathway in
ECS whales was “Neutrophil Degranulation”, taking part in

inflammation and infection involving 6-10 genes (Table 4).
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FIGURE 4

Variance normalized counts for the top five significant genes (with lowest padj values) that are differentially expressed in spring vs summer samples
collected from the BB stock. (A) Genes with higher expression in spring (B) Genes with higher expression in summer. Blue color represents spring

samples, and orange color represents summer samples.

4 Discussion

Skin is a relatively accessible and a very informative tissue matrix
for investigation and health monitoring of marine mammals with
potential to measure multiple parameters (i.e. hormones/proteins,
contaminants, lipids, gene expression, age, sex) to maximize the
information gained. Skin samples obtained from beluga whales
utilized in this study proved to be a robust source of gene expression,
in agreement with the previous studies (lerardi et al., 2009; Lunardi
etal, 2016; Neely et al,, 2018; Unal et al., 2018). Skin closely reflects the
characteristics of the environment the animal is living in, its
physiological status (e.g., molting), or life stage with potential to
identify population-level differences in their health and physiology.

In this study, differential expression analyses of skin transcriptomes
generated from the two beluga stocks in Alaska (ECS and BB) displayed
a clear separation based on PCA and heatmap analyses for both
seasonal and population-level variability. The differences observed
between the two stocks were consistent with the previous finding
utilizing differentially regulated target genes obtained from the same
individuals showing similar separation (Unal et al., 2018). However,
there was also a large amount of variability among individuals within
each stock, potentially due to differences in life history parameters such
as age, interannual changes, phenotype and physiology, or due to
differences in tissue handling such as time passed until tissue
preservation. Additionally, the differences in sample sizes between
the two stocks and biased sampling based on hunter’s preferences
might have affected the results.

The inclusion of post-mortem skin samples following
subsistence-hunts, particularly with the ECS animals being chased
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for hours before being harvested, can potentially raise some
concerns. Even though preliminary analysis indicated that there
were no significant gene expression differences between live-
captured (n=3) versus subsistence-hunted (n=7) whales from the
ECS stock, the results might change with the inclusion of more
samples. However, this finding may not be surprising as both the
harvested and live-captured whales were chased the same way until
they were driven to a lagoon for the hunt or tagging. Furthermore, it
has previously been shown that the effect of hormonal response to
an acute stressor in cetacean skin could not be detected before 46
days (Bechshoft et al., 2020). These findings all together seem to
indicate the usefulness of post-mortem skin collection to assess skin
gene expression provided that the animal is considerably fresh
which occurs in cold water conditions such as the Arctic.

4.1 Variability within stocks:
seasonal effects

The lack of gene expression differences based on sex observed in
this study is consistent with findings from Van Dolah et al. (2015), but
not with Trego et al. (2019b). However, the differences likely resulted
from variable cut-off criteria for significant expression. Even though
Trego et al. (2019b) reports the presence of subtle but significant
differences based on sex, only six genes had a minimum of 2-fold
difference in expression levels between males and females, four of
which were non-coding RNAs. Even though the current study did not
find any significant differences between sexes in epidermal skin
transcriptome in belugas, it remains to be determined if gene
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TABLE 3 The canonical pathways that are significantly enriched (FDR < 0.05) among upregulated genes in spring (May) versus summer (September) within

Bristol Bay stock (see Figure 5).

Ingenuity Canonical Pathways FDR Ratio z-score Gene ID
Extracellular Matrix Organization
. . . ADAMTS2, COL11A2, COL1A1, COL1A2, COL3A1, COL5A1,
Collagen Biosynthesis and Modifying Enzymes 1.58E-12 0.17 3.32 COL6AL COL6A3, COLSAL, PAHAL SERPINH1
Assembly of Collagen Fibrils and other 8.51E-10 0.15 3,00 COL11A2, COL1A1, COL1A2, COL3A1, COL5A1, COL6A1, COL6A3,
Multimeric Structures i ’ ’ COL8A1, LOXL2
. . S COL11A2, COL1A1, COL1A2, COL3A1, COL5A1, COL6A1,
Collagen Chain Trimerization 1.29E-09 0.19 2.83 COL6A3, COL8AL
. N COL11A2, COL1A1, COL1A2, COL3A1, COL5A1, COL6A1, COL6A3,
Extracellular Matrix Organization 2.45E-09 0.09 3.16 SPARC, TGEB3, VCAN
. COL11A2, COL1A1, COL1A2, COL3A1, COL5A1, COL6AL,
Collagen Degradation 1.23E-08 0.13 2.83 COL6A3, COL8AL
. . COL1A1, COL1A2, COL3A1, COL5A1, COL6A1, COL6A3,
Integrin Cell Surface Interactions 1.58E-07 0.09 2.83 COLSAL EBNI
Syndecan Interactions 1.05E-04 0.15 2.00 COLI1A1, COL1A2, COL3A1, COL5A1
Elastic Fibre Formation 6.03E-04 0.09 2.00 ELN, FBN1, LOXL2, TGFB3
Cellular Stress and Injury
. . COL11A2, COL1A1, COL1A2, COL3A1, COL5A1, COL6A1,
GP6 Signaling Pathway 2.57E-06 0.06 2.83 COL6A3, COL8AL
. . . COL11A2, COL1A1, COL1A2, COL3A1, COL5A1, COL6A1, COL6A3,
Wound Healing Signaling Pathway 2.69E-05 0.04 3.00 COL8AL TGFB3
Cell Cycle
L BIRC5, CDCAS5, CENPT, FBXO5, LMNBI, PTTGI, TUBB2A,
Mitotic Metaphase and Anaphase 2.04E-05 0.04 3.00 TUBB6, ZWINT
Mitotic Prometaphase 5.62E-05 0.04 2.83 BIRC5, CDCAS5, CENPT, NCAPG, SMC2, TUBB2A, TUBB6, ZWINT
Cytokine Signaling
IL-17A Signaling in Fibroblasts 4.27E-05 0.07 245 COL11A2, COL1A1, COL1A2, COL3A1, P4AHA1, SERPINH1
. . COL11A2, COL1A1, COL1A2, COL3A1, COL5A1, COL6A1, COL6A3,
IL-4 Signaling 1.10E-03 0.02 3.16 COL8AI, CREB3L1, TGFB3
Signal Transduction
Signaling by MET 3.98E-04 0.06 2.24 COL11A2, COL1A1, COL1A2, COL3A1, COL5A1
Signaling by PDGF 1.48E-03 0.07 2.00 COL3A1, COL5A1, COL6A1, COL6A3
RHO GTPases Activate Formins 3.89E-03 0.04 2.24 BIRC5, CENPT, TUBB2A, TUBB6, ZWINT
Metabolism of Proteins
O-linked Glycosylation 1.48E-03 0.05 224 ADAMTS2, ADAMTS8, ADAMTSL2, GALNT16, SPON1
Regulation of Insulin-like Growth Factor (IGF) 2.34E-03 0.04 204 EBN1, IGFL, IGFBP5, RCNL, VCAN
Transport and Uptake by IGFBPs
Post-translational Protein Phosphorylation 1.20E-02 0.04 2.00 FBN1, IGFBP5, RCN1, VCAN
Vesicle Mediated Transport
Binding and Uptake of Ligands by 1.20E-02 0.04 2,00 COLIAI, COL1A2, COL3A1, SPARC
Scavenger Receptors
Organismal Growth and Development
Activin Inhibin Signaling Pathway 1.95E-02 0.02 2.24 COL11A2, COL1A1, COL1A2, COL3A1, TGFB3
(Continued)
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TABLE 3 Continued

Ingenuity Canonical Pathways FDR Ratio z-score Gene ID
Intracellular and Second Messenger Signaling

NAD Signaling Pathway ‘ 2.95E-02 0.03 2.00 H1-4, IGF1, SLC29A1, SLC7A5
Cellular Growth, Proliferation and Development

Ribonucleotide Reductase Signaling Pathway 4.17E-02 0.02 2.00 BIRCS5, CREB3LI, E2F7, RRM2

The pathways are listed under prospective pathway categories shown in bold in each section. All the enriched pathways were predicted to be activated in BB-Spring whales (z-score > 2). For each
pathway, multiple test-controlled significance of overlap (FDR), overlap ratio statistics (Ratio), activity predictions (z-score), and the genes that are involved (Gene ID) are listed (see
Supplementary Table S1 for gene names).

expression in other layers of skin might be affected by sex. Additionally, ~ changes between these two species. The thickness and structure of
even though no significant changes were observed between the two age ~ cetacean epidermis, as well as epidermal proliferation rates, vary
categories (adult and sub-adult) in this analysis, these categories are too  considerably among species based on their aquatic adaptations to
broad to accurately reflect differences during maturation. different ocean environments (Menon et al., 2022 and references

Significant seasonal variability observed among the beluga skin  therein). As an Arctic species, belugas are routinely exposed to a wide
samples collected from the BB stock was consistent with other studies ~ range of temperature and salinity changes during the process of
using cetacean skin (Van Dolah et al,, 2015; Trego et al.,, 2019b). This ~ migration associated with seasonal epidermal molt in spring/summer
study identified 3.6% of the transcriptome (541 genes) differentially ~ months. The molting process in cetaceans involves dramatic changes
expressed between spring and summer in beluga skin using the cutoff  in skin involving proteolysis and inflammation in the earlier stages
criteria of minimum log2FC of 1 (corresponding to fold change of 2) ~ followed by protein synthesis and tissue regeneration, somewhat
and padj<0.05. Previously reported values for a similar comparisonin  similar to wound healing (Keith, 2021; Su et al, 2022). On the
dolphin skin was 1.5% using the cutoff criteria of minimum fold  other hand, as a temperate water species, dolphins are known to carry
change of 1.5 and padj<0.01 (Van Dolah et al., 2015). This reported  out continuous epidermal regeneration (Hicks et al., 1985). The more
value was significantly lower than the proportion of the differentially ~ dramatic gene expression changes between spring and fall seasons
expressed genes identified in this study for belugas using the same  observed in belugas versus dolphins could potentially be indicative of
criteria (5,4%). The proportion of the significantly expressed genes  the molting process in belugas, in addition to other environmental or
potentially reflects the presence of a greater response to seasonal  species-specific differences.
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FIGURE 5

Canonical pathways that are significantly enriched (FDR < 0.05) among the upregulated genes in BB-Spring versus BB-Summer comparison. All the
enriched pathways were also predicted to be activated in BB-Spring whales (z-score > 2). The enriched canonical pathway names are shown on the
y-axis, and the pathway categories are shown on the x-axis. The size of the circles corresponds to the number of significantly upregulated genes
that overlap the pathway, as indicated in the legend. The color intensity represents the degree of z-score activity predictions with darker colors
indicating larger z-scores and higher activation. The pathways are ordered based on their ascending significance values, with those at the bottom
showing the most significant predictions.
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FIGURE 6

Differential expression analysis overview for population level comparisons of Bristol Bay (BB) and Eastern Chukchi Sea (ECS) belugas. Relative gene
expression values for BB-Spring versus ECS comparison are shown on the top panels, and those of BB-Summer versus ECS comparison are shown
on the bottom panels. (A, C) Bland-Altman (MA) plot displaying shrunken log2 fold change (y-axis) versus mean of normalized counts (x-axis). The
horizontal (x = 0) line represents the mean expression value, and the gray dots represent the genes that did not pass the significance criteria. The
blue dots above the line represent upregulation in spring vs summer, and the blue dots below the line represent downregulation in spring vs
summer (i.e. upregulation in summer vs spring). (B, D) Volcano plots displaying the statistical significance (-log10(padj), y-axis) versus magnitude of
change (log2FoldChange, x-axis). The horizontal dashed line represents the significance cutoff value of padj = 0.05, and the vertical dashed lines
represent log2 fold change cutoff value of |1|. Black and gray dots represent the genes that did not pass the significance criteria. Significantly
downregulated genes are shown in green on the left (log2FoldChange < -1), and significantly upregulated genes are shown in red on the right

(log2FoldChange > 1).
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FIGURE 7

Heatmap of significantly (p < 0.05) enriched canonical pathways common to both comparisons between Bristol Bay (BB) and Eastern Chukchi Sea
(ECS) belugas. The significantly enriched canonical pathways are listed for BB-Spring versus ECS (the first column of heatmap) and BB-Summer
versus ECS (the second column of heatmap). The color scale represents the pathway activation z-score range across the comparisons. Orange color
represents activation in BB and blue color represents inhibition in BB (i.e. activation in ECS). The darker the colors are, the higher the activation or

inhibition in that pathway.
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TABLE 4 Significantly activated canonical pathways (p-value < 0.05, z-score > 2) common to both BB-Spring and BB-Summer versus ECS comparison

(see Figure 7).

Ingenuity
Canonical
Pathways

BB-Spring vs ECS BB-Summer vs ECS
Pathway Function in Skin

p-value z-score #genes p-value 2z-score #genes

Activated in BB

S100
Family Signaling

Pathogen Induced
Cytokine
Storm Signaling

WNT11, Pro-inflammatory function, cytokine
L34E-04 520 2 4.16E-03 s 20 SMADSY, ESR1, production, cell proliferation and

PTGER2, differentiation, calcium homeostasis,

GPR173 antimicrobial activity

COL12A1,

COL2IAL Activation of immune cells,
1.83E-07 4.69 22 6.54E-03 4.12 17 CXCL14, .

CXCLY, inflammatory response

IL21R, TLR5

Regulation of gene expression,

GPR173,
CREB Signaling 9.41E-03 4.00 18 4.48E-02 4.15 21 PTGER2 response to UV radiation, wound
healing, inflammatory response
Extracellular 2.75E-18 160 » 415602 245 6 DCN, Structural support, wound healing,
Matrix Organization ' ’ ' ’ FMOD, TNXB | barrier function, tissue homeostasis
Wound COLI12A1, Re-epithelialization, angiogenesis,

. . . 7.69E-07 3.64 17 3.42E-02 3.32 11 . .
Healing Signaling COL21A1 collagen production, remodeling
Collagen COL12A1,

Maint f skin integrity, ski
Biosynthesis and 7.05E-19 436 19 2.04E-02 224 5 COL21A1, Str‘:: ;r: :)C; :la:ﬁ:t mﬁflet,’;nss "
i i
Modifying Enzymes PCOLCE2 g ¥
Elastic 1L53E-19 412 17 5 79E-04 245 p BMP4, FBN3, Maintenance of skin integrity, skin
Fibre Formation ’ ’ ' ’ LOX, LTBP2 elasticity and recoil functions
BMP4
’ Regulation of cell differentiation,
HEY! Signaling 3.15B-04 3.16 10 3.68E-02 2.83 8 PRKAB2, eguiation o cetl ciiterentiation,
wound healing, angiogenesis in skin
SMAD9
C2, CFH,
Complement 5.81E-03 265 7 3.97E-03 3.00 9 SERPING, S:lelzr?:fizrzz?ohogree? szedamaged
Cascade ’ : ’ : CIQA, tiss )e renair Ty resp >
issu i
CIQB, C1QC P

Role of Pattern
Recognition
Receptors of Bacteria
and Viruses

Regulation of the

Antimicrobial response, inflammato:
TLRS5, C1QA, &l respe mmatory
4.27E-05 3.00 11 2.83E-02 2.00 8 response, skin barrier protection,
C1QB, C1QC . . X
cytokine production, wound healing

Epithelial
Mesenchymal 2.97E-03 2.45 6 4.43E-03 2.45 7 WNT11, LOX Wound healing; skin development
Transition
in Development
APOE, Maintaining fluid balance and immune
Reelin Signaling 4.76E-04 2.45 9 5.85E-03 2.24 9 MAPKSIP2, function; regulation of lymphatic
MAPKSIP3 vessel formation
Activated in ECS
Neutrophil I d infl ti d infection,
eutropat 9.40E-04 245 6 2.68E-02 316 10 AGPAT2 nereased mtammation and fnfection
Degranulation production of reactive oxygen species

For each pathway, significance of overlap (p-value), activity predictions (z-score), the total number of genes that are involved in each pathway (#genes), the genes that are common to both
comparisons, and putative pathway functions in skin tissue are listed (see Supplementary Table S1 for gene names).

The effect of sea surface temperature on cetacean skin  temperature in BB varied from 38.3°C in May to 51.9°C in September

transcriptome has been previously documented for dolphins with ~ during the sampling period (https://seatemperature.info). Even

4279 genes (23.7% of the transcriptome) significantly differentially ~ though the temperature data was not included in this analysis, the

expressed with respect to mean sea surface temperature based on  seasonal gene expression changes observed could potentially be

their geographic location (Trego et al., 2019b). The mean sea surface  influenced by this exogenous variation, in addition to other
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oceanographic parameters. Additional analysis incorporating a
variety of exogenous parameters may help tease apart the source
of this seasonal variation.

4.1.1 Upregulation in spring

The upregulation and the pathway activation observed in spring
samples were indicative of active re-organization of skin structural
constituents in aging epidermal skin, along with increased energy
production and inflammation, consistent with the initial stages of a
seasonal molt.

Among the first group of genes with higher expression in
spring, TUBB2A was the most significantly regulated gene, having
a major role in microtubule formation for maintenance of cellular
architecture and function in a wide range of cellular processes,
including those vital for skin health and development. In the skin, it
may also play a role in sensory nerve endings or other neuronal
components (Uhlen et al., 2015). Centromere protein T (CENPT)
also plays a fundamental role in cell division for accurate
chromosome segregation during mitosis (Uhlen et al, 2015).
Lamin Bl (LMNBI) is crucial in maintaining the structural
integrity of the cell nucleus, and its expression levels impact
cellular senescence and aging in skin tissue (Dreesen et al., 2013).
The activation of these genes in spring is therefore indicative of
increased cellular regeneration and cytoskeletal rearrangements
(Hodge and Ridley, 2016).

The other group of genes that show higher expression in spring
were mostly related with increased energy production through
mitochondrial regulation. For example, MTFR2 is a mitochondrial
fission regulator essential for maintaining mitochondrial health in
aged keratinocytes in humans by breaking them apart (Sreedhar et al.,
2020). Since mitochondrial dynamics is mainly manipulated by the
balance between mitochondrial fission and fusion, increased
expression in MTFR2 indicates elevated mitochondrial
fragmentation. PHBI is another gene with mitochondrial
maintenance function by regulating mitochondrial respiration, and
RRM2 is a part of the ribonucleotide reductase enzyme that takes part
in DNA synthesis and repair showing increased expression associated
with increased DNA damage response (Uhlen et al, 2015). The
activation of these genes is potentially indicative of increased cellular
energy demands to support drastic changes in the cellular
architecture as expected from a molting skin.

4.1.2 Upregulation in summer

Even though the most consistently upregulated genes in
summer samples (i.e. downregulated in spring) did not result in
significant pathway enrichment based on the cutoff criteria, the
genes with significantly higher expression in summer were mostly
related with skin homeostasis, skin barrier, cellular immune system,
circadian rhythm and sensory functions. Interestingly, the gene that
showed the most significant increase in summer samples was
tectorin alpha (TECTA), which has been well studied for its role
in tectorial membrane that is critical for normal hearing in humans
(Kim et al, 2019). Likewise, another sensory perception gene,
retinal guanylate cyclase 2D (GUCY2D), also showed increased
expression in summer. GUCY2D is mainly known for its role in
visual phototransduction in humans, however, is also known to
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encode for an olfactory sensory protein in mice and rats (Fulle,
1995). Therefore, the function of the protein coded by GUCY2D
gene varies across species and is currently unknown for cetaceans.
Both GUCY2D and TECTA protein expression have been detected
in human skin tissue (Uhlén et al., 2015). In addition, retinoic acid
related orphan receptor gamma (RORC) gene is known to be
expressed in all skin cell types, including epidermal keratinocytes
and melanocytes. RORC plays a crucial role in circadian rhythms
regulating several clock genes, while taking part in modulation of
lipid/glucose metabolism (Fan et al., 2018). The increased
expression of these sensory genes observed in summer samples in
belugas might be indicative of increased levels of sensory
stimulation, in addition to metabolic and/or immune challenges
in their environment. Cetacean skin is a part of a complex
somatosensory system allowing the perception of external stimuli
unique to their marine environment through a variety of
neuroanatomical innervations, however, the functions of this
system have not yet been fully clarified (Eldridge et al., 2022; De
Vreese et al.,, 2023). The cetacean skin has been shown to have
exceptionally dense low threshold mechanosensory system
innervation (Eldridge et al, 2022). It has also previously been
suggested that skin receptors of toothed whales are extremely
sensitive to vibrations, and dolphins can detect changes in
hydrodynamic and hydrostatic pressure through their skin,
including low frequency sound (Ridgway and Carder, 1990;
Simmonds et al,, 2004). However, the exact functions of these
sensory genes in beluga skin warrants further investigation.

The genes related to the immune system that were activated in
summer samples included myotubularin MTMR4 which regulates
macrophage phagocytosis for immune control of infection and
selective pathogen clearance of invading microorganisms and
apoptotic bodies (Sheffield et al, 2019). In addition to its other
roles, RORC is also an important regulator of the immune response
as it is expressed in natural killer T cells in skin (Fan et al., 2018).
Nucleophosmin NPM2 is shown to be uniquely expressed in pigment
producing melanocytes in humans (Reemann et al, 2014), and
pigmented parts of the beluga skin is known to contain large and
well-developed melanocytes with abundant melanosomes (Menon
et al,, 2022). The genes related with metabolism included growth
factor receptor protein GRB14, which is known to modulate insulin
signaling which is crucial for maintaining glucose homeostasis,
influencing cellular responses related to growth and metabolism.
Increased GRB14 expression is shown to result in inhibition of
insulin signaling and increased lipid storage in humans (Sun et al.,
2022). SMIM2 is also predicted to be an integral component of the
cell membrane, act as a receptor capable of mediating phospholipid
uptake (Conrad et al., 2017). Overall, the results suggest an activation
in immune response, growth and lipid/glucose metabolism in
summer samples when compared to spring.

4.2 Variability between stocks
The skin samples included in this study were a subset of samples

analyzed within the framework of another study reporting
significantly lower cytokine gene expression in ECS whales in
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comparison to BB whales using real-time PCR (Unal et al., 2018),
which corresponds to a higher expression in BB belugas. Results of
our current study agree with the former study displaying increased
expression in a number of cytokine genes in BB belugas. Cytokines
are regularly produced by keratinocytes and other skin resident cells
to maintain the barrier function of skin through cell proliferation
and differentiation modulated by a complex network of signaling
molecules (Hinel et al., 2013). The higher cytokine transcription
observed in BB whale skin could in part be indicative of differences
in skin condition and barrier function in between these two stocks
potentially as a result of additional seasonal differences and/or
molting. Moreover, the majority of the enriched canonical
pathways predicted to be activated in the BB stock in relation to
the ECS stock were related with cellular immune response, and
neurotransmitter & other nervous system signaling. These results
could be indicative of metabolically active skin in BB whales with
increased exposure to pathogens, or higher level of immune system
functioning in BB whales as explained in detail below.

Some of the differentially expressed genes identified were
common to multiple canonical pathways indicating involvement
in several biological processes. In skin, S100 proteins participate in
innate and adaptive immune responses, and tissue development &
repair (Halawi et al., 2014). Among the top regulated genes in this
pathway highly conserved WNT11 plays an important role in
fibrogenesis in skin including the last stages of cutaneous wound
healing involving tissue remodeling and extracellular matrix
maturation (Bukowska et al., 2021). Additionally, several G-
protein coupled receptors including the prostaglandin receptor
PTGDR?2 are known to have regulatory roles in skin homeostasis
controlling epithelial cell renewal and keratinocyte proliferation
(Pedro et al., 2020), and the membrane-bound matrix
metalloproteinase MMP24 is known to be involved in tissue
remodeling (Verma and Hansch, 2007). The upregulation of these
genes in BB whales might be indicative of increased tissue
regeneration as well as increased immune functions. On the other
hand, the only common gene that was upregulated in ECS versus
both seasons of BB stock was AGPAT2 which is known to be
involved in triglyceride synthesis and adipogenesis playing a crucial
role in synthesis of phospholipids and development of adipocytes as
the cells that store lipids for energy (Gale et al., 2006; Agarwal,
2012). The increased expression of AGPAT2 in ECS whales might
be indicative of increased fat storage in these whales.

Among other significantly enriched pathways “Complement
Cascade” and “Role of Pattern Recognition Receptors in Bacteria
and Viruses”, which were predicted to be activated in BB whales,
provide evidence of the active immune system in this stock. Even
though the BB stock is considered to be stable, the population
growth has slowed down or ceased based on the most recent
estimates (Citta et al., 2019; Lowry et al., 2019). In addition, some
concerns have been raised about increases in infectious disease
outbreaks as a result of warming oceans and increased ship traffic
(Gulland et al., 2022). Prevalence of alphaherpesvirus has also been
reported in a high proportion of animals in this stock causing skin
lesions (Nielsen et al., 2017). More recently, prevalence of marine-
origin Brucella sp. exposure has also been reported in both BB and
ECS stocks which has the potential to cause skin lesions among
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other clinical symptoms (Thompson et al., 2022). All these factors
might have potentially contributed to the differences observed in
these two stocks. Expression of immune response-related genes in
both stocks may suggest that many animals are exposed to and/or
experiencing skin infection. Therefore, measuring expression of
immune markers in different populations could be a way to assess
exposure to pathogens and animals’ immune capacity in responding
to those pathogens.

The differences in gene expression between beluga stocks might
also have been influenced by different levels of contaminant
exposure (i.e. POP/PFAS) between the populations. Belugas, being
top predators, are known to bioaccumulate contaminants which can
potentially have adverse effects on the development of immune,
nervous and reproductive systems as well as causing cancer (Wilson
et al, 2005; Lair et al,, 2016). Cook Inlet is located by the
increasingly industrialized waters of Anchorage as Alaska’s most
populated and fastest-growing city. Being geographically close to
BB, Cook Inlet belugas generally have higher levels of contaminants
compared to Bristol Bay belugas. Recent studies have shown that
Cook Inlet belugas are exposed to various pollutants, including
persistent organic pollutants (POPs), per- and polyfluoroalkyl
substances (PFAS), and mercury (Burek-Huntington et al., 2022).
Even though blubber is known to serve as storage organ for most of
the listed contaminants, an unfortunate consequence of utilization
of blubber as an energy source is the mobilization of lipophilic
contaminants (i.e., POPs) closely associated with these lipid reserves
into the blood and surrounding internal tissues (Yordy et al., 2010;
Hoguet et al., 2013). Moreover, associations of POPs in blubber
with thyroid- and steroid-related gene expression in skin has
previously been identified in St Lawrence belugas (Simond et al.,
2019). Gene expression in skin has also been previously investigated
for the role of vitamin D3 pathway in innate immunity including
proliferation, differentiation, apoptosis, immunomodulation, stress
response and antimicrobicity, similar to what has been reported in
humans and other terrestrial mammals (Ellis et al., 2009; Mancia,
2018 and the references therein). These studies provide evidence for
the utilization of gene expression in skin for assessing the health
of cetaceans.

Even though it is not possible to identify the exact causes for the
differences observed between ECS and BB belugas, the increased
expression of genes associated with the functions of cellular
movement, cellular growth and proliferation and immune system
in BB whales could potentially be indicative of the presence of
increased number of pathogens or differences in environmental
conditions, and/or increased exposure to these changes due to a
thinner skin. A decrease in skin thickness in fall has previously been
documented in belugas based on observations of Inuit hunters. This
traditional ecological knowledge indicated obvious physiological
changes occurring in beluga skin during annual molt, reporting that
the outer layer of dorsal body surface is thick and yellow in spring
migration, of intermediate thickness in summer when molting
occurs, and thin and white in fall after the molt is completed (St.
Aubin et al,, 1990). ECS belugas were sampled in late June to early
July when they were just arriving at the inlet in Point Lay, AK most
likely still going through their seasonal molt with dead epidermal
skin creating a barrier with the newly regenerating skin underneath.
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On the other hand, BB belugas were sampled in August to
September, when they had already completed their molt two or
three months ago. It is also likely that different environmental
conditions might have resulted in different cutaneous structure of
the skin between these populations. Cutaneous lesions in cetaceans
including belugas have previously been suggested as indicators of
ecosystem status (Mouton and Botha, 2012), however, an in-depth
investigation of differences in structural components and lesions is

needed before drawing a solid conclusion.

4.3 Limitations

Major limitations of this study include small sample sizes
especially for ECS stock, biased sampling of the hunted whales as
the hunters tend to primarily focus on larger (and potentially older)
animals, and the potential effects of interannual and seasonal changes.
Even though two age categories (adult and sub-adult) were accounted
for in this analysis, they are too broad to accurately reflect differences
during maturation. The results might have been affected not only by
the small sample sizes and age differences, but also by the time period
of chasing and harvesting or tagging of the ECS belugas by hunters,
and the differences in molting status between the two stocks.
Inclusion of additional samples from both populations representing
different age and size classes, and inclusion of samples collected from
different times of the year from the same population to investigate
seasonal differences will be necessary to characterize gene expression
changes more comprehensively in these stocks.

Another limitation for this study is the low availability of live-
captured skin samples from ECS stock, therefore, the limitation of
including skin samples collected post-mortem from subsistence-
hunted whales for ECS stock is recognized. Even though it appears
that the gene expression changes in skin due to death within this time
period is unlikely, it is not a definitive conclusion without
experimental validation. Additionally, the results of the pathway
analyses should be interpreted with caution as these are not
causations but rather predictions based on statistically significant
gene expression differences between the two stocks. Moreover,
pathway databases are known to be mostly human/rodent-biased
and many genes have multiple, different functions, some of which
may not be well-represented in pathway databases (e.g., see comment
about AGPAT?2). Even though most differences observed can
potentially be explained by differences in molting, this is also not a
definitive conclusion as the molt status for the majority of the whales
had not been determined. The differences between these two stocks
could also be explained by differences in environmental parameters
between these two regions, exposure to contaminants and/or
pathogens, prey preferences, resulting in differences in physiology
and metabolism represented in skin morphology.

Even with potential limitations, the comparative skin
transcriptomics technique utilized here provides physiological data
on differences in skin function between these two stocks. Importantly,
this methodology can be incorporated in future analyses with larger
datasets involving the endangered Cook Inlet stock to reveal the key
gene activity differences, and to provide health data to inform the
conservation and recovery efforts of Cook Inlet belugas.
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5 Conclusions

This study compared transcriptomic profiles of ECS versus BB
beluga stocks in Alaska investigating canonical pathways and diseases
& functions that showed significant differences based on their gene
expression profiles. In total, BB belugas were predicted to have higher
cellular immune response along with higher skin structural
maintenance functions. On the other hand, ECS belugas were
predicted to have higher levels of inflammation most likely due to
the differences in molting status. Top differentially regulated genes
associated with these pathways and functions that showed the most
consistent differences were identified for future development of
hypotheses and studies. The utilization of in-depth functional
analysis of skin transcriptomes as shown in this study has the
potential to provide valuable insights on the physiology of beluga
whales, especially if combined with better controlled samples (i.e.
samples from individuals of known age, sex, and molt status) along
with other types of analysis that can readily be applied to skin samples
such as proteomics, metabolomics, and lipidomics, and other biological
information such as age, reproductive status, diet and contaminant
levels. Overall, the methodology and data analysis steps outlined in this
study have the potential to identify the biologically relevant gene
expression differences within or between beluga populations in the
wild, which can also be applied to other marine mammal species to
infer population level differences, and/or to understand gene expression
changes at the individual level in relation to phenotypic differences.
Moreover, if meaningful differences are found to persist when the
aforementioned sample biases can be controlled, then the results can
potentially be utilized to inform management decisions to enhance
conservation efforts for recovery of the beluga stocks at risk.
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