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Abstract

Boreogadus saida (Polar cod) is a critical ecological linkage between planktonic primary
production and megafaunal top consumers in the Arctic. Despite its critical ecology, the
population structure, especially the relationship between fjord and oceanic groups inhabiting
environments with different physical characteristics, is poorly described. Though the subject of
several genetic studies, an underlying biological basis for this difference is yet to be identified.
Total RNA was extracted from liver tissue of 144 Polar cod representing 3 pairs of neighboring
fjord and offshore populations, comprising a North-South gradient of Eastern Greenland and
Svalbard. 3’ sequencing of the corresponding cDNA on two Illumina HiSeq 4000 lanes yielded
approximately 14 million reads per sample upon which differential gene expression analysis
was performed. After alignment and read quantification using the Atlantic Cod (Gadus morhua)
genome, approximately 2,000 significantly differentially expressed (up or down regulated)
genes per fjord-offshore pairing were identified. Gene ontology profiling of the differentially
expressed genes by biological process revealed that distance between fjord and offshore
populations is a strong predictor of gene expression between these populations. The
differentially expressed biological pathways identified provide insight on the origin and
structure of fjord and oceanic populations of Polar cod including evidence of gradual
differentiation within the Greenland Sea based primarily on distance from the coast. This
examination of a key Arctic species through the lens of a novel transcriptomic approach
provides new context to previous genetic investigations as well as a unique foundational dataset

for subsequent analyses of these populations.



Table of Contents

AADSTFACT ...t b ettt 1
FOTBWOIT ...t b bbbt bbb et e e bbb 6
INTRODUCTION.....ci ittt ettt e bbb e s se e e sbe e asbeebeesrbeesaeesnbeenneeanneeas 7
A UNIQUE trOPhIC HINKAGE ....ecvvevieie ettt neenee e 9
Possible impacts of local eXtINCLION ...........cccoiiiiiiii e 10
Population Structure 0f B. SAITA ..........ccueiiiiieieierie e 11
Gene expression as a tool to explore biological relationships ..........ccccccoveveeieiieiiiesecnn, 13
SEUAY ODJECTIVES ...ttt st et e e e e e b e e be e s reeanneeas 16
HYPOTNESES ...ttt bbbttt nb et 16
METHODS. ...ttt b e s e nb e e e n e e e e nne e 17
TUSSUE COIIBCLION ... 17
EXEFACTION ...t bbbttt 18
Quality control Of eluted RNA .......oo o 18
CDNA [IDrary preparation..........ccccceiieieeii e be et reesreenee s 18
Statistical treatment and bioinformatic analysis.............cooieieiiinii 19
RESULTS . ettt bbbt e bbb e bt e bt s et e et e nrenn e e 21
Inter-comparability of sampled Boreogadus Saida ............ccccovveiveiieiieieeie i 21
Differential geNe EXPrESSION. .......cuiiiiiiiieitieie ettt sbe e sre b sre e 25
ENVIrONMENtal groUPINGS ......oovviiiiiiieieeie et 25
Isfjord and the NOrth Shelf............coo oo 25
Besselfjord and Bessel OFfShOre ..o 28
Tyrolerfjord and HOCRSETIEN ..........coiiiiieeee s 30
DISCUSSION ...ttt b e e nn e enr e e anneenneeanes 32

Relative differential gene expression (DGE) between neighboring Greenland fjord and

offshore populations Of B. SAIAA .........c.cereiieiieieiie e 32



Connecting physical characteristics of Greenland fjord/shelf environments to differentially

expressed biological PAtNWAYS ...........cooiiiiiii e 34
L0 (0] o] 010 (0] L AT USSP 37
CONCLUSION ...ttt h ettt e bt e s b e e et e e st e e et e e sbeeanbeenbeesnneens 39
ACKNOWIBAGEMENTS ...ttt sne e 40
RETEIBICES ... s 41
Supplementary plots and MaterialS ..........cooveiiiiiiiie e 51
Appendix I: RNA extraction and cDNA library preparation Kit protocols..............cccccocevvnnene 55
Qiagen Mini Kit RNA extraction ProtoCOL:.........cccoviiiiiiiiiiieese e 55
Lexogen QuantSeq library preparation protoCol...........ccccevivviiiiiii i 59
Appendix I1: detailed bioinformatic analyses ..o 61



List of Figures

Figure 1: Recent changes in ocean temperature, acidity, and carbonate ion concentration....... 7
Figure 2: Map shows the maximum distribution of B. saida as observed from point data and
includes both common and rare I0CALIONS ..........cueriiiriiiiieeeee e 8
Figure 3: Trophic pathways along offshore ice edges in the Canadian High Arctic ................. 9
Figure 4: Total stock biomass (TSB), maximum ice cover, and the back-calculated recruitment
strength from spawning assemblage east of Svalbard and Pechora Sea ...........ccccccoocevieiirennnne 13
Figure 5: Stations used to represent fjord environments are circled in red, stations used as
offshore environments are circled in blue, and the fill color of the individual points corresponds
t0 the year OF COHBCTION. .....cviiiiceee e sre e 17
Figure 6: Histograms of length in mm by station 10Cation............cccceveiiiiinc i, 21
Figure 7: Linear regressions of log10 transformed length (mm) and weight (g) data by capture
[oTox= 11 (o] o I TP P PR 22
Figure 8: Slopes of log-linear fitted regression lines (top) by location with 95% confidence
intervals. Boxplots of Fulton's K condition index by location with outliers as unfilled points
(DOTEOIM). et b bbbt b et bbbttt bbb nr s 23
Figure 9: Results of the post-hoc Tukey Honest Significant Differences test by location pairing.
A confidence interval overlapping zero indicates no significant difference. .............c.ccccceene. 24
Figure 10: Principal Component Analysis (PCA) of the environment groups (all fjords in panel
A, all offshore 10cations iN PANEl B) ........cviiiiiiiiiiee e 25
Figure 11: Principal component analysis of Isford and North Shelf Offshore, with 5 outliers
=] 001071 SRR 26
Figure 12: Significant (p-value <0.01) gene ontology clustering by biological process Isfjord
and the NOINErN SNEIT ..o e 27
Figure 13: Heatmap of similarity between gene ontology clusters of significantly differentially
expressed genes between Isfjord and Shelf NOrth. ... 27
Figure 14: Principal component analysis of Besselfjord and Bessel Offshore for the top 4
identified explanatory components, with 3 outliers removed ............ccooevieiiiienenence e, 28
Figure 15: Significant (p-value <0.01) gene ontology clustering by biological process
Besselfjord and Bessel OffShOre. .......c.ooiiiiiii s 29
Figure 16: Heatmap of GO ID similarity Besselfjord and Bessel Offshore...........c.cccccevevnennee. 29
Figure 17: Principal component analysis of Tyrolerfjord and Hochsetter for the top 4 identified

explanatory components, with 3 outliers removed............cccoooviieie i 30



Figure 18: Significant (p-value <0.01) gene ontology clustering by biological process
Tyrolerfjord and HOCNSEIET. .........ooiiiiieieee e 31
Figure 19: Heatmap of similarity between GO term clusters of high scoring terms from
FISNENFICAI @NAIYSIS ..o 31
Suppl. Figure 1: Quantile-quantile normal probability plots for length (A) and Fulton’s K

condition factor (B) based 0N 10CALION ..........cueiiiiiiiic e 52

Suppl. Figure 2: Additional PCAs of the full environment groups incorporating less explanatory
e O I 10 o o O PP 53
Suppl. Figure 3: Sample to sample distance for all groups combined, 8 outliers removed. .... 53

Suppl. Figure 4: Progressive outlier removal by sample to sample distance of Isfjord and

NOFNEIN SHEIT. .ttt sbe bt 54
List of Tables
Table 1: Collection site metadata, color coded to reflect fjord-offshore pairings.................... 18

Table 2: ANOVA output table based on a test for homogeneity of the slopes of the linear models
describing the relationship between log transformed length and weight. ...........ccccevvernnen. 22
Table 3: ANOVA output for a model explaining differences in Fulton’s K by location......... 23
Suppl. Table 1: Outlier removal detailS ...........ccooviiiieiii e 51

Suppl. Table 2: Collected linear regression coefficients and p-values of the log10 transformed

length and weight model FIttiNGS. .......cooviiiei e 52



Foreword

This thesis is the culmination of the two year Master of Biology program from the department
of Arctic and Marine Biology at UiT The Arctic University of Norway. This research was
carried out with the support of the Research Group for Genetics (RGG) at the Norwegian
College of Fishery Science from May 2020 to May 2021. For this project | contributed to the
development of the project’s narrative and overall design, carried out the extraction of total
RNA from preserved liver tissue, cDNA library preparation for sequencing, post-processing of
sequencing results, statistical analyses, and writing of this thesis. My advisors and other RGG
group members provided support, both technical and emotional, throughout this undertaking.

Among their direct contributions:

Kim Praebel, supervisor, conceived of the project, collected samples as part of the TUNU

program, provided feedback on the project narrative and final manuscript.

Filipe Figueiredo, supervisor, provided instructions for RNA extraction and cDNA preparation,

shared previous bioinformatic approaches to similar data.

Shripathi Bhat, bioinformatics extraordinaire, collected samples as part of the TUNU program,
provided feedback on experimental design and assisted with bioinformatic processing of

sequencing data.

Julie Bitz-Thorsen, lab manager, supervised lab activities and provided valuable input on the

optimization of the cDNA library preparation method.



INTRODUCTION

Arctic marine ecosystems are changing at up to twice the speed of their lower latitude
and terrestrial counterparts (Moritz et al., 2002, Figure 1). Anthropogenic climate change and
its associated rapid alteration of Arctic marine habitat could lead to irreversible change in an
ecosystem that remains poorly understood (Hoegh-Guldberg & Bruno, 2010). In such a
dynamic system, it is critical to understand the changing relationship between key species and
their environment, including economically important fishes. Boreogadus saida (Polar cod/
Polartorsk Lepechin 1774, hereafter referred to as B. saida) is one such species critically
impacted by warming in the Arctic and of great consequence to the stability of Arctic marine
ecosystems and the fisheries they support. While only subject to a modest direct fishery, the
trophic niche inhabited by B. saida provides a critical linkage between primary producers and
some of the largest biomass consumers in the Arctic (Hop & Gjgseter, 2013). Despite its
important role, the structure of the largest B. saida populations in the Greenland Sea is relatively
unknown and has only recently begun to be revealed via genetic (Madsen et al., 2016) and now
transcriptomic studies in this thesis. There is a pressing need to bring together growing
knowledge of B. saida population structure and trophic interactions in considering its

management in the context of a rapidly changing Arctic climate.
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Figure 1: Recent changes in ocean temperature, acidity, and carbonate ion concentration.
(A) Surface temperature anomaly for January 2010 relative to the mean for 1951-1980.
(B) The same data presented in (A) as a function of latitude (Hoegh-Guldberg et al. 2010).

Boreogadus saida is a cryptic, poorly understood pan-Arctic forage fish of the Gadidae
family (Hop & Gjasater, 2013). Despite its circumpolar distribution, the monospecific genus
Boreogadus has been studied most intensively in the Russian/Norwegian waters of the Barents
Sea and the North American Bering Strait and Chukchi Seas, leading to regional findings being

widely applied to distinct reproductively isolated populations in diverse Arctic habitats (Hedges



et al., 2017). As an important trophic linkage, B. saida is a high energy, secondary consumer
that is preferentially preyed upon by many marine mammals and seabirds, as well as by Atlantic
cod (Gadus morhua, referred to by the abbreviated Latin name G. morhua from now on)
(Bradstreet & Cross, 1982). This species produces antifreeze glycoproteins and relies on sea
ice cover as a nursery environment for its buoyant eggs and sympagic larvae who preferentially
feed on ice associated pelagic calanoid zooplankton (Graham & Hop, 1995; Mueter et al.,
2016). Though thriving in temperatures from -2°C to +5°C, B. saida is unable to undergo normal
embryonic development above this range (Drost et al., 2016). Boreogadus saida has also been
observed schooling in large numbers in ice covered areas, but its range is not shared by any

pelagic forage fish in comparable quantities (Melnikov & Chernova, 2013).
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Figure 2: Map shows the maximum distribution of B. saida as observed from
point data and includes both common and rare locations. Distribution extent
is based upon literature review, museum specimens, and research sampling
carried out by the Conservation of Arctic Flora and Fauna (CAFF)
organization as part of the Circumpolar Biodiversity Monitoring Program
(CBMP) (Hedges et al., 2017).




A unique trophic linkage

B. saida play a critical role in Arctic nutrient cycling, providing a critical trophic linkage
between planktonic producers, some of the Arctic’s top predators, and commercially important
species. In the extremely seasonal production landscape of the light-limited Arctic, energy
storage in the form of lipids is a key element in the survival strategy of most Arctic species
(Falk-Petersen et al., 1990). On the ice edge, primary production is driven by under-ice diatom
algae, which is subsequently consumed and converted to high energy lipid stores by amphipods,
and Calanoid copepods (Bradstreet & Cross, 1982). Lipids in this form are largely inaccessible
to marine mammals, birds, and large predatory fish that are not adapted to prey upon such small
organisms in such an ice sheltered environment. However, B. saida prey on these invertebrate
groups with great consistency across age class and population (inshore vs. offshore) (Bradstreet
& Cross, 1982). In turn, B. saida provide a key energy rich prey item for a variety of seabirds
and marine mammals such as ringed seals, narwhals, and beluga (Bluhm & Gradinger, 2008,
Figure 3). These large predators rely on prey hotspots to meet their annual energy requirements
in an environment with only seasonal productivity. In following with this hotspot principle,
occurrences of B. saida schools have been identified as the driving force behind some marine
mammal congregations and migrations such as the narwhal in Crewell Bay (Welch et al., 1993).

The observation of B. saida swarming under the ice (Melnikov & Chernova, 2013) and at the
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Figure 3: Trophic pathways along offshore ice edges in the Canadian High
Arctic. Decreasing widths of lines reflect pathways of major, moderate, and
minor importance, respectively. Solid lines are based on dry weight analysis
methods. Hatched lines are based on wet weight (narwhal) or occurrence
(all other) analyses (Bradstreet and Cross 1982). Subsequent studies have
shown beluga and a greater variety of pinnipeds and seabirds also directly
rely on B. saida (here referred to as Arctic cod) in this way.



ice edge further establishes this species as a prey item that, being energy rich and seasonally
concentrated, meets the requirements to support large mammalian predators with high energy
needs. This schooling migration, unique among true Arctic fishes, drives huge seasonal
horizontal energy transfer between ecosystems and is the subject of regional specialized
predation, likely irreplaceable by stationary boreal species. Maintaining the presence of B. saida
as a mid-trophic level “wasp-waist” consumer confers a degree of ecological stability to
systems that are, even at the best of times, delicate.

Stable isotope studies bring the threat of sea ice loss into focus, showing that ice-algae-
derived carbon underpins nearly the entire B. saida diet and subsequently large swaths of Arctic
marine food webs (Kohlbach et al., 2017). Furthermore, the B. saida lifecycle is contingent
upon sea ice presence. Without ice, it is likely that their positively buoyant eggs will suffer
significantly decreased performance as they are subject to UV damage, predation, and lack
access to suitable under ice habitat upon hatching. Despite being of only minor commercial
interest (currently only harvested by Russia), B. saida has an outsized ecosystem impact as the
primary vertical transport of lipids between ice associated primary producers and some of the
largest keystone predators in the Arctic. As commercially important species such as Atlantic
cod and haddock expand poleward, increased predation upon, as well as bycatch of, B. saida is
inevitable (Renaud et al., 2018). This further situates an already vulnerable fish at the center of

an increasingly fragile food web.

Possible impacts of local extinction

Itis hard to predict the impacts of localized B. saida extinction/replacement as the Arctic
warms, but some outcomes are more likely than others. Natural predation upon capelin and
herring would likely increase as these species are already present in the diet of many marine
mammals who predate on B. saida. Coupled with fishing pressure and greater variation in sea
surface temperature-driven seasonal spawning conditions, this could lead to greater volatility
of the populations of both predator and prey as fewer alternative resources are available. The
impact on commercial fisheries is also a source of speculation. With a higher lipid and overall
energy content than Atlantic cod, B. saida may prove difficult to replace without significant
impacts to other stocks (Lawson et al., 1998). Even if the current consumed biomass of B. saida
was evenly distributed among the comparable commercial species as natural predation, it is
likely that commercial harvest will decrease, or at least become much more variable as the

number of stressors on traditional target species increases. However, the direct predation upon
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B. saida by commercial target species or even as bycatch by the larger commercial fisheries is
not well studied, even as both instances of mortality may be increasing.

It is also likely that regional productivity will be spatially restructured. Even as the
increase of warm Atlantic inflow and loss of sea ice is forecast to increase primary productivity,
this is anticipated to promote a shift to smaller, lipid-poor zooplankton. The loss of the energy-
rich zooplankton primary consumer, paired with a lack of intermediate predators such as B.
saida in ice adjacent areas, may limit the accessibility and ecological utility of this increased
biomass (Bluhm & Gradinger, 2008). Declines in condition, growth or production of marine
mammals have already been observed in recent decades, possibly reflecting decreased
availability of B. saida in the Beaufort Sea (Mueter et al., 2016). Without B. saida, the ice
associated lipid source may be lost even if the ice persists, as boreal replacements adopt a more

general pelagic feeding strategy.

Population structure of B. saida

Distinct population structure is less common in marine populations where absolute
barriers to gene flow are few (Palumbi, 1994). However, the distinct fjord and offshore habitats
along north-east Greenland and Svalbard have given rise to distinct populations of B. saida with
apparent genetic structure (Madsen et al., 2016). Historical structure and distribution of north-
east Atlantic B. saida populations can be reconstructed from genetic and geological records. At
the last glacial maximum approximately 20,000 years ago, the fjords now inhabited by B. saida
in north-east Greenland would have been ice covered and inaccessible. However, there is
mitochondrial DNA evidence that the B. saida were already present in the adjacent north-east
Atlantic (Palsson et al., 2009). The results of microsatellite studies have brought this history
and the overall population structure into further focus. Surprisingly, distance is not quite the
predictor of connectivity that it was previously understood to be. Microsatellites have shown
adjacent fjord and coastal populations are often more distinct than two fjord populations are,
even when the fjords are not geographically close (Madsen et al., 2016). While there are several
possible explanations for this phenomenon, a founder effect caused by limited fjord
recolonization post glaciation and subsequent reproductive isolation by changing land/sea
levels, fits the combination of glacial, fossil, and genetic evidence. However, other studies have
found gene flow appears to occur over long distances, with no isolation by distance occurring
at scales up to 2000 kilometers (twice the breadth of the Greenland Sea study area) (Maes et
al., 2021).
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The structure and ongoing divergence of B. saida populations have substantial
implications for our understanding of climate change impacts and management requirements.
Furthermore, genetic analysis of G. morhua, a close relative of B. saida, has revealed
divergence in the Pan | gene governing transmembrane protein activity. Stationary fjord and
migratory coastal G. morhua populations display differential Pan | activity as a response to
different environmental regimes of light, temperature, salinity, and depth (Andersen, Johnsen,
et al., 2015). While historically resilient in the face of natural climatic fluctuation, the
magnitude and rate of anthropogenic climate change threatens both the migratory and stationary
B. saida populations. However, these populations are subject to very different challenges and
may be sufficiently divergent to have different capacities for adaptation. Changes in seasonal
fjord ice cover threaten the reproductive life history of stationary populations of B. saida. The
rapid increase of Arctic temperatures endangering critical marine ecosystems, is thought to be
largely driven by changes in sea ice (Landrum & Holland, Marika, 2020). A physical study of
a typical B. saida containing fjord in NE Greenland found that ice cover “can be predicted to
decline approximately from 1.4-1.9 (depending on snow thickness) to 0.8-1.3 m, with the
expected increase in the ice-free season from 2.5 months today to 4.7 months at the end of the
century” (Christensen et al., 2007; Rysgaard et al., 2003). This would vastly alter the quality
and quantity of habitat for the sympagic juvenile stage B. saida that are categorically defined
by their development in association with ice cover. These findings are supported at a larger
scale by runs of the Community Earth System Model Multi Model Large Ensemble (CESM-
MMLE) with different model groups showing 1) a decline in mean sea ice extent 2) an increase
in year to year sea ice variability and 3) the possibility of an ice-free Arctic (<1 x 108 km? ice
area) as early as 2023 under the RCP 8.5 “business as usual” climate scenario (Landrum &
Holland, Marika, 2020). This leads to the creation of a habitat more suited for boreal adapted
species such as capelin and southern gadids, increasing potential competition for resources and
reducing the effective niche of the Arctic specialized B. saida (Mueter et al., 2016). While also
subject to increased competition from boreal invaders, migratory populations of B. saida face
a greater threat from variable sea ice cover and the commercial fishing fleets tracking boreal
stocks into the Arctic. Already experiencing substantial stock fluctuations, B. saida is forecast
to undergo increased recruitment variability as a result of changing sea ice extent and sea
surface temperatures (van der Meeren et al.,, 2019). The recruitment of two spawning
populations originating from Svalbard and the Pechora sea respectively, was modeled using
Lagrangian particle physics as well as ice extent, sea surface temperature, and the following

year’s survey catch (Huserbraten et al., 2019). The outcome is an apparent negative relationship
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between sea surface temperature and recruitment, as well as a positive relationship between sea

ice extent and recruitment (Figure 4).
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Figure 4: Total stock biomass (TSB), maximum ice cover, and the back-calculated recruitment
strength of B. saida from spawning assemblages east of Svalbard and Pechora Sea. Here
estimated TSB is measured in thousand metric tonnes and represented by a pink line, and the
light blue line represents the annual maximum marginal ice cover (i.e., area with ice
concentration above 15% per grid cell) (Huserbraten et al., 2019).

Though likely the aggregation of many factors, the ice facilitated co-occurrence of
juvenile B. saida and the energy rich naupliar stages of Calanus copepods is a major
determinant of recruitment success, as it is for many species in the Barents Sea (Castonguay et
al., 2008; Kuvile et al., 2016). In this way, the Southeastern Barents Sea may undergo a shift
from immensely productive B. saida nursery to larval death trap. Even if the Svalbard spawning
ground remains relatively unaltered, the increasing scarcity of ice-associated prey and predation
by boreal arrivals, coupled with summer temperatures of trapped water masses exceeding
hospitable levels, threatens critical B. saida life stages (Huserbraten et al., 2019). While the
replacement of Arctic sympagics like B. saida by boreal species may seem to soften the blow
of biodiversity loss, the trophic ecology of B. saida is likely irreplaceable in the system as a

whole.

Gene expression as atool to explore biological relationships

Traditionally, the investigation of population structure and the relationship between
groups was done at the genetic level through the identification of mutations in a single gene
encoding DNA region. Additionally, this type of genetic study was initially only carried out in
so called “model organisms” whose biology was already well documented and exhaustively

studied via traditional non-molecular methods (Muller & Grossniklaus, 2010). As technology
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has progressed, studies have expanded from targeting the genotype of single genes, to
characterizing genotype and differential gene expression (DGE) in many genes at once through
what is known as a genome wide study using high throughput tools such as microarrays
(Nuwaysir et al., 1999). Now, there is no need to identify a selection of genes to be profiled, as
full genome and transcriptome sequencing allows for an organism’s entire library of genetic
material, including unknown regions, to be assessed at once (de novo) (Rao et al., 2019). Full
transcriptome RNA sequencing captures an expression profile of an organism at the moment of
collection, providing a basis of comparison between groups in different environments, even if
they share the same genotype (Yang et al., 2015). Furthermore, this approach is now possible
in non-model organisms. Recent studies characterizing divergent ecotypes (Ishikawa et al.,
2017), gene expression in migrants between environments (Lohman et al., 2017), and the
evolution of gene expression profiles (Z. Chen et al., 2008), all applying an RNA sequencing
approach to non-model organisms (three spine stickleback (Gasterosteaus aculeatus) and an
Antarctic notothenioid (Pagothenia borchgrevinki)) show the sheer potential of such methods
to address research questions related to expression-level adaptation in new environments. This
newfound accessibility of exhaustive gene expression information in non-model organisms
brings to bear a powerful investigative technique in understudied, yet ecologically significant,
species. The QuantSeq 3’ mRNA library preparation (Lexogen) approach employed here
consistently produces high read coverage suitable for downstream DGE and biological pathway
enrichment analysis, all while requiring only a small amount of input total RNA and less per-
sample investment (Corley et al., 2019). As a non-model organism with unknown population
structure encompassing a wide range of habitats, B. saida is a prime candidate for novel study
via a newly possible full transcriptome sequencing approach.

Despite persistent questions related to the basis of observed structuring in the Greenland
Sea, the biological drivers of B. saida population structure remain unexplored. Investigative
genetic studies have led to a widespread suggestion that these populations are diverging in the
same manner as coastal and migratory populations of Atlantic cod (Karlsen et al., 2013), or at
least exhibiting differential phenotypic plasticity/gene expression in response to different home
environments (Andersen, Johnsen, et al., 2015; Fevolden & Pogson, 1997; Madsen et al., 2016).
However, there have not been transcription based expression studies to verify this fact. This
approach is better suited to non-model organisms than full genome sequencing and is easier to
assemble due to the expectation of uneven coverage (Gibbons et al., 2009). As a result of the
limitations of a purely genetic approach, the biological basis of the observed genetic differences

between fjord and oceanic groups remains uncharacterized. This makes it impossible to
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adequately describe the subtle differences in ecology between these groups. Furthermore, the
development of a high-quality B. saida genome resource lags significantly behind that of the
closely related G. morhua (Atlantic cod). Identification of specific biological processes
exhibiting divergent regulation in response to the differences between fjord and coastal
environments could provide important quantitative insight into the basis for future acclimation

potential.
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Study objectives

This study seeks primarily to determine whether fjord and offshore populations of B.
saida are exhibiting significantly different gene expression, in order to identify patterns of
ongoing divergence, if any is occurring. Emerging full transcriptome sequencing approaches
have the potential to map sequencing reads to gene ontologies, effectively highlighting specific
biological pathways being differentially regulated between populations (Eldem et al., 2017).
Additionally, a full transcriptome approach allows for the identification of underlying
biological processes contributing to any significant differential expression, providing a
quantitative measure of environmental influence as a possible driver of divergence. In this way,
this project also aims to provide a novel characterization of the transcriptome of B. saida, a
species of importance in Arctic food webs and at significant risk of decline due to climate

change.

Hypotheses

1. Is there significant relative differential gene expression (DGE) between neighboring
Greenland fjord and shelf populations of B. saida?

a. HO: There is no difference in relative gene expression between adjacent fjord
and shelf populations of B. saida.

b. H1: There is significant differential gene expression between adjacent fjord and
shelf populations of B. saida.

2. Is there a connection between the physical characteristics of Greenland fjord/shelf
environments and the pathways being differentially expressed in the B. saida
populations they host?

a. HO: There is no connection between the physical characteristics and pathways
— differentially expressed genes are distributed randomly/evenly throughout
transcriptome.

b. H1: Differences in expression are clustered around pathways associated with
metabolism, homeostasis, and osmoregulation, reflecting the different thermal

and chemical environments associated with fjord vs. coastal habitats.
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METHODS

Tissue collection

Individuals were collected via trawl on the TUNU cruise track in sampling years 2013,
2015, and 2017 (Figure 5). The first 20-30 dissections from each trawl were preserved in
RNAlater, separated by tissue, and incubated at 4°C for 12-18 hours prior to storage at -80 °C.
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offshore environments are circled in blue, and the fill color of the individual points corresponds

to the year of collection.
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Stations were paired by year, except for Isfjord (station 1277, collected 2017) and Shelf
(station 1353, collected 2015), which were paired due to the lack of samples from the same year
(see Table 1 for details).

Table 1: Collection site metadata, color coded to reflect neighboring fjord-
offshore pairings.

Location Environment] TUNU Station(s) Year Count

Besselfjord Fjord 1284/1300 2017 27

Bessel Offshore] Offshore 1338 2017 26

Isfjord Fjord 1277 2017 16

North Shelf Offshore 1353 2015 25

Tyrolerfjord Fjord 6/7 2013 25

Hochsetter Offshore 10 2013 25

Extraction

Extractions were made from the RNAlater preserved tissues using the Protocol for the
Purification of Total RNA from Animal Tissues in the Qiagen RNeasy Mini Kit (Qiagen, USA).
The extraction method was as specified by the kit including the optional protocols of adding
DTT to the RLT buffer, and homogenizing using a 2 min. run in the Qiagen TissueLyser Il
(Qiagen, USA), and a drying centrifugation step prior to elution. The full kit protocol used can

be found in Appendix | on page 55.

Quality control of eluted RNA

Post-extraction RNA concentration and quality were verified using NanoDrop (Thermo
Fisher Scientific, USA) and the 2100 Bioanalyzer (Agilent Technologies, USA). The Qubit
Broad Range RNA (Thermo Fisher Scientific, USA) protocol was used prior to cDNA library

preparation to obtain more accurate RNA concentration estimates.

cDNA library preparation

cDNA libraries were prepared using the QuantSeq 3 mRNA-Seq Library Prep Kit
(Lexogen, Austria) and stored at -20°C prior to pooling and sequencing on the Illumina HiSeq
4000 platform. Dual indexing was applied using the i5 and i7 indices provided (full protocol
can be found in Appendix | on page 55). The only modifications to the QuantSeq protocol
concerned the number of PCR cycles used (13) and the drying time during bead purification
(shortened from 5-10 min. to 3-4 min.). Samples were divided into two groups representing the

two final sequencing pools and randomly assigned to library prep batches.
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Two duplicate samples were added to each lane from the other (for a total of 4 duplicate
samples per lane) to provide a basis for assessing lane effects. Spike-in RNA Variant (SIRV)
(Lexogen, Austria) controls were added in the volume of 1 pL to every sample at the beginning
of the cDNA synthesis protocol. Pools were constructed to a target concentration of greater
than 2 nM with 10 fmol of each sample being added for a total volume of approximately 261
ML (74 samples) per pool. Pools were then shipped frozen to Novogene (United Kingdom) for

sequencing on the lllumina HiSeq 4000 platform (1 pool per lane).

Statistical treatment and bioinformatic analysis

Prior to DGE analysis, morphological characteristics including length, weight, and
condition, as assessed using Fulton’s K, were assessed to verify the inter-comparability of
samples both within and across sampling sites. After testing for normality and homogeneity of
variances, Analysis of variance (ANOVA) and post-hoc Tukey Honest Significant Difference
(HSD) tests were utilized in this assessment. Based on established weight-length relationships
in fish, the weight of an individual is expected to increase at a cubic factor relative to the length,
giving a slope of 3 when plotted as a regression line in the logarithmic form (Froese, 2006).
This cubic relationship justifies a weight-length linear regression model based on log
transformed data. Fulton’s K condition factor was used to roughly approximate condition based
on the relationship between length and weight, as physiological condition could affect gene
expression (Striberny et al., 2019). ANOVA was used to verify the inter-comparability of
sampled fish based on length-weight relationship and Fulton’s K condition factor. Its
assumptions are met based on the normal distribution of the Fulton’s K and homogenous
variance across locations. Normal probability plots verifying the normal distribution and
homogeneity of variance of Fulton’s K as well as measured length and weight can be found in
Suppl. Figure 1.

Following sequencing, bioinformatic analysis was performed on the Research Genetics
Group’s Spygene server, starting with demultiplexing via the demuxFQ package
(https://github.com/gdbzork/demuxFQ). The quality of each step’s output was verified using
the FastQC (Andrews, 2010) and MultiQC (Ewels et al., 2016) tools. After data demultiplexing,
adapter and junk sequences were removed using Bbduk,
(https://github.com/BiolnfoTools/BBMap/blob/master/sh/bbduk.sh) as recommended by
Lexogen. All reads shorter than 20bp after trimming were discarded. For sequence alignment,

the SIRVome was appended to the G. morhua 3.0 genome, which was then indexed using STAR
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(https://github.com/alexdobin/STAR). The B. saida genome was initially selected for
alignment, but was replaced by that of G. morhua due to the higher quality assembly and close
evolutionary relationship between the two species. Due to 30% of the reads failing to align due
to length, STAR’s parameters were optimized for short reads (--outFilterScoreMinOverLread
0 --outFilterMatchNminOverLread O --outFilterMatchNmin 0). Once aligned, the reads were
distributed into gene feature counts with htseg-count (Anders et al., 2014), using gene-id as the
main identifier for downstream expression analysis. Gene counts were collected by lane and
provided as input for the DESeg2 R package (Love et al., 2014). DESeq?2 was used to generate
distance estimates, log2fold change expression differences, and tables of significance. Based
primarily on sample-to-sample distance, 11 outliers were removed from the DESeq?2 tables used
for differential gene expression (Suppl. Table 1). Genes identified by the DESeq2 results
function as significant at the adjusted p-value <0.01, were fed into the NCBI eFetch utility (Eric
Sayers, 2018) and converted to standardized unique identifiers (UIDs). These UIDs were then
used for annotation via the FishEnrichr tool from the Maayan research group (E. Y. Chen et
al., 2013; Kuleshov et al., 2016). The FishEnrichr Gene Ontology (GO) ID outputs were then
clustered and visualized using the simplifyEnrichment package for R. A detailed step by step

description of the bioinformatic analysis can be found in Appendix Il on page 61.
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RESULTS

Inter-comparability of sampled Boreogadus saida

Prior to DGE analysis, the inter-comparability of the individual samples and sample
groupings was verified at multiple levels. First, basic morphological characteristics of sampled
Boreogadus saida were compared to ensure that morphology was not a primary contributor to
the observed gene expression. Histograms of the length distribution by location showed roughly
normal distributions covering different ranges of lengths, with Isfjord’s distribution reflecting
a smaller mean (Figure 6).
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Figure 6: Histograms of length in mm by station location. Fjord locations are in
the left column and the corresponding offshore location is in the right column.

Linear models relating weight to length were fit to each site, with shape of the data and
residuals (homogeneity of variance improved, no pattern in residual plot after log
transformation) suggesting a log-linear fit between length and weight. Highly significant log10-
linear models were fit to each collection site (Figure 7).
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Figure 7: Linear regressions of log10 transformed length (mm) and weight (g)
data by capture location. Fjord locations are in the left column and
corresponding offshore sites are in the right column.

Based on the equivalent slopes as verified via ANOVA on the linear regressions, there
is no significant difference between the log(weight-length) relationships at the study locations
(Table 2).

Table 2: ANOVA output table based on a test for homogeneity of the slopes of the linear models
describing the relationship between log transformed length and weight measurements across all
sampling locations. The lack of significance in the relationship between location and log(length)
(highlighted row) suggests slope homogeneity.

ANOVA Table (type Il tests)
Test for homogeneity of linear regression slopes log10(weight-length)

Effect DFn DFd F p ges
location 5 145 20.305|<<0.01 0.412
log10(length) 1 145| 4625.523(<<0.01 0.97
location:log10(length) 5 145 1.487 0.198 0.049
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To incorporate both length and weight measurements, as well as estimate a condition

log-linear regression slope
n=16
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n=23

coefficient

n
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Figure 8: Slopes of log-linear fitted regression lines (top) by location with 95% confidence

intervals. Boxplots of Fulton's K condition index by location with outliers as unfilled points
(bottom).

factor of the study individuals, Fulton’s K (Figure 8) was used for an ANOVA comparison
within fjord-offshore pairings.

Significant differences in condition as measured by Fulton’s K are identified via a one

Table 3: ANOVA output for a model explaining differences in Fulton’s K based on
location. A p-value much smaller than 0.001 suggests there are highly significantly
differences between the Fulton’s K values of certain location pairings, but this analysis
does not identify which pairings are driving the significant result.

Fulton's K ANOVA Table

Df Sum Sq Mean Sq F value Pr(>F)
location 5 0.362 0.0723 20.06|p<.001
Residuals 151 0.544 0.0036

way ANOVA (Table 3). This analysis included all possible location pairings, including those
within environment types (fjord-fjord, offshore-offshore).
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A post-hoc Tukey HSD test was employed to identify the study-relevant pairings with
significant differences in Fulton’s K. The ANOVA and Tukey HSD tests revealed that there
was no significant difference in Fulton’s K condition factor between the habitat pairings of
Besselfjord and Bessel Offshore as well as Tyrolerfjord and Hochsetter, however, there was a
significant difference (North Shelf-1sfjord difference -0.087+0.057, p-value <0.01) between the
Isfjord and Northern Shelf stations (Figure 9). There was no significant difference between any

other habitat pairing relevant to the study.
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Figure 9: Results of the post-hoc Tukey Honest Significant Differences test by location
pairing. A confidence interval overlapping zero indicates no significant difference.
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Differential gene expression

Environmental groupings
When grouped by environment type (fjord vs. offshore) alone, Tyroler/Hochsetter and

Isfjord/Shelf North tend to cluster most distinctly based on principal components of variance,
with Besselfjord/Offshore overlapping with one or both other groupings (Figure 10). All
Principal Componenet Analyses (PCAs) presented include ellipses drawn at 95% confidence
level based on a multivariate t distribution. This differentiation is strongest between the
Tyrolerfjord and Isfjord stations. Outliers from a number of the sites were removed prior to this
analysis due to anomalous sample to sample distance or low read count. As a result, sample
sizes varied from group to group as well (Fjord:Bessel n=26, Fjord:IsFj_Shelf n=15,
Fjord: Tyroler n=24, Offshore:Bessel n=26, Offshore:IsFj_Shelf n=23, Offshore:Tyroler n=25).

Additional PCAs including less explanatory components are presented in Suppl. Figure 2.

Fjord PCA design~ location pairing, 8 outliers removed Offshore PCA design~ location pairing, 8 outliers removed

500 top genes 500 top genes
20-

20-

PC2: 13% variance

o
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A
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Figure 10: Principal Component Analysis (PCA) of the environment groups (all fjords in panel A, all
offshore locations in panel B) based on 500 most differentially expressed genes. PCA ellipses drawn
at 95% confidence level based on a multivariate t distribution.

Isfjord and the North Shelf
Station 1277 (Isfjord, TUNU 2017) on western Svalbard and Station 1355 (North Shelf,

TUNU 2015) are the most geographically and temporally distant pairing. Isfjord had the lowest
sample count after sequencing and outlier removal with 15 samples compared to 23 for the

offshore pairing (3 outliers based on extreme sample to sample distance removed). A two
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component PCA of the fjord-offshore pairing did not yield significantly different clusters
(Figure 11).
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Figure 11: Principal component analysis (PCA) of Isford and North Shelf Offshore, with 5
outliers removed, for the top 4 identified explanatory components from most explanatory (A)
to least (C) based on the top 500 most differentially expressed genes. PCA ellipses drawn at
95% confidence level based on a multivariate t distribution.

During differential gene expression using DESeq2, 19,919 genes with greater than 5
reads were assessed. Based on log2 fold change (LFC) at a p-value < 0.1, 882, 4.4% of these
had LFC > 0 (upregulated) while 957, 4.8% had LFC < 0 (downregulated). Additionally, 4660
(23%) had low counts, and O were identified as outliers. From this set, 618 genes emerged as
significant with a p-value adjusted for multiple testing of less than 0.01. These genes were
annotated with Gene Ontology (GO) terms by biological process using the FishEnrichr

enrichment analysis tool (Figure 12).
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Figure 12: Significant (p-value <0.01) gene ontology clustering by biological process ranked by
adjusted p-value. Biological processes are determined and annotated based on differentially expressed
genes between the environmental groups, in this case Isfjord and the Northern Shelf.

GO terms with an adjusted p-value of less than 0.05 were then clustered and visualized,
giving rise to several distinct groups (n=43, Figure 13). These groups are plotted according to
GO term similarity and annotated with word clouds based on GO cluster keywords.
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Figure 13: Heatmap of similarity between gene ontology clusters of significantly differentially
expressed genes between Isfjord and Shelf North.
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Besselfjord and Bessel Offshore
Station 1300 (Besselfjord, TUNU 2017) and Station 1338 (Bessel Offshore, TUNU

2017) are a geographically intermediate fjord-offshore pairing. Station 1300 is located at the
back of the W-E facing multi-basin Besselfjord (Zoller 2020). Station 1338 is located
approximately midway between the coastline and shelf break, providing a longitudinal
midpoint between Hochsetter and the Northern Shelf stations. A two component PCA did not

show separate clustering among the top four generated components (Figure 14).
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Figure 14: Principal component analysis (PCA) of Besselfjord and Bessel Offshore for the top 4
identified explanatory components, with 3 outliers removed, from most explanatory (A) to least (C)
based on the top 500 most differentially expressed genes. PCA ellipses drawn at 95% confidence

level based on a multivariate t distribution.

Through differential gene expression analysis, 20,514 genes were identified with a read
count greater than 5. Of those, based on log2 fold change, 1565, 7.6%, had LFC > 0
(upregulated) and 1142, 5.6%, had LFC < 0 (downregulated). Additionally, 5175, 25% had low
counts and O were identified as outliers. From this set, 976 genes were selected for GO
annotation with a p-value adjusted for multiple sampling < 0.01. These genes were annotated

with Gene Ontology (GO) terms by biological process using the FishEnrichr enrichment

analysis tool (Figure 15).
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Figure 15: Significant (p-value <0.01) gene ontology clustering by biological process ranked by
adjusted p-value. Biological processes are determined and annotated based on differentially
expressed genes between the environmental groups, in this case Besselfjord and Bessel Offshore.

Only 7 GO terms emerged as significant at the p-value < 0.1 level, so this level was
used in an attempt to have some terms to characterize the site pairing. These terms were
assembled into 3 cluster groups and visualized according to GO term similarity (Figure 16).
The clusters tracked along 3 biological processes: MAPK inactivation and deregulation,
chromosome condensation and sister chromatid segregation, and response to methylmercury.
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Figure 16: Heatmap of GO ID similarity with warmer colors indicating more similar and cooler
colors indicating less. Consolidated GO term groupings for each GO ID are indicated by the
green color scale
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Tyrolerfjord and Hochsetter
The southernmost pairing consists of Station 6/7 (Tyrolerfjord, TUNU 2013) and

Station 10 (Hochsetter, TUNU 2013). This pairing is the most coastal, with even the “offshore”
Hochsetter site being much nearer to land on the shelf than Bessel Offshore or the Northern
Shelf. Tyrolerfjord is a long, silled fjord lying W-E at 74N further separated from the shelf
waters by Young Sound and a second outer sill. The outer sill rises to a depth of 45m and the
inner to 56m, approximately 70km from the outer sill, with the back of Tyrolerfjord and the
surrounding land terminating glaciers of the Greenland ice sheet sitting 90km from the entrance
to the outer fjord (Boone et al. 2017). A 2 factor PCA failed to show clustering by environment
group (fjord vs. offshore) based on the top 4 components ranked by explained proportion of the

observed variance (Figure 17). Through differential gene expression analysis in the DESeq2
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Figure 17: Principal component analysis (PCA) of Tyrolerfjord and Hochsetter for the top 4 identified
explanatory components, with 3 outliers removed, from most explanatory (A) to least (C) based on the
top 500 most differentially expressed genes. PCA ellipses drawn at 95% confidence level based on a
multivariate t distribution.

package, 23,614 genes were identified with at least 5 reads. Of the identified genes with
adjusted p-value < 0.1 1,015 (4.3%) had a log2 fold change greater than zero (upregulated)
versus 1,007 (4.3%) with a log2 fold change less than zero (downregulated). Additionally,
8,602 (36%) genes had low counts (mean count < 1) and none were identified as outliers in this
analysis. From this set, 602 genes were selected for GO annotation with a p-value adjusted for
multiple sampling < 0.01. These genes were annotated with Gene Ontology (GO) terms by

biological process using the FishEnrichr enrichment analysis tool (Figure 18).
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Figure 18: Significant (p-value <0.01) gene ontology clustering by biological process ranked by adjusted
p-value. Biological processes are determined and annotated based on differentially expressed genes
between the environmental groups, in this case Tyrolerfjord and Hochsetter.

No GO terms were significant at the adjusted p-value < 0.1 level for this location. The
highest scoring terms (combined score = log(p-value from Fisher exact test)*Z score of the
deviation from the expected rank, highest scoring set as combined score > 10) covered 10 GO
terms divided into 5 clusters (consolidated to 4 clusters for visualization, Figure 19). These
consolidated clusters can be summarized as: signaling in response to stress and growth factors,
endoplasmic reticulum transport and localization, regulation of oligodendrocyte progenitor

proliferation, positive regulation of mMRNA splicing.
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Figure 19: Heatmap of similarity between GO term clusters of high
scoring terms from FishEnrichr analysis, combined score > 10. Labeled
with term keywords by cluster. N terms = 10, n clusters = 4.
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DISCUSSION

This study chronicles the relationship between populations inhabiting different
environments. Through the application of an mMRNA-seq transcriptome sequencing approach,
this study identified genes being differentially expressed between fjord and offshore
populations of B. saida. These genes map to specific biological pathways regulating stress
responses (MAPK inactivation, methylmercury response, stimuli signal transduction) as well
as more general pathways associated with homeostasis and cellular maintenance (chromosome
segregation, cytoplasmic translation, vesicle mediated transport). The relationship between
fjord and offshore populations is revealed in findings at three levels: differentially expressed
genes (DEGs) based on normalized reads from full transcriptome sequencing, principal
component analysis (PCA) based on the top 500 DEGs, and GO clustering based on all DEGs.
These findings are discussed in the context of differences between fjord and offshore
populations as well as in relation to environmental drivers. Future opportunities for additional

research based on these results are also presented.

Relative differential gene expression (DGE) between
neighboring Greenland fjord and offshore populations of B. saida

Significant up and down regulation of thousands of genes in each environment pair
points to differences in gene expression between fjord and offshore populations. This finding
allows us to reject the null hypothesis; that there is no difference in relative gene expression
between adjacent fjord and shelf populations of B. saida. This differentiation appears to be
correlated with spatial distance as more separated locations exhibit more distant clustering
based on the significantly differentially expressed genes (DEGSs). As geographical separation
increases from south to north, the groupings of DEGs based on gene ontology also becomes
more disparate. Groupings within fjord and offshore environments (across all locations) also
showed a similar signal driven by distance. This finding demonstrates that relationships
between fjord and offshore populations are characterized differently by local adaptation in the
form of gene expression, rather than by purely genetic differences. For example, Madsen et al.
(2016) found via microsatellites that fjord populations, even at great distance, exhibited a closer
genetic relationship than adjacent fjord and offshore pairings, while the transcriptomic findings
presented here show geographical distance to be a strong predictor of differential gene
expression, regardless of environment type. The population structure identified via neutral

genetic markers unsurprisingly differs from that identified here via full transcriptome
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sequencing. This alternative characterization includes the Tyrolerfjord and Hochsetter pairing,
the most spatially proximate in both studies. This pairing grouped the most tightly based on
transcriptomic data (not significantly different in PCA or GO analysis), but was among the most
distant based on microsatellites. The connection between genotype, expression profile at a
certain timepoint, and environmental characteristics is too broad and nuanced for a single study
to reveal. Mechanisms of adaptation fall on a spectrum including genomic sequences (such as
those included in microsatellite assays and SNP analysis), physical (chromosome
rearrangement), epigenetic modifications (nucleotide methylation), and actual gene expression
(as represented by the transcriptome) (Fargeot et al., 2021; Grenier et al., 2016; Schneider &
Grosschedl, 2007). Compared to other vertebrates, fish show very plastic response to the
environmental stimuli, often causing individual studies targeting a single element of adaptation
to produce apparently conflicting results. Population characterizations based on microsatellites
(Madsen et al., 2016; Maes et al., 2021), genomic architecture (Barth et al., 2017), or
transcriptome-derived gene expression (this study) may appear contradicting, but by selecting
elements from each as new information becomes available, a summative representation of
reality can be achieved. Only by combining multiple approaches can we “unite disparate
information sources together to identify patterns that would be invisible when investigated
through the lens of a single method™ (Jones et al., 2013). By elucidating specific biological
pathways driving DGE between populations, the transcriptomic dataset presented herein
provides a valuable supplemental characterization and foundational context to other
investigations, both past and future.

Studies covering large geographic regions have shown that species with long range
dispersal potential often exhibit genetic homogeneity and a lack of regional genetic structuring
despite well described basin-scale ecotypes (Barth et al., 2017; Maes et al., 2021). The results
of this study point to regulation of gene expression as a putative explanatory factor of observed
adaptation and phenotypic plasticity. However, merely categorizing habitats as fjord versus
offshore likely does not adequately characterize the environmental experience with respect to
the transcriptomic response of a fish at these locations. The transcriptomic findings of this study
support the idea that regional differentiation in B. saida is driven by expression, though
additional analyses of this dataset including SNP profiling would be required to eliminate (or

confirm) genetic population structure as a contributing factor.
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Connecting physical characteristics of Greenland fjord/shelf
environments to differentially expressed biological pathways

A major weakness of prior genetic studies addressing the population structure of B.
saida, and many other non-model organisms, is the lack of connection between proposed
population structure and biology. While useful in identifying population level traits such as
reproductive isolation and areas of high or low gene flow, basic genetic tools are restricted in
their ability to characterize and compare adaptation under specific circumstances. Most genetic
modifications take place over many generations and are not responsive to environmental
conditions over an organism’s lifetime. Even single nucleotide polymorphism (SNP) based
approaches struggle to link individual gene mutations to biological functions controlled by
many genes (Berg & Coop, 2014). These biological mechanisms linking key traits to divergence
is often revealed through DGE via full transcriptome sequencing (Oomen & Hutchings, 2017).
The transcriptomic approach was selected in order to describe the biological processes
underlying any observed differences between populations at the gene family level. These new
comparisons highlight active avenues of adaptation unrevealed by traditional genetic
approaches.

The differences in expression in the liver tissue of B. saida characterized in this study
provides evidence that the environment fundamentally alters basic biological processes such as
homeostasis, stress response, and protein synthesis. The linkages discussed here provide
evidence for rejecting the second null hypothesis; there is no connection between the physical
environment and pathways being differentially expressed. The mapping of reads to DEGs
associated with innate immunity, protein synthesis, and cellular transport, matches the findings
of other studies of cold adapted Antarctic fish (Bilyk & Cheng, 2013; Z. Chen et al., 2008).
Stress response and habitat specific stressors are of particular interest in understanding
resilience in the face of future climate change and human impacts. Previous studies have shown
that the liver acts as a stress response initiator in B. saida when exposed to toxins, as well as
more chronic stressors such as heat (Andersen, Frantzen, et al., 2015). Legacy pollutants, such
as organochlorine pesticides (OCPs) including DDT, have been identified in the muscle and
liver tissue of B. saida, with greater concentrations observed in fjord specimens (Spataro et al.,
2021). This is a specific example of a chemical stressor being present at different levels in fjord
versus offshore environments, an occurrence that could contribute to the differential gene
expression observed in this study. Additionally, the isolation of these stress-associated terms in

a single fjord-offshore pairing suggests diversity within fjord and offshore environments.
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Beyond specific stressors, abiotic characteristics of different habitats could drive
differential regulation of even basal biological functions. Fjord and offshore shelf environments
are distinguishable by a number of physical characteristics such as bathymetry, temperature,
sedimentation rates, and chemistry (Fredriksen et al., 2020). Within the study area,
encompassing the Greenland Sea and fjords of both eastern Greenland and Svalbard, there is a
great deal of physical diversity within these habitat categories. The fjords included in this study
represent a gradient of sub-Arctic and Arctic classified fjords, with varying degrees of glacial
influence, seasonal Atlantic seawater exchange, and ice cover. The fjords sampled for this
study, exhibit temperature differences of up to 1.5°C from surface to bottom and likely even
larger differences at the sill-Atlantic exchange, especially on Svalbard where the mouth of
Isfjord is influenced by the warmer West Spitsbergen Current (Boone et al., 2017; Nilsen et al.,
2008; Zoller, 2020). In this way, sites having more disparate gene ontology profiles at longer
distance from one another can be seen as a function of environmental differences along a
gradient rather than reproductive isolation. Conductivity, temperature, and depth (CTD)
readings from the sites themselves confirm that environmental diversity exists within the
grouped fjord and offshore sites. The capture depth of specimens within habitat types varies by
more than 100m with the associated water temperature differing by 1°C or more. Even
temperate fish species (not cold-adapted) have exhibited temperature sensitivity to changes less
than 0.5°C and, in some cases, 0.05°C (Bardach & Bjorklund, 1957). It is unreasonable to
expect uniform expression patterns in categorical groups as broad as “fjord” and “offshore”
even if there was observed genetic structuring, as suggested by Madsen et al. (2016), who
suggested fjord-offshore genetic structuring could be caused by post-glacial recolonization and
subsequent adaptive divergence driven by the different environments.

Gene expression modification can play an important role as a driver of divergence in
addition to, or in place of, actual mutation of the gene-encoding DNA sequence. By studying
organisms that have undergone significant divergence, such as humans and mice,
characteristics of a gene that restrict or promote change over time can be identified. This
approach has revealed that genes with high levels of expression and low tissue specificity tend
to have their sequences and expression level highly conserved (Liao & Zhang, 2006). Genes
identified in B. saida governing processes such as cellular transport and chromosomal
segregation are assumed to be highly conserved and widely expressed across tissues due to their
fundamental nature. The direct relationship between sequence conservation and gene
expression profile remains a subject of debate, with studies of orthologs and duplicated genes

in a variety of organisms yielding conflicting results (Jordan et al., 2005; Liao & Zhang, 2006;
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Wagner, 2000). A study of recently diverged bird species (<1 million years) also found that
genes with highly variable expression patterns tended to correspond to more specialized
extracellular components or were unannotated (Uebbing et al., 2016). These observations from
other species provide context to the observed differential expression of genes associated with
both fundamental biological processes and more specific stress responses in B. saida.
Differential expression in B. saida of highly conserved genes suggests that regulation of even
the genes governing basic, highly conserved biological processes may be playing a role in
adaptation. It is logical that adjusting gene expression in response to a new environment would
be a “safer” path toward an adaptive advantage, and less subject to purifying selection (the
removal of deleterious variants), than gene sequence modification (DNA mutation). Changes
to protein coding DNA sequences are irreversible over the lifetime of an organism and are more
often deleterious than advantageous (there are more ways to “break” a protein than improve it).
In this way, most natural selection acts to remove harmful mutations (negative selection) rather
than maintain positive changes (positive or Darwinian selection) (Jordan et al., 2005). By
differentially regulating core biological processes, B. saida exhibits adaptation at the gene
expression profile level to a new environmental regime.

One of the major threats of climate change in marine systems is the rate of
environmental change exceeding the rate of natural selection for well-adapted traits. Phenotypic
plasticity and adaptation over an organism’s lifetime via up or down-regulating specific genes
may provide additional resilience in a rapidly changing environment. Understanding the
expression-derived adaptive response of different groups of B. saida could provide an indicator
of potential resilience in the face of emerging climate stresses. The inclusion of GO terms
corresponding to a response to methylmercury and regulation of the Mitogen-Activated Protein
Kinase (MAPK) immune pathway suggest that fjord and offshore groups are encountering
different pathological and chemical environmental stressors. The MAPK cascade is especially
interesting, as it is preserved across vertebrates and integral in translating stimuli into biological
responses, especially with regards to immune system function, but remains understudied in fish
(Wei et al., 2020). This novel identification of specific stress pathways in wild B. saida provides
a specific avenue for future comparisons of latent resilience between populations with yet to be

identified genetic structuring.
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Future opportunities

The transcriptomic approach employed in this study provides a new perspective on the
population structure and environmental relationship of an ecologically significant cryopelagic
Arctic gadid. However, there are many gaps remaining in the foundational knowledge required
to manage this species, and others like it, in a changing climate. There are several specific
improvements upon the approach presented here that could make subsequent studies more
productive. These optimizations can be broken into three main categories: method diversity,
sample diversity and improved reference materials.

Gene expression, genotype, phenotype, and epigenetic/post-transcriptional
modifications such as DNA methylation and miRNA activity are inextricably connected to
adaptation in an organism. While the characterization of gene expression based on environment
type is enormously useful in pointing to the aspects of an organism that are being differentially
influenced by environmental factors, it does not explain how this influence is occurring. The
characterization of DNA methylation state could provide the same vital mechanistic context to
a transcription study that gene expression provides to a genetic study. This three factor inter-
relation between genotype (SNP data), gene expression (RNA-seq), and epigenetic
modification (DNA methylation) drives how an organism interacts with and adapts to its
surroundings over its lifetime (Jones et al., 2013). In this way, an epigenetic study on the same
fjord and offshore ecotypes of B. saida could reveal the final aspects of the relationship between
these groups currently untouched upon by genetic and transcriptomic research approaches.

Transcription is, biologically, a snapshot of molecular activity representative only of the
time, tissue, condition, location, and individual from which it is sampled. By combining and
normalizing over dozens of individual “snapshots”, this project sought to create a larger image
of the relationship between different habitats. In order to improve our understanding at a system
level across the full spectrum of habitats and timepoints, many more snapshots and composite
images are required. Applying this approach to other tissues and locations is a logical next step
in shading in some of the details of the gradient of expression that has already begun to emerge
from the three pairs of fjord and offshore stations in this study. Collecting samples for RNA
extraction has become a regular part of the TUNU cruise protocol, providing a time series and
deep backlog of samples with rich metadata and information on physical environmental
characteristics. The wide availability of safe preservatives like RNAlater and growing interest
in RNA sequencing will hopefully lead to samples of this nature being regularly collected on

research cruises throughout the Arctic. Though any tissue would provide useful supplementary
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comparisons for this study, those related to immune function such as head kidney and spleen
may provide unique insight into the differential stressors faced by fish from different habitats.
The TUNU program has also been collecting blood from these fish and preserving it in
RNAlater, though at the time of writing no reliable method exists for the extraction of high-
quality RNA from these samples. Despite not being the lowest hanging fruit, characterizing
blood expression profiles would be undoubtedly novel and fascinating research that would,
after RNA extraction, be able to follow the same blueprint as this study.

The real work of a full transcriptome approach begins after the sequencing is completed.
Selecting and aligning to a reference genome is the first major analytical decision in the
bioinformatic process. The study of B. saida is substantially limited by the lack of a high-quality
reference genome. Though the well-studied G. morhua provides a solid entry point and made
this study possible, a more specifically annotated genome could enable the identification of
more nuanced pathways and biological processes under differential regulation. Directly related
is the limited number of suitable databases for non-model organisms. The process of converting
reads to genes and genes to biological pathways requires multiple high-quality intermediary
references, without which large numbers of genes and reads remain uncharacterized as was the
case in this study. Improved genomic and database resources could dramatically improve the
quality, quantity, and confidence of results from future studies following this transcriptomic

model.
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CONCLUSION

The findings of this study support the alternative hypotheses that there are significant
differences in gene expression and these differences cluster around basal biological processes
between fjord and offshore populations of B. saida in the Greenland Sea and adjacent fjords.
Furthermore, this study validates full transcriptome sequencing as an approach to understanding
local adaptation in populations of a non-model organism. Follow up investigation is warranted
to broaden the characterization of these populations using additional tissues and locations. An
in-depth characterization of other adaptation avenues such as epigenetic modification would
also provide valuable context to the transcriptomic findings presented here. Future gene
expression research can use the pipeline developed for this study with minimal adjustments,

streamlining knowledge development around a key species and cutting-edge technique.
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Supplementary plots and materials

Suppl. Table 1: Outlier removal details
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Suppl. Table 2: Collected linear regression coefficients and p-values of the log10 transformed length
and weight model fittings.

location n log_intercept slope std_error r_squared f value Pr_fvalue
Besselfjord 27 2.855 2.855 0.134 0.945 451.34 <.001
Bessel Offshore 26 2.986 2.986 0.088 0.979 1155.523 <.001
Tyrolerfjord 30 3.146 3.146 0.1 0.972 996.968 <.001
Hochsetter (Offshore) 28 2.904 2.904 0.078 0.981 1390.466 <.001
Isfjord 16 2.995 2.995 0.224 0.927 178.276 <.001
North Shelf (Offshore) = 31 2.772 2.772 0.072 0.98 1499.421 <.001
A quantile-quantile normal probability plot B quantile-quantile normal probability plot

of length distributions of Fulton's K distributions
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Suppl. Figure 1: Quantile-quantile normal probability plots for length (A) and Fulton’s K condition
factor (B) based on location. Lines of the same or similar slope follow normal distributions of a similar
shape. Point distribution represents the shape of the residuals, with a linear trend implying the variances
are relatively homogenous.
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Suppl. Figure 2: Additional PCAs of the full environment groups incorporating less explanatory PC3 and PC4.
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Appendix I: RNA extraction and cDNA library preparation

kit protocols

Qiagen Mini Kit RNA extraction protocol:

Protocol: Purification of Tofal RNA from Animal
Tissues

This protocol requires the RNeasy Mini Kit or RNeasy Protect Mini Kit.
Determining the correct amount of starting material

Itis essential fo use the correct amount of starfing material in order to obtain optimal RNA yield and purity.
A maximum amount of 30 mg fresh or frozen tissue or 15-20 mg RNAprotfect stabilized fissue (which is
partially dehydrated) can generally be processed. For most fissues, the RNA binding capacity of the
RNeasy spin column and the lysing capacity of Buffer RLT will not be exceeded by these amounts.
Average RNA vyields from various tissues are given in Table 2 (page 21).

Some ftissues, such as spleen, parts of brain, lung, and thymus are more difficult to lyse or tend to form
precipitates during RNA purification. The volume of Buffer RLT may need to be increased to facilitate
complete homogenization and to avoid significantly reduced RNA yields, DNA contamination, or
clogging of the RNeasy spin column. See the procedure below for details.

RNA yields from fibrous tissues, such as skeletal muscle, heart, and skin, may be low due to the abundance
of contractile proteins, connective tissue, and collagen. For maximum RNA yields from these fissues, we
recommend using the RNeasy Fibrous Tissue Mini Kit instead. See page 91 for ordering information.

Greater RNA yields from faftty tissues, such as brain and adipose fissue, can be achieved using the RNeasy
Lipid Tissue Mini Kit, which uses QIAzol Lysis Reagent for optimal tissue lysis. See page 91 for ordering
information.
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If there is no information about the nature of your starting material, we recommend starting with no more
than 10 mg tissue. Depending on RNA yield and purity, it may be possible to use up to 30 mg tissue in
subsequent preparations.

Do not overload the RNeasy spin column, as this will significantly reduce RNA yield and quality.

Weighing tissue is the most accurate way to quantitate the amount of starting material. As a guide, a 3
mm cube (27 mm3) of most animal tissues weighs 30-35 mg.

Important points before starting

e ) Ifusing the RNeasy Kit for the first time, read “Important Notes” (page 19). If working with RNA
for the first fime, read Appendix A (page 73).

e ) Foropfimalresults, stabilize harvested tissues immediately in RNAprotect Tissue Reagent (see
protocol on page 41). Tissues can be stored in the reagent for up to 1 day at 37°C, 7 days af 15—
25°C, or 4 weeks at 2-8°C, or archived at -30 to —15°C or =90 to —65°C.

e ) Fresh, frozen, or RNAprotect stabilized fissues can be used. Tissues can be stored at =90 fo
—65°C for several months. Flash-freeze tissues in liquid nitrogen, and immediately transfer to —90
to —65°C. Do not allow tissues to thaw during weighing or handling prior fo disruption in Buffer RLT.
Homogenized ftissue lysates from step 4 can also be stored at =90 to —65°C for several months.
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Incubate frozen lysates at 37°C in a water bath until completely thawed and salts are dissolved
before continuing with step 5. Avoid prolonged incubation, which may compromise RNA
integrity.

) If desired, more than 30 mg tissue can be disrupted and homogenized at the start of the
procedure (increase the volume of Buffer RLT proportionately). Use a portion of the homogenate
corresponding to no more than 30 mg tissue for RNA purification, and store the rest at =90 fo
-65°C.

). Buffer RLT may form a precipitate upon storage. If necessary, redissolve by warming, and then
place at room temperature.
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L Buffer RLT and Buffer RW1 contain a guanidine salt and are therefore not compatible with
disinfecting reagents containing bleach. See page 7 for safety information.

L Perform all steps of the procedure at room temperature. During the procedure, work quickly.
L Perform all centrifugation steps at 20-25°C in a standard microcentrifuge. Ensure that the
centrifuge does not cool below 20°C.

Things to do before starting

) B-Mercaptoethanol (B-ME) must be added to Buffer RLT before use. Add 10 ul B-ME per 1 ml
Buffer RLT. Dispense in a fume hood and wear appropriate protective clothing. Buffer RLT
containing B-ME can be stored at room temperature for up to 1 month.

L Alternatively, add 20 ul of 2 M dithiothreitol (DTT) per 1 ml Buffer RLT. The stock solution of 2 M
DTT in water should be prepared fresh or frozen in single-use aliquofts. Buffer RLT containing DTT
can be stored at room temperature for up to 1 month.

) Buffer RPEis supplied as a concentrate. Before using for the first time, add 4 volumes of ethanol
(96-100%) as indicated on the bottle to obtain a working solution.

) If performing optional on-column DNase digestion, prepare DNase | stock solution as
described in Appendix D (page 82).

Procedure

1. Excise the tissue sample from the animal or remove it from storage. Remove RNAprotect stabilized
tissues from the reagent using forceps. Determine the amount of tissue. Do not use more than 30 mg.

Weighing fissue is the most accurate way to determine the amount.

Note: If the fissues were stored in RNAprotect Reagent at =30 to —15°C, be sure to remove any crystals
that may have formed.
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2. Follow either step 2a or 2b.

1.

2a. For RNAprotect stabilized fissues:
If using the entire fissue, place it directly intfo a suitably sized vessel for disruption and
homogenization, and proceed fo step 3.

If using only a portion of the tissue, cut it on a clean surface. Weigh the piece to be used, and
place it info a suitably sized vessel for disruption and homogenization. Proceed to step 3.
RNA in RNAprofect stabilized fissues is protected during cutting and weighing of fissues at
ambient temperature (15-25°C). It is not necessary to cut the tissues on ice or dry ice orin a
refrigerated room. Remaining fissues can be stored in RNAprotect Tissue Reagent. Previously
stabilized tissues can be stored at =90 to —65°C without the reagent.

2b. For unstabilized fresh or frozen fissues:
If using the entire ftissue, place it directly into a suitably sized vessel for disruption and
homogenization, and proceed immediately fo step 3.

If using only a portion of the fissue, weigh the piece to be used, and place it info a suitably sized
vessel for disruption and homogenization. Proceed immediately to step 3.
RNA in harvested tissues is not protected unfil the tissues are treated with RNAprotect Tissue
Reagent, flash-frozen, or disrupted and homogenized in step 3. Frozen tissues should not be
allowed to thaw during handling. The relevant procedures should be carried out as quickly as
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possible.

Note: Remaining fresh tissues can be placed into RNAprotect Tissue Reagent to stabilize RNA (see
protocol on page 36). However, previously frozen tissues thaw too slowly in the reagent,
preventing the reagent from diffusing into the fissues quickly enough to prevent RNA
degradation.
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3. Disrupt the tissue and homogenize the lysate in Buffer RLT (do not use more than 30 mg tissue)
according to step 3a, 3b, 3c, or 3d.

See "Disrupting and homogenizing starting material”, page 22, for more details on disruption and
homogenization.

Note: Ensure that B-ME is added to Buffer RLT before use (see “Things to do before starting”).

After storage in RNAprotect Tissue Reagent, fissues may become slightly harder than fresh or thawed
tissues. Disruption and homogenization using standard methods is usually not a problem. For easier
disruption and homogenization, we recommend using 600 ul Buffer RLT.

Note: Incomplete homogenization leads to significantly reduced RNA yields and can cause clogging of
the RNeasy spin column. Homogenization with the Tissuelyser and rotfor-stator homogenizers generally
results in higher RNA yields than with other methods.

Table 8. Volumes of Buffer RLT for Tissue Disruption and Homogenization

* Use 600 ul Buffer RLT for tissues stabilized in RNAprotect Tissue Reagent or for difficult-to-lyse tissues.

Table 8. Volumes of Buffer RLT for Tissue Disruption and Homogenization

Amount of starting material (mg) | Volume of Buffer RLT (ul)

* Use 600 ul Buffer RLT for tissues stabilized in RNAprotect Tissue Reagent or for difficult-to-lyse tissues.

<20 | 350 or 600*

20-30 | 600
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3a. Disruption and homogenization using a rotor—stator homogenizer:
Place the weighed (fresh, frozen, or RNAprotect stabilized) tissue in a suitably sized vessel. Add the
appropriate volume of Buffer RLT (see Table 8). Immediately disrupt and homogenize the tissue using
a conventional rotor-stator homogenizer until it is uniformly homogeneous (usually 20-40 s). Proceed
to step 4.

3b. Disruption using a mortar and pestle followed by homogenization using a QIAshredder
homogenizer:

Immediately place the weighed (fresh, frozen, or RNAprotect stabilized) tissue in liquid nitrogen, and
grind thoroughly with a mortar and pestle. Decant tissue powder and liquid nifrogen info an RNAse-
free, liquid-nitrogen-cooled, 2 ml microcentrifuge tube (not supplied). Allow the liquid nitrogen to
evaporate, but do not allow the fissue to thaw.

Add the appropriate volume of Buffer RLT (see Table 8). Pipet the lysate directly into a
QlAshredder spin column placed in a 2 ml collection tube, and centrifuge for
2 min at full speed. Proceed to step 4.

3c. Disruption using a mortar and pestle followed by homogenization using a needle and syringe:
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Immediately place the weighed (fresh, frozen, or RNAprotect stabilized) tfissue in liquid nitrogen,
and grind thoroughly with a mortar and pestle. Decant tissue powder and liquid nitrogen intfo an
RNAse-free, liquid-nifrogen—cooled, 2 ml microcentrifuge tube (not supplied). Allow the liquid
nitrogen to evaporate, but do not allow the fissue to thaw.

Add the appropriate volume of Buffer RLT (see Table 8), and homogenize by passing the lysate
atleast 5 times through a blunt 20-gauge needle fitted fo an RNAse-free syringe. Proceed to step
4,

3d. Disruption and homogenization using the Tissuelyser: See the Tissuelyser Handbook. Then
proceed to step 4.

4. Cenftrifuge the lysate for 3 min at full speed. Carefully remove the supernatant by pipetting, and transfer,
it fo a new microcentrifuge tube (not supplied). Use only this supernatant (lysate) in subsequent steps.

In some preparations, very small amounts of insoluble material will be present after the 3 min
cenftrifugation, making the pellet invisible.
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5. Add 1 volume of 70% ethanol* to the cleared lysate, and mix immediately by pipetting. Do not
cenfrifuge. Proceed immediately o step 6.

Note: The volume of lysate may be less than 350 pl or 600 ul due to loss during homogenization
and centrifugation in steps 3 and 4.

Note: Precipitates may be visible after addition of ethanol. This does not affect the procedure.

6. Transfer up to 700 ul of the sample, including any precipitate that may have formed, fo an
RNeasy spin column placed in a 2 ml collection fube (supplied). Close the lid gently, and
centrifuge for 15 s at 28000 x g (210,000 rpm). Discard the flow-through.t

Reuse the collection tube in step 7.

If the sample volume exceeds 700 pl, centrifuge successive aliquots in the same RNeasy spin
column. Discard the flow-through after each centrifugation.t

Optional: If performing optional on-column DNase digestion (see “Eliminating genomic DNA
contamination”, page 26), follow Appendix D (page 82), steps 1-4, after performing this step.

7. Add 700 pl Buffer RW1 to the RNeasy spin column. Close the lid gently, and centrifuge for 15 s af
28000 x g (210,000 rpm) to wash the spin column membrane. Discard the flow-through.?

Reuse the collection tube in step 8.

Note: After centrifugation, carefully remove the RNeasy spin column from the collection tube so
that the column does not contact the flow-through. Be sure to empty the collection tube
completely.

Skip this step if performing optional on-column DNase digestion (page 69).

* Using 50%  ethanol (instead of 70%  ethanol) may  increase RNA  vyields from liver  samples.
" Flow-through contains Buffer RLT or Buffer RW1 and is therefore not compatible with bleach. See page 6 for safety

information.
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8. Add 500 pl Buffer RPE fo the RNeasy spin column. Close the lid gently, and cenfrifuge for 15 s at
28000 x g (210,000 rpm) to wash the spin column membrane. Discard the flow-through.

Reuse the collection tube in step 9.
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Note: Buffer RPE is supplied as a concentrate. Ensure that ethanol is added to Buffer RPE before
use (see “Things to do before starting”).

Add 500 pl Buffer RPE to the RNeasy spin column. Close the lid gently, and centrifuge for 2 min at
28000 x g (210,000 rpm) to wash the spin column membrane.

The long cenfrifugation dries the spin column membrane, ensuring that no ethanol is carried over
during RNA elution. Residual ethanol may interfere with downstream reactions.

Note: After centrifugation, carefully remove the RNeasy spin column from the collection tube so
that the column does not contact the flow-through. Otherwise, carryover of ethanol will occur.

. Optional: Place the RNeasy spin column in a new 2 ml collection tube (supplied), and discard

the old collection tube with the flow-through. Close the lid gently, and centrifuge at full speed
for 1 min.

Perform this step fo eliminate any possible carryover of Buffer RPE, or if residual flow-through
remains on the outside of the RNeasy spin column after step 9.

. Place the RNeasy spin column in a new 1.5 ml collection tube (supplied). Add 30-50 pl RNAse-

free water directly fo the spin column membrane. Close the lid gently, and cenfrifuge for 1 min
at 28000 x g (210,000 rpm) to elute the RNA.

. If the expected RNA vyield is >30 ug, repeat step 11 using another 30-50 pyl RNAse-free water, or

using the eluate from step 11 (if high RNA concentration is required). Reuse the collection tube
from step 11.

If using the eluate from step 11, the RNA yield will be 15-30% less than that obtained using a

second volume of RNAse-free water, but the final RNA concentration will be higher.

Lexogen QuantSeq library preparation protocol

Detailed Protocol - Library Amplification

This PCR protocol replaces the single indexing PCR protocols in steps 25 - 28 of the QuantSeq Kits User Guides
(015UG009, 015UG058, 015UG110), steps 35 - 38 of the SENSE mRNA-Seq V2 Kit User Guide (001UG004), or steps
of the SENSE Total RNA-Seq Kit User Guides (009UG013, 009UG102), respectively.

Preparation

Purification (Cat. No. 022)

From i5 Dual Indexing Add-on Kit:
Dual PCR - thawed at RT 5001 - 5004 =
or 5001 - 5096 (i5 Index Plate) -
thawed at RT

From standard library prep Kits:
7001 - 7096 (i7 Index Plate) - thawed
at RT

spin down before opening!

Enzyme Mix - keep on ice or at-20 °C
Thermocycler 98 °C, 30 sec

98 °C, 10 sec 65 °C, 20 sec 72 °C, 30 sec

I
|

72 °C, 1 min 10 °C, o |

14 27x

see SENSE or QuantSeq User Guide recommendations
or endpoint as determined by qPCR (Cat. No. 020.96)

from standard library prep Kits: PB - stored at
+4°C PS - stored at +4°C 80 % EtOH - provided
by user

prepare fresh! EB - stored at +4°C
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PCR

The library is amplified to add the complete adapter sequences required for cluster generation, to introduce i5 and i7
indices, and to generate sufficient material for quality control and sequencing.

We strongly recommend performing a qPCR assay to determine the optimal number of PCR cycles for the endpoint
PCR. Please use the PCR Add-on Kit (Cat. No. 020.96) and see Instruc- tion Manual 020IM064 for assay details. The qPCR
assay is equally efficient for single- and dual- indexed libraries.

ATTENTION: Important information for dual-indexed library amplification!

For dual indexing REPLACE the PCR Mix (PCR+or PCR ) from the standard library prep kit with the Dual PCR Mix
(Dual PCR . ) supplied in the i5 Dual Indexing Add-on Kits!
The Enzyme Mix needed for the PCR is provided in the standard library prep kits: E3 from QuantSeq Kits, E2 «from
SENSE mRNA-Seq V2 Kit, E2 from SENSE Total RNA-Seq Kit, or E «from the PCR Add-on Kit. Do not use E2 sfrom
QuantSeq Kits for this PCR!

Each i5 Index Plate contains sufficient volume for one library prep per index and is intended for single use only!
Spin down the i5 and i7 Index Plates before opening! Pierce or cut open the sealing foil of the wells containing only
the desired barcodes. Reseal opened wells of the barcode plate after use to prevent cross contamination!

LEXOGEN - i5 Dual Indexing Add-on Kits for QuantSeq/SENSE (5001 - 5096) - Instruction Manual

NOTE: At this point we recommend placing the purification components (PB, PS, EB, included in the QuantSeq / SENSE
Kits) for step atroom temperature, to give them enough time to equilibrate.

Prepare a mastermix containing 7 pl PCR Mix from the i5 Dual Indexing Add-on Kit (Dual PCR#) and 1 pul Enzyme Mix
from the standard library prep kits per reaction (see ATTENTION note p.4). ATTENTION: Do not use E2 #from
QuantSeq for the PCR reaction! Do not use PCR »or PCR from the standard kits if dual indexing is intended.

Add 8 pl of this Dual PCR / Enzyme mastermix to 17 pl of the eluted library.

Add 5 pl of the respective i5 Index Primer (5001 - 5004 &, in microtubes or 5001 - 5096, in 96-well plate, from the i5
Dual Indexing Add-on Kits). ATTENTION: Spin down the i5 Index Plate before opening! Pierce or cut open the sealing
foil of the wells con- taining the desired barcodes. Avoid cross contamination! Reseal opened wells of the barcode plate
after use to prevent cross contamination!

Add 5 pl of the respective i7 Index Primer (7001 - 7096, in 96-well plate, supplied with the standard kits). REMARK:
Ensure the total PCR volume is 35 pl, if necessary adjust the volume with Elution Buffer (EB) or molecular biology-
grade water. Mix well by pi- petting. Seal the PCR plate and quickly spin down to make sure all liquid is collected at the
bottom of the well. ATTENTION: Spin down the i7 Index Plate before opening! Pierce or cut open the sealing foil of the
wells containing the desired barcodes. Avoid cross contamination! Reseal opened wells of the barcode plate after use
to prevent cross contamination!

Conduct 11 - 27 cycles of PCR (see recommendations in SENSE and QuantSeq User Guides, or determine the cycle
number to use by qPCR) with the follow- ing program: Initial denaturation at 98 °C for 30 seconds, 11 - 27 cycles of 98
°C for 10 seconds, 65 °C for 20 seconds and 72 °C for 30 seconds, and a final extension at 72 °C for 1 minute, hold at 10
°C.i’rSafe stopping point. Libraries can be stored at -20 °C at this point.

Purification
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The finished library is purified from PCR components that can interfere with quantification. The Purification Beads (PB)
may have settled and must be properly resuspended before adding them to the reaction.

ATTENTION: Important information for purification of dual-indexed libraries!
 The following purification protocol replaces the Post PCR Purification described in steps -  of the QuantSeq Kits,
steps - of the SENSE mRNA-Seq V2 Kit, or steps

- of the SENSE Total RNA-Seq Kit.

« If PCR products were stored at -20 °C, ensure these are thawed and equilibrated to room
temperature before Purification Beads (PB) are added.

Add 35 pl of properly resuspended Purification Beads (PB) to each reaction, mix well, and incubate for 5 minutes at
room temperature. ATTENTION: For SENSE Total RNA- Seq and for QuantSeq libraries generated from low RNA input
or degraded RNA, add only 31.5 pl PB. For SENSE FFPE Total RNA-Seq library preps add only 29 pl PB.

Place the plate onto a magnetic plate and let the beads collect for 2 - 5 minutes or until the supernatant is completely
clear.

Remove and discard the clear supernatant without removing the PCR plate from the magnetic plate. Make sure that
accumulated beads are not disturbed.

Add 30 pl of Elution Buffer (EB), remove the plate from the magnet, and resuspend the beads properly in EB. Incubate
for 2 minutes at room temperature.

Add 30 pl of Purification Solution (PS) to the beads / EB mix to re-precipitate the library. Mix thoroughly and incubate
for 5 minutes at room temperature. ATTENTION: Add only 29 ul PS for SENSE FFPE Total RNA-Seq library preps.

Place the plate onto a magnetic plate and let the beads collect for 2 - 5 minutes or until the supernatant is completely
clear.

Remove and discard the clear supernatant without removing the PCR plate from the magnetic plate. Make sure that
accumulated beads are not disturbed.

Add 120 pl of 80 % EtOH and wash the beads for 30 seconds. Leave the plate in con- tact with the magnet as beads
should not be resuspended during this washing step. Remove and discard the supernatant.

Repeat this washing step once for a total of two washes. Make sure to remove the supernatant completely.

Leave the plate in contact with the magnet and let the beads dry for 5 - 10 minutes or until all ethanol has evaporated.
ATTENTION: Dry the beads only at room tempera- ture and do not let the beads dry too long (visible cracks appear).
This will negatively influence the elution and hence the resulting library yield.

Add 20 pl of Elution Buffer (EB) per well, remove the plate from the magnet, and resus- pend the beads properly in EB.
Incubate for 2 minutes at room temperature.

Place the plate onto a magnetic plate and let the beads collect for 2 - 5 minutes or until the supernatant is completely
clear.

Transfer 15 - 17 pl of the supernatant into a fresh PCR plate. Make sure not to transfer any beads.

At this point, the libraries are finished and ready for quality control, pooling (for multi- plexing, see also Appendix A,
p.7), and sequencing. For more details please refer to the respective SENSE and QuantSeq User Guides.

Appendix Il: detailed bioinformatic analyses

Documentation of all bioinformatic analyses including gene expression analysis can be found

in the project’s GitHub repository: https://github.com/gghill/thesis-RNAseq.
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