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Summary

Sturgeons (Family Acipenseridae) are one of the largest and most primitive fish families on
Earth. Although they have always been typically distributed throughout the Northern
Hemisphere, during the last decades wild populations have declined due to anthropogenic
factors such as overfishing, poaching, pollution, and habitat loss. The situation is
particularly dramatic for Atlantic sturgeon, one of the most ancient species among the
family, which is currently extinct in Europe. In order to reintroduce the Atlantic sturgeon in
Europe, several Baltic countries have been working together for more than two decades to
build an ex-sifu broodstock locally with fish derived from Canada, where the populations
are not threatened, and releasing juveniles into the rivers flowing to the Baltic Sea.
However, rearing fish aimed for restocking in the same manner as aquacultured fish has
been shown to impact the post-release survival of juveniles in the long term. For example, in
aquaculture conditions, fish are often maintained in high densities, at constant photoperiod
and temperature conditions, and feeding on commercial pellets, leaving them cognitively
naive when released into natural environments. Additionally, increased water temperatures
due to global warming have a strong influence on the geographic distribution of the species,
resulting in local extinctions and population shifts. Although the effect of heat and cold
stress on the juvenile and embryonic development have been assessed for several sturgeon
species, most studies on gene expression have looked at a very limited number of genes due
to the lack of sequence information and genomic resources. Also, most studies use other
sturgeon species such as Siberian, Japanese, and white sturgeons, which are widespread
aquacultured species. Exposing fish to temperatures higher than the optimal can trigger
phenotypic adaptations leading to increase thermotolerance and potentially improve post-
release survival, however the impact of temperature-training protocols on the response to a

subsequent heat shock has not yet been assessed in sturgeons.

Therefore, the main aim of this thesis was to generate genomic and transcriptomic resources
for Atlantic sturgeon, which are essential to improve and promote research in many fields,
such as ecology, physiology and evolutionary studies. Moreover, it provides a reference for
RNAseq-mediated transcriptome mapping. Additionally, we have used these resources to
develop and evaluate the impact of novel rearing techniques toward improving restoration

success, focusing on temperature training. First, we have assembled a high-quality de novo



transcriptome, made an inventory of all the heat shock protein (HSP) gene family members
and exposed a cell line derived from Atlantic sturgeon larvae to a moderate and severe heat
shock in order to identify all heat-responsive genes using an RNAseq approach (Paper I).
We found 76 HSP genes in the Atlantic sturgeon transcriptome, only 16 of which were
responsive to at least one of the applied heat shock protocols, and only 5 of which were
consistently upregulated after both moderate and severe heat shock at all the tested
timepoints. After building the reference transcriptome and annotating all the HSP genes, we
have evaluated the differences in liver transcriptome between temperature-trained and non-
trained juveniles upon exposure to a new heat shock (Paper II). After four weeks of
treatment, fish exposed to temperature training showed between 2 to 4 fold less
dysregulated genes in response to a new heat shock than the non-trained group, indicating
their improved ability to maintain transcriptomic homeostasis during a new heat shock.
Again, like in the in vitro experiment, very few of the annotated HSP genes were
dysregulated in response to heat shock in the liver transcriptome, namely Aspal, hspcl and
dnajb4. Overall, the response to heat shock in the liver transcriptome was milder than the in
vitro response, which is likely a consequence of the activation of compensatory
mechanisms. These mechanisms include the neuroendocrine system and result in increased
tissue protection and thermogenic capacities, especially in the trained fish. We therefore
propose that temperature-training protocols like the one tested in this thesis should be
included in the set of new rearing techniques for fish used for restocking; however, other

protocols should be investigated.

Since the main bottleneck in the evaluation of the effect of such training is the lack of
sequence information and a reference genome for RNAseq experiments, we have
additionally assembled a reference genome for Atlantic sturgeon using a combination of
short and long-read sequencing technologies (Paper III). The assembled genome provides
for the first time clear evidence of a sturgeon-specific whole-genome duplication event
(SR), independent from the American paddlefish (Polyodon spathula), which is the main
representative of the sister Family (Polyodontidae) within the same Order (Acipensiformes).
The presence of duplicated Hox clusters, together with synteny and phylogenetic studies of
these developmental genes, and the results of microsatellite loci analysis, suggests that

sturgeons have a paleotetraploid origin, and that a rediploidization process is still ongoing.

In summary, the results presented in this thesis advance the field of sturgeon research. We

hypothesized that temperature training has a positive effect during the exposure to a



subsequent heat shock, but its potential to improve post-release survival in the long term
should still be assessed. We therefore suggest that future work should be aimed at the
optimization of rearing methods for stocking programs and that a reference genome should

be used.



Sammendrag

Ster (Familie Acipenseridae) er blant de storste og mest primitive familier av benfisk. Mens
de opprinnelig var utbredt over hele den nordlige halvkule, er mange populasjoner né kritisk
truet pd grunn av menneskeskapte faktorer som overfiske, forurensning og tap av habitat.
Situasjonen er spesielt dramatisk for atlantisk ster, en av de eldste artene i familien, som er
utdedd i Europa. For & gjeninnfere atlantisk ster, har flere baltiske land arbeidet for a
etablere en ex situ stamfiskpopulasjon basert pa fisk fra Canada (hvor bestanden ikke er
truet), for produksjon av yngel til utsetting i baltiske vassdrag. Imidlertid gir produksjon av
settefisk etter samme prinsipper som for oppdrettsfisk svaert lav overlevelse i naturen.
Eksempelvis vil hoy tetthet, konstant fotoperiode og vanntemperatur, og foring med pellets
til faste tider gi en kognitivt naiv fisk som ikke klarer seg i det fri. I tillegg kommer okte
vanntemperaturer som resultat av global oppvarming, og som har stor innvirkning pa den
geografiske fordelingen av arter, som igjen resulterer i lokal utryddelse og forflytning av
populasjoner. Selv om effekter av vanntemperatur har blitt undersekt pa embryonal- og
yngelutviklingen i flere sterarter, har de fleste studier fokusert pa et lite sett av gener fordi
genomiske ressurser har manglet. I tillegg er de fleste studiene utfort pa andre arter som er
vanlig i akvakultur, slik som sibirsk, japansk og hvit ster. Eksponering til vanntemperaturer
som er heyere enn artens optimum, kan utlese fenotypiske tilpasninger som forer til okt
termotoleranse og potensielt forbedre overlevelse i naturen. Men effekten av slike
temperaturtreningsprotokoller pa responsen pa et pafelgende varmesjokk er ikke studert i
stor.

o

Hovedmalet med denne avhandlingen var & generere genomiske og transkriptomiske
ressurser for atlantisk ster, som en viktig faktor for & forbedre og fremme forskning innen
okologi, fysiologi og evolusjon. Videre gir avhandlingen en referanse for RNAseq-mediert
transkriptomkartlegging. Disse ressursene er sa benyttet til & utvikle og evaluere virkningen
av nye oppdrettsteknikker for settefisk, med fokus pa temperaturtrening. Forst har vi satt
sammen et heykvalitets de novo transkriptom, deretter karakterisert genfamilien av
varmesjokkproteiner (HSP), og s& eksponert en cellelinje avledet fra atlantiske storlarver for
et moderat og et kraftig varmesjokk for & identifisere alle varmeresponsive gener ved bruk

av RNAseq (Artikkel I).
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Vi fant 76 HSP-gener i transkriptomene fra atlantisk ster, hvorav 16 responderte pa minst en
av de testede varmesjokkprotokollene, og bare 5 av disse ble konsekvent oppregulert etter
bade moderat og kraftig varmesjokk ved alle testede tidspunkt. Etter & ha bygget referanse-
transkriptomet og karakterisert alle HSP-gener, evaluerte vi forskjellene i levertranskriptom
mellom temperaturtrent og ikke-trent yngel ved eksponering for et nytt varmesjokk
(Artikkel IT). Etter fire ukers behandling viste fisk som ble utsatt for temperaturtrening
mellom 2-4 ganger faerre dysregulerte gener som svar pa et nytt varmesjokk sammenlignet
med den ikke-trente gruppen. Dette antyder en forbedret evne til & opprettholde
transkriptomisk homeostase under et nytt varmesjokk. I likhet med in vitro eksperimentet
var svert fa HSP-gener dysregulert som respons pa varmesjokk i levertranskriptomet,
nemlig hAspal, hspcl og dnajb4. Totalt sett var responsen pa varmesjokk i
levertranskriptomet mildere enn in vitro responsen, noe som sannsynligvis skyldes ulike
kompensatoriske mekanismer. Disse inkluderer det nevroendokrine systemet og resulterer i
okt vevsbeskyttelse og termogen kapasitet, spesielt i trent fisk. Selv om andre protokoller
ber undersekes narmere, foreslar vi at protokoller for temperaturtrening lik den som ble
testet i denne avhandlingen ber vurderes i nye oppdrettsprotokoller for settefiskproduksjon

av stor.

Siden den viktigste flaskehalsen i evalueringen av effekten av slik trening er mangelen pa
sekvensinformasjon og et referansegenom for RNAseq-eksperimenter, har vi i tillegg
produsert et referansegenom for atlantisk ster ved bruk av ulike sekvenseringsteknologier
for korte og lange reads (Artikkel IIT). Genomet gir for forste gang klare bevis for en stor-
spesifikk helgenomdupliseringshendelse (SR), uavhengig av spadester (Polyodon spathula),
som er hovedrepresentanten for sesterfamilien (Polyodontidae) innenfor samme Orden

(Acipensiformes).

Tilstedeveerelsen av dupliserte klynger av hox-gener som er sentrale i tidlig utvikling, i
tillegg til hox-gen synteni og fylogeni, og mikrosatellitt loci-analyser, antyder at ster har en

paleotetraploid opprinnelse, og at en rediploidiseringsprosess fortsatt pagar.

Oppsummert vil de forbedrete genomiske og transkriptomiske verktey presentert i denne
avhandlingen &pne for nye muligheter innen sterforskning. Videre har temperaturtrening en
positiv effekt ved eksponeringen til varmesjokk, men potensialet for temperaturtrening og

dermed okt overlevelse ved utsett ber undersegkes videre.
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Resumo

Os esturions (Familia Acipenseridae) pertencen a unha das familias de peixes mais grandes
e primitivas da Terra. Ainda que sempre estiveron distribuidos no hemisferio Norte, nas
ultimas décadas as poboacidns salvaxes tefien diminuido debido a factores antropoxénicos
como a sobrepesca, a caza furtiva, a contaminacion e a perda do habitat. A situacion ¢
especialmente dramatica para o esturion Atlantico, unha das especies mais antigas da
familia que se atopa extinta en Europa na actualidade. Co fin de reintroducir o esturién
Atlantico en Europa, varios paises balticos levan traballando xuntos durante mais de duas
décadas para construir un nucleo reprodutor con peixes derivados de Canadd, onde a
poboacidn non esta ameazada, e liberar xuvenis nos rios que flien ao Mar Béltico. Non
obstante, cultivar peixe destinado ao repoboamento utilizando as mesmas técnicas
tipicamente utilizadas en acuicultura afecta negativamente & supervivencia a longo prazo.
Por exemplo, en condicidns de acuicultura os peixes adoitan producirse en altas densidades,
baixo condicidns abioticas constantes (fotoperiodo e temperatura), e aliméntanse de pellets
comerciais, producindo animais congitivamente inxenuos cuando son libertados no
ambiente natural. Ademais, o aumento das temperaturas da auga debido ao quentamento
global ten unha forte influencia na distribucion xeografica das especies, dando lugar a
extincions locais. Ainda que os efectos do estrés térmico no desenvolvemento embrionario e
etapas xuvenis xa tefien sido avaliados en varias especies de esturions, a maioria dos estudos
de expresion xénica céntranse en un numero moi limitado de xenes debido & falta de
recursos xenomicos. Ademais, a maioria dos estudos utilizan outras especies de esturions
como o branco, siberiano ou xaponés, mais comuns en acuicultura. A exposicion dos peixes
a temperaturas superiores as Optimas pode desecandear adaptacions fenotipicas resultando
nun incremento da tolerancia térmica e potencialmente unha mellora da supervivencia no
habitat onde son libertados. Sen embargo, os efectos do réxime de temperatura utilizado

durante a cria na resposta a un choque de calor posterior non tefien sido avaliados.

Por todo isto, o obxectivo principal desta tese foi Xerar recursos Xxenomicos e
transcriptomicos para o esturion Atlantico, esenciais para mellorar e promover a
investigaciéon en moitos campos da ciencia como a ecoloxia, fisioloxia e a xendmica
evolutiva, ademais de fornecer unha referencia para o mapeado do transcriptoma. Ademais,

empregamos estes recursos para desenvolver e avaliar o impacto de novas técnicas de
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cultivo para mellorar o proceso de repoboacion, centrandose na xeracion de individuos

termotolerantes.

En primeiro lugar, temos ensamblado un transcriptoma de alta calidade, fixemos un
inventario de todos os membros da familia das proteinas de choque térmico (HSP) e
expuxemos unha lifia celular isolada a partir de larvas disgregadas de esturion Atlantico a un
choque de calor moderado e severo para identificar xenes sensibles 6 calor (Artigo I).
Atopamos 76 HSP no transcriptoma de esturiéon Atlantico, dos cuais s6 16 foron sensibles a
polo menos un dos protocolos de choque de calor avalidado, e 5 foron sensibles a ambos

choques térmicos idenpendentemene do momento da amostraxe.

Utilizando as secuencias dos xens HSP e o trancriptoma de esturion ensamblado no Artigo 1
como referencia, temos avaliado as diferenzas no transcriptoma hepatico en resposta a un
choque térmico entre xuvenis criados baixo un réxime de temperatura constante e en réxime
fluctuante (Artigo II). Despois de catro semanas de tratamento, os peixes criados en réxime
de temperatura fluctuante mostraron entre 2 e 4 veces menos xens diferencialmente
expresados en resposta a un novo choque térmico que os peixes criados en réxime de
temperatura constante, indicando a sua mellor capacidade para manter a homeostase
transcriptomica durante un novo choque térmico. Como xa indicaron os resultados in vitro,
moi poucos HSP foron diferencialmente expresados en resposta 6 choque de calor no
transcriptoma hepatico, concretamente hspal, hspcl e dnajb4. En xeral, a resposta ao
choque térmico no transcriptoma hepatico foi mais leve que a resposta in vitro, o que ¢
probablemente consecuencia da activacion de mecanismos compensatorios. Estes
mecanismos inclien o sistema neuroendocrino e tefien como consecuencia un aumento da
proteccion dos tecidos e das capacidades termoxénicas, especialmente no peixe criado a
temperaturas fluctuantes. Polo tanto, propofiemos que a cria de peixes a temperaturas
fluctuantes debe ser incluida no conxunto de novas técnicas empegadas en peixes criados
con fins de repoboamento, non obstante, outros protocolos de temperatura deben ser

inestigados.

Dado que unha importante limitacion para a avaliacion de novas técnicas de cria ¢ a falta
dun xenoma de referencia para experimentos de mapeado do transcriptoma, no Artigo ITI
temos ensamblado un xenoma de referencia para o esturion Atlantico, combinando
tecnoloxias de secuenciacion de curta e longa lectura. O xenoma do esturion Atlantico

evidencia por primeira vez a presenza dun evento de duplicacion especifico de esturién (SR)
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e independente do peixe-espatula (Polyodon spathula). A presenza de xenes Hox
duplicados, xunto con estudos filoxenéticos e de sintenia e os resultados da analise de /loci
microsatélite suxire que os esturions teflen unha orixe paleotetraploide e que a

rediploidizacion € ainda un proceso activo.

En resumo, os resultados presentados nesta tese avanzan no campo da investigacion con
esturions. Os nosos resultados suxiren que a cria de peixes baixo un réxime de temperatura
fluctuante ten un efecto positivo durante un choque térmico subsecuente, pero a influencia
de esta nova técnica de cria na supervivencia dos xuvenis tras a sua liberacion no habitat a
repoboar ainda debe ser avaliada. Contudo, suxerimos que o traballo no futuro ten que estar
centrando na optimizacién dos métodos de cria en programas de repoboacion e que o

xenoma de referencia debe ser usado.
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Introduction

General background

Based on fossil records dated from the Lower Jurassic (~ 200 Mya), sturgeons are one of the
most primitive fish on earth, which were depicted in Egyptian temples and frequently
appeared in coins and postage stamps. They are considered very curious fish that
occasionally leap out of the water, and native North Americans used to wait for them on the
water surface with a torch to catch them. In addition to their meat and roe, their swim
bladder was used as an adhesive and paint-binding agent, and leather used to be made from
their skin. Sturgeons are among the largest freshwater fish and, like sharks, they have a
heterocercal tail, and their skeleton consists almost exclusively of cartilage. Additionally,
instead of scales, their body is covered with bony plates called scutes. Due to their high
morphological stasis throughout evolution, they have been largely considered “living

fossils” (Bemis et al., 1997; Krieger and Fuerst, 2002).

Sea and
estuarine
areas

Figure 1. Generalized life cycle of the Atlantic sturgeon (Acipenser oxyrinchus).

Illustration modified from Government of Canada.

Sturgeons feed as opportunistic benthivores and have therefore developed some
morphological adaptations: they have a flat belly and a siphon-like protractile mouth with
barbels, which contain taste buds to search for prey hidden in the mud. They are currently
distributed throughout the Northern Hemisphere and most of them show an anadromous life

cycle: larvae hatch and develop into juveniles in rapid-moving freshwaters, where they
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remain up to 5 years until they initiate their migration to the sea and estuarine areas and
become sexually mature. During the reproductive season, which can happen as frequently as
once per year in some species like sterlet and as rarely as once per decade in white sturgeon,
they show homing behavior, migrating upriver to spawn in the same rivers where they

hatched (Fig. 1).

Their generation time is generally quite long, and their life expectancy can be up to 100
years. In addition, sexual maturation occurs late in life, taking 4-35 years in females and 2-
24 years in males, depending highly on the species (Billard and Lecointre, 2000). With the
exception of some species, adults lack sexual dimorphism (Keyvanshokooh and Gharaei,
2010). They are categorized as bony fish (Osteichtyes), the largest vertebrate group, which
diverged 420 million years ago (Mya) into two classes: Actinopterygii (ray-finned fish) and
Sarcopterygii (lobe-finned fish) (Betancur et al., 2013). Sarcopterygians have an important
evolutionary role as ancestors of amphibians and tetrapods (Swartz, 2012); however,
Actinopterygians are the dominant class of vertebrates and comprise nearly 99% of the
extant fish species. Actinopterygians are divided into two subclasses: Chondrostei and
Neopterygii, and in turn, Neopterygii are divided into Holostei and Teleostei. Sturgeons are
chondrosteans of the order Acipensiformes that diverged from teleosteans 250 Mya

(Betancur et al., 2013), occupying a leading position in evolution (Fig. 2).
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Figure 2. Phylogenetic relationship of sturgeons among gnathostomata (jawed vertebrates).
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It was for long debated whether they were part of the sister or basal clade to teleosts (Inoue
et al., 2003; Kikugawa et al., 2004), while they have been recently considered as a sister
clade to Neopterygians (Near et al., 2012). Either way, because of their phylogenetic
position, they have been used as a key outgroup taxon for studies investigating the evolution
of teleosts (Metscher and Ahlberg, 1999). The Order Acipensiformes contains 27 species
divided into two families that diverged between 184.4 and 204.1 Mya (Peng et al., 2007,
Luo et al., 2019): Acipenseridae and Polyodontidae. While the Polyodontidae family
contains only two extant species (Polyodon spathula and Psephurus gladius), the
Acipenseridae family includes four genera (Acipenser, Huso, Scaphirhynchus, and
Pseudoscaphirhynchus), and 25 species with adult weights ranging from ~16 kg (sterlet,
Acipenser ruthenus) up to 1,500 kg for beluga sturgeon (H. huso), the largest freshwater fish
described to date. Due to the absence of nuclear markers, the evolutionary relationship
among sturgeons has been studied for many years using only mitochondrial DNA (mtDNA),
but recent investigations have developed phylogenetic studies based on nuclear protein

markers derived from transcriptome data (Luo et al., 2019) (Fig. 3).

IUCN classification
Europe  Globally
P b

P

r— A. sturio @
— b A. oxyrinchus @

A. sinensis
_E A. dabryanus
H. dauricus
A. schrenckii
_E A. transmontanus

P. kaufmanni

A. fluvescens

— H. huso @
L A.stellatus @

— A. ruthenus @
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A. persicus @
E A. gueldenstaedtii @

Figure 3. Phylogenetic classification of some sturgeon species. Brown lines indicate the

Sea clade, blue indicate the Pacific clade, and orange indicate the Atlantic clade.
Columns indicate the IUCN classification in Europe (left) and globally (right). LC: Least
concern; NT: Near threatened; VU: Vulnerable; EN: Endangered; CR: Critically
endangered; EW: Extinct in the wild. Figure adapted from Luo et al., 2019.
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According to these new studies, sturgeons can be divided into the Sea clade, the Pacific
clade and the Atlantic clade. The Sea clade diverged from the Atlantic-Pacific clade 144.9
Mya and contains only two species that diverged 68.3 Mya: A. sturio and A. oxyrinchus. The
remaining sturgeon species belong to either the Pacific or the Atlantic clade, which diverged

around 117.6 Mya (Luo et al., 2019).

As reported by the International Union for Conservation of Nature (IUCN) in its European
Red List of Freshwater Fishes (Freyhof and Brooks, 2011), 37% of Europe’s freshwater fish
species are threatened, but the status of sturgeons is particularly worrying, with seven out of
eight typically European species being critically endangered (4. gueldenstaedtii, A. nacarii,
A. nudiventris, A. stellatus, A. sturio, A. persicus and H. huso) and one (A. ruthenus)
classified as vulnerable. Natural occurrence of Atlantic sturgeon (4. oxyrinchus, Mitchill,
1815) in the Baltic Sea has been reported since the Middle Ages, but this species is now
extinct in the wild in Europe (Ludwig et al., 2002, 2008; Elvira et al., 2015;). However 4.
oxyrinchus is the only sturgeon species that has a different classification on the European
list than on the global list (www.iucnredlist.org), as wild populations are still present from
the North of Quebec (Canada) to the Gulf of Mexico (United States), where the population

tends to increase and is classified as near threatened (Pierre and Parauka, 2006).

Due to their long life span and late maturation, sturgeons are especially susceptible to
anthropogenic factors like overfishing, poaching, pollution, river damming and climate
change. Despite the fishing bans, recent studies on critically endangered sturgeon stocks in
the Danube river basin, one of the last places in Europe where wild populations reproduce,
reported illegal fishing activities that are threatening the future of these local populations
(Smederevac-Lalic et al., 2012). In addition, the presence of pollutants like endocrine
disrupting chemicals (EDCs) in the aquatic environment can interfere with the functioning
of the fish endocrine system (Scholz and Kliiver, 2009) and result in hermaphroditism and
feminization (Wang et al., 2011). River dams and hydropower turbines can delay or even
block migratory routes and affect the distribution of anadromous species, including
sturgeons. Also, changes in water flow and river modernization have reduced the
distribution of spawning grounds, limiting spawning opportunities and reducing the survival
of the offspring. Fish, like all the living organisms, have an optimal temperature range in
which they can live and reproduce. Therefore, increasing water temperatures caused by
climate change have a modifying role in fish maturation and spawning, forcing them to

migrate to cooler waters or, if they are unable to relocate, become less productive.

22



Sturgeon aquaculture

During the last 20 years the worldwide demand for caviar continued to grow, despite the
decline of wild sturgeon populations. Sturgeons are currently protected and fishery is
prohibited in most countries including Russia, one of the most important caviar producers
worldwide (GAIN Report, 2014). Despite the taken measures, wild sturgeon populations
continued to decline (Bronzi and Rosenthal, 2014; TUCN, 2018) and aquaculture has
emerged as an alternative to supply the market, especially in the areas where sturgeons are

or were naturally prevalent (Bronzi et al., 2011).

In 2017, up to 2,329 sturgeon farming plants were registered worldwide, most of them
located in China (54%) and Russia (24%), and only 140 in Europe (Bronzi et al., 2019). The
global sturgeon aquaculture biomass has increased more than four times in the last decade,
peaking in 2015 with 129,608 tons (t), and decreasing ~ 20% in 2017 (Fig. 4a). With 79,638
t, the Chinese production represents approximately 78% of the global biomass production,

followed by Russia (6,800 t), Armenia (6,000 t) and Iran (2,514 t) (FAO Fishstatl).
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Figure 4. a: Global production of sturgeon in tons (t), between 1950 and 2017. Grey
areas represent fisheries, while solid lines correspond to aquaculture, both globally (blue
line) and in China (red line). b: Caviar production in tons (t) between 2000 and 2017.
Solid black line represents the total amount produced in aquaculture (AQU), dashed red
line represents only China and dashed blue line represents the rest of the world (RoW).

Data and Illustration derived from Bronzi et al., 2019.

Sturgeon aquaculture pursues the production of two products: meat and caviar. The word
“caviar” is restricted by the Food and Agriculture Organization (FAO) to eggs (roe) derived

from sturgeons. While in most of the countries sturgeon meat is considered a sub-product of
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the caviar industry, in countries such as China, Russia and Iran, sturgeon meat is an
appreciated product. This explains why China is the leading sturgeon biomass producer
worldwide while, when considering caviar only, its contribution to the market is much lower

(approximately 27%) (Fig. 4b).

Caviar production from aquaculture has increased during the last 15 years, reaching 364 t in
2017. The time to reach gonad maturity varies among the different sturgeon species, and
therefore has a direct effect on the length of the farming before harvesting and influences

the choice of the species to farm.

In farms, rearing conditions are generally more favorable than natural conditions and
puberty occurs considerably earlier. Siberian sturgeon (4. baerii) females reach sexual
maturation after ~ 7 years in aquaculture conditions and therefore it is the most popular
species for both caviar (31%) and meat (39.5%) production. Russian (4. gueldenstaedtii)
(20.4%) and White sturgeons (4. transmontanus) (12.1%) are also popular species for caviar
production, and Japanese sturgeon (4. schrenckii) (10.2%) for meat production. Hybrids
(e.g. A. schrenckii x Huso dauricus, A. baerii x A. schrenckii) are also widely used in both
industries, especially for caviar (35.6%). Overall, Atlantic sturgeon (4. oxyrinchus)

represents only 0.1% of the caviar production worldwide.

Although caviar production has increased, it is still considered a luxury and pricey product
and the market demand has not increased sufficiently suggesting that, if the trends remain
the same, the demand will continue to be lower than the offer during the coming years

(Bronzi et al., 2019; Sicuro, 2019).

Atlantic sturgeon restoration program

Aquaculture can be used as a tool to restore or enhance endangered species in the wild and
compensate for losses in fish diversity. This practice is called stocking and, provided it is
performed under well-designed guidelines, it can result in an effective increase in fish
populations. This practice is very extended in salmonids (Finstad and Jonsson, 2001) and
has also been used in tropical marine species (Ziemann, 2001); however, when it is used to
create a self-sustaining fish stock in a location where it is extinct, it is called restoration.
Atlantic salmon populations were also restored in several water bodies, like the Rhine, the

Elbe and the Odra rivers, during the 1990s (Bartel, 1997).
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As previously mentioned, the two sturgeon species living at either shore of the Atlantic
Ocean, 4. sturio in Europe and 4. oxyrinchus in North America, diverged around 68.3 Mya
(52.2-82.1 Mya, 95% CI) (Luo et al., 2019). However, archaeological evidence supports that
A. oxyrinchus colonized the Baltic and replaced the native population (Ludwig et al., 2002,
2008) before getting extinct. A. sturio is currently restricted to a small population in the
Gironde basin in France (Rochard et al., 1990) where is under a restoration program (Williot
et al., 2005). On the other hand, 4. oxyrinchus, currently restricted to North America, has
been under restoration programs in several Baltic countries since the 1990s. Poland and
Germany have been working together since 1997 to restore the Baltic population (Gessner,
2000). The reintroduction program focused initially on raising an ex-sifu broodstock locally
with which to produce restocking material that can be released in different regions of the

rivers that flow into the Baltic Sea.

The introduction of nonnative species could result in increased stocking mortality, and even
in the event of survival, the nonnative species could negatively influence the structure of
native populations or other native species (Ludwig, 2006). Therefore, it seems logical that
the same population that swam to the Baltic back in the Middle Ages is the one used to
restore it, especially considering that Atlantic sturgeon in North America (also known as
Gulf sturgeon) is not considered threatened. Since 2006, broodstock from the St John River
in Canada is being transported to Europe in cooperation with two Canadian research
facilities, while spawn and hatch is in parallel being collected and sent to Germany and
Poland. All the imported material is genetically analyzed using microsatellite DNA markers
to ensure genetic diversity, and a fragment of cytochrome b, a mitochondrial gene, is

sequenced in order get species confirmation (Fopp-Bayat et al., 2015).

Successful spawning requires certain photoperiod and temperature conditions and the
presence of spawning grounds, which should consist of shallow rock or gravel substrate to
adhere the eggs, and an adequate water flow for egg oxygen supply. Therefore, rivers
flowing to the Baltic and their tributaries have been searched for possible spawning
grounds. The Odra River is 865 km long and hosts historical spawning ground for
sturgeons. Although the construction of dams along the upper parts was one of the most
important factors that led to extinction of the Baltic population, the lower sections remain
quite conserved (Gessner and Bartel, 2000). Oxygen concentrations, presence of sediments
and temperature fluctuations have also been assessed in order to select the best potential

locations for the release of stocking material. It is important to remember that released
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sturgeons will only go to their spawning ground to reproduce when they have matured (at
least a decade later), therefore the conditions of their upriver migration and spawning
grounds should be ensured at least until then, and this can only be achieved by the
establishment of habitat preservation policies and international cooperation (Kirschbaum et
al., 2015). As of 2018, more than 3 million individuals have been released in the Vistula and
Odra Rivers (Fig. 5), among others (Gessner et al., 2019), although this has not yet resulted
in any known reproduction. The age upon release is also an important factor to take into
consideration: younger fish have higher post-release mortality, but they are also more likely
to keep natal river imprinting and subsequent homing fidelity. Short-term (30 days)
telemetry studies showed that 9-month old Atlantic sturgeon juveniles released into the
Odra perform downriver migration (Fredrich et al., 2008), in contrast with observations of
juvenile pallid sturgeon (S. albus) released in the Missouri River that showed upstream
water dispersal (Eder et al., 2015). In both cases, the survival rate was close to 100%. On

the other hand, very few studies focus on the long-term survival from release to adulthood.

O |

P Czech 0s
Republic g,
Figure 5. Location of the Odra and Vistula Rivers in Germany and Poland, and estuary

in the Baltic Sea.

Aquaculture-reared A. oxyrinchus juveniles (220 days) from wild parents were released into
the Suwanee River and monitored during 19 years, showing more than twice as much
(26.7%) mortality (or lack of homing behavior) compared with the wild cohort (11.2%),
especially at the onset of marine life (Sulak et al., 2014). They also showed smaller size and
lower weight, suggesting lower fitness. Other studies with shortnose sturgeon (4.

brevirostrum) reported imprinting failure indicated by recaptures in other river systems and

26



a 0.3% survival after 10 years post-release (Quattro et al., 2002; Smith et al., 2002). In
addition, millions of hatchery-reared fry (30-50 days) of Russian, Beluga and stellate
sturgeons stocked annually since the 1950s in the Volga have reported survival to sexual

maturation rates of 0.1-1% (Khodorevskaya et al., 1995; Levin, 1995).

Aquaculture methods are focused on producing fish fast and uniformly, rather than adapting
the production to the requirements of releasing vigorous fish, leading to high post-release
mortality or disrupted homing behavior. Sturgeon distribution and abundance in the wild is
determined by several factors, such as temperature, photoperiod and salinity fluctuations
along the migration route (Beitinger et al., 2000; Gradil et al., 2014), however fish reared in
farms are raised in stimulus-deprived tanks, with constant abiotic factors such as
temperature and photoperiod, and feeding on commercial pellets (Mohler et al., 2004). For
all these reasons, it seems logical to conclude that innovative techniques should be designed
and implemented in order to wild-condition the fish produced for stocking. A recent study
described that Atlantic sturgeon juveniles raised in an artificial river section exposed to
natural temperature and photoperiod showed increased brain plasticity markers compared
with those raised in aquaculture conditions (Camara-Ruiz et al., 2018a). In addition, fish
fed for two weeks with chironomids buried in sand were able to feed significantly faster
than the untrained cohort upon exposure of both groups to the same feeding regime
(Camara-Ruiz et al., 2018b). Other authors focused on studying the swimming performance
and the response to swimming exercise in sturgeons (Du et al., 2014; Katopodis et al.,

2019).

In this thesis, we have focused on temperature training. According to the intergovernmental
panel on climate change (IPCC, 2013), the upper 75 m of the ocean warmed constantly from
1971 to 2010 at a rate of 0.11°C per decade; however, rivers can be affected more strongly,
e.g. the Loire River in France has seen an increase of 2°C in the past two decades.
Temperature constitutes an important factor for the distribution of anadromous species and
an increase, especially in summer, might alter environmental conditions during migrations
and reproduction and result in a shift of the geographic distribution of species and local
extinctions (Fields et al., 1993; Hofmann and Todgham, 2010). To date, there is no evidence
of decreased water temperatures negatively influencing sturgeon survival. Fish perceive
seasonal changes through changes in temperature and photoperiod; therefore, thermal
adaptation is crucial for survival. Considerable work has been conduced on upper

temperature tolerances of sturgeon. Siberian and Green sturgeon larvae exposed to
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temperatures up to 26°C showed notochord and muscle alterations and increased heat shock
protein (HSP) levels (Werner et al., 2007; Aidos et al., 2017), while 28°C was shown to be
lethal (Linares-Casenave et al., 2013) and temperatures above 24°C reduced the growth rate
and feeding efficiency and increased mortality in shovelnose sturgeon juveniles
(Kappenman et al., 2009). With the exception of Ziegeweid et al. (2008), who showed an
increase in the critical thermal maxima in shortnose sturgeon juveniles acclimated to high
temperatures (Ziegeweid et al., 2008), very little research has been done on how

temperature training affects the response to a subsequent heat stress in sturgeons.

Genetic resources for sturgeons

The genome contains all the genetic material of an organism, including protein-coding
genes, non-protein-coding functional DNA (e.g. structural RNA genes, promoters,
silencers), and DNA for which the function is still poorly understood (e.g. simple sequence
repeats and transposable elements). In eukaryotes, the typical protein-coding gene structure
contains coding regions alternated with non-coding regions, which are transcribed but not
translated. After the spliceosome has spliced the introns, the mature messenger RNA
(mRNA) is transported to the cytoplasm and translated into proteins in the ribosomes.
Alternative splicing results in different mRNA isoforms and therefore several protein

isoforms, which are often tissue-specific.

In eukaryotes, genomic DNA (gDNA) is organized in chromosomes in the cell nucleus. The
number of sets of chromosomes is called the monoploid number or ploidy level (x), while
the number of chromosomes in a gamete, which has undergone meiosis, is known as the
haploid number (n). Therefore, in diploid organisms the monoploid (x) and haploid (n)
numbers are interchangeable concepts. Chromosome numbers can vary from as little as a
single chromosome in males of the species Myrmecia pilulosa (Crosland and Crozier, 1985)
to up to 1,260 in some ferns of the genus Ophioglossum (Khandelwal, 1990). Among
vertebrates, the cyprinid Ptychobarbus dipogon contains the highest number of
chromosomes (~446) reported to date, while the second highest chromosome count (~437)
was recently reported in a cultured heptaploid Siberian sturgeon (Acipenser baerii) (Havelka
et al., 2016). Despite the above-mentioned exceptions, the haploid number of chromosomes
in fish remains remarkably constant between 24 and 29, even among species with high DNA

content, like the Atlantic salmon (Klinkhardt et al., 1995). Previous studies found that
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Atlantic sturgeon’s haploid chromosome number is 60 (2n=120), with a high presence of

microchromosomes (Fontana et al., 2008; Ludwig et al., 2001).

The C-value is the amount of DNA contained in a germinal cell and it’s measured in
picograms (pg) or base pairs (bp) per nucleus (1pg= 978 Mbp). Genome size and C-value
are interchangeable concepts in diploids, but in polyploids the C-value represents two or
more genomes. Among vertebrates, genome sizes are highly variable from as little as 378.6
Mbp in Golden puffer (Arothron meleagris) (Ojima and Yamamoto, 1990) to up to 129.9
Gbp in Marbled lungfish (Protopterus aethiopicus) (Pedersen, 1971). The lack of
correlation between the genome size and the organismal complexity remains still
unexplained and is known as the C-value paradox. The American paddlefish (Polyodon
spathula), sturgeon’s closest relative, has a haploid chromosome number of 60 (like Atlantic
sturgeon) and a genome size of 1.9 Gbp, based on flow cytometry (Gregory, 2019).
Similarly, Atlantic sturgeon’s genome size is estimated to be 2.14 Gbp for diploid
individuals, based on Feulgen Image Analysis densitometry (FIA) in red blood cells
(Gregory, 2019).

Evidence of two rounds (2R) of whole genome duplication (WGD) events affecting
vertebrates 590 Mya (Meyer and Schartl, 1999) was in large part initially revealed by the
discovery of duplicated Hox genes, whose structure and function are conserved across wide
taxonomic distances (McClintock et al., 2001; Wagner et al., 2003; Soshnikova et al., 2013).
Today it is known that teleosts have undergone an additional teleost-specific genome
duplication event (TSGD) about 334 Mya, and salmonids and cyprinids have undergone a
fourth round each. As non-teleost actinopterygians, Acipensiformes have not undergone the
TSGD, but they have arisen by a polyploidization event from a diploid ancestor, and
functional diploidy was reestablished before the radiation of the order (Krieger et al., 2008).
Based on chromosome numbers and microsatellite markers, it is believed that sturgeons
have undergone three subsequent linage-specific duplication events that lead to diploid,
tetraploid and hexaploid species that are particularly prone to hybridize (Ludwig et al.,
2001; Milos et al., 2011; Havelka et al., 2013). Polyploidy is very common in plants but rare
in fish, with the exception of chondrichthyans (Stingo and Rocco, 2001) and sturgeons
(Blacklidge and Bidwell, 1993), in which polyploidization might still be ongoing as
triploids can occasionally be found within diploid species, like the Atlantic sturgeon
(Blacklidge and Bidwell, 1993). Previous studies considered species with 60 chromosomes

(2n=120) as tetraploids, based on the high nuclear content and chromosome numbers, but
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following studies agreed to classify them as diploids, based on microsatellite disomic allelic

patterns (Havelka et al., 2013).

Overall, chromosome number, genome size and ploidy level are important features to
consider before initiating a genome sequencing project. In addition, it is also important to
know the percentage of repetitive content and heterozygosity. The bacterium Haemophilus
influenza had the first published genome (Fleischmann et al., 1995), followed by the
unicellular eukaryote S. cerevisiae (Goffeau et al., 1996), the multicellular eukaryote C.
elegans (C elegans Sequencing Consortium, 1998), the model plant A. thaliana
(Arabidopsis Genome Initiative, 2000) and the first fish, the Japanese pufferfish (Aparicio et
al., 2002). All these genomes were quite small and it wasn’t until 2004, after 15 years of
work, that the human genome was published (Human Genome Sequencing Consortium,
2004) (haploid genome size 3.23 Gbp). Today more than 25,000 eukaryotic genome projects
are deposited at the National Center for Biotechnology Information (NCBI), of which more
than 11,000 correspond to plants, and almost 5,000 to animals, of which 318 are fish.

Table 1 shows a selection of fish genomes belonging to different fish lineages:

Species C-value | Chromosome Genome assembly (size; n. References
(Gbp) number scaffolds; N50)
(haploid)
Elephant shark 1.89 Unknown 0.93 Gbp; 21,204; 4.52 Mb (Hardie and Hebert, 2004;
(Callorhinchus milii) Venkatesh et al., 2014)
Coelacanth 2.68 24 2.86 Gbp; 22,819; 0.92 Mb (Amemiya et al., 2013)
(Latimeria chalumnae)
Zebrafish 1.71 25 1.37 Gbp; 2,848; 7.37 Mb (Ciudad et al., 2002; Howe et
(Danio rerio) al,, 2013)
Spotted gar 1.40 29 0.945 Gbp; 2,106; 6.92 Mb (Braasch et al., 2016; Ojima
(Lepisosteus oculatus) and Yamamoto, 1990)
Atlantic salmon 3.03 29 2.97 Gbp; 241,573; 1.36 Mb (Lien et al., 2016;
(Salmo salar) Vinogradov, 1998)
European eel 1.19 19 A: 1 Gbp; 501,148; 59 kb (A: Henkel et al., 2012;
Anguill i1l
(Anguilla anguilla) B: 0.86 Gbp; 2,338; 1.2 Mbp B: Jansen et al., 2017a)
American paddlefish 1.9 60 Not sequenced
(Polyodon spathula)
Sterlet 1.82 60 1.83 Gbp; 215,913; 191.06 kb | Gene Bank Accession

(Acipenser ruthenus) GCA_004119895.1

) Atlantic sturgeon 1.28 60 This thesis (Hardie and Hebert, 2004;
(Acipenser oxyrinchus) Yebra-Pimentel et al., 2019)

Table 1. List of selected fish genomes, indicating the species, genome size in Mega base

pairs (Mbp), haploid number of chromosomes and genome assembly statistics.
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chondrichthyans (elephant shark), sarcopterygians (coelacanth), teleosts (zebrafish, Atlantic
salmon, European eel) and non teleost-actinopterygians: the holostean spotted gar, and the
chondrosteans American paddlefish, sterlet and Atlantic sturgeon, the species under study in

this thesis.

Sequencing technologies

DNA sequencing began with Sanger sequencing in 1977 (Sanger et al., 1977) and has
rapidly advanced since then with the introduction of shotgun sequencing (Gut, 2013; Verma
et al., 2017). High-throughput or next generation sequencing (NGS) is relatively new and
rapidly evolving and can be grouped into three categories: 1) Sequencing by synthesis; 2)
Sequencing by ligation and 3) Single molecule sequencing (third generation sequencing,

TGS).

These three categories employ different gDNA preparation methods and nucleotides
recognition systems, resulting in differences in throughput, read length and sequencing
errors. Illumina sequencing (sequencing by synthesis) consists of shearing gDNA and
ligating it to a short nucleotide stretch with known sequence, called adapter, resulting in
modified gDNA fragments that are subsequently PCR amplified and poured into a flow cell.
The flow cell surface is covered with reverse complementary copies of the adapters that
bind covalently to the poured fragments. The fragments are locally amplified several times
forming bridges (bridge PCR), resulting in the formation of so-called clusters that are read
by the system using a replication machinery that includes modified nucleotides. Each of the
four nucleotides is attached to a fluorescent group and the 3° OH group is modified in order
to temporarily interrupt the replication after the incorporation, making possible to control

and monitor the replication process (Fig. 6a).

On the other hand, Oxford nanopore technologies (ONT) provide platforms for TGS based
on nanopore sensing (Division et al., 1996; Meller et al., 2001; Venkatesan and Bashir,
2011). The flow cell consists of a polymeric membrane with an array of wells with
nanopores embedded, and an application specific integrated circuit (ASIC) underneath,
which contains the signal amplifiers. In this case, gDNA does not need to be sheared or
amplified, but adapters are still needed. Tethering oligonucleotides are used to keep the
DNA molecules on the membrane and increase the concentration near the pores. During the
run, a voltage is applied across the membrane, generating a current through the nanopores.

A motor protein unwinds the double stranded DNA (dsDNA) allowing it to translocate
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through the pores at a controlled speed (450 bases per second, bps). This translocation
results in a disruption of the current through the pore, generating what are called events that,
using base-calling software, are translated into nucleotides with a probability value or a

quality score attached (Fig. 6b).

Sequencing device Flow cell Nucleotide recognition system
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Glass membrane . . ’ "
coversd itk reveise- Sheared DNA is amplified by bridge PCR forming
HiSea2500 complementary clusters. Modified nucleotides are used to control and
Bench—sizzgl SEOIEHEEE copil:s of the adapters monitor the replication. Illumina base calling software
q translates fluorescence dots into nucleotide sequences.
B
-
» Z
- =
MinlON . .
Pocket-sized sequencer Polymeric membrane dsDNA is unwound by a motor protein and
with embedded translocated through the pores causing a disruption of
nanopores the voltage which is translated to nucleotide
sequences.

Figure 6. Comparison between Illumina (A) and nanopore (B) sequencing platforms in

terms of sequencing devices, flow cells and nucleotide recognition systems.

Nanopore sequencing was introduced in the market in 2014 (Mikheyev and Tin, 2014) and
currently offers five sequencing devices: the pocket-sized SmidgION, Flongle and MinION,
and the bench devices GridION and PromethION. The procedure to prepare the gDNA to be
sequenced is the same for all the devices, the only difference being the amount of pores in
the flow cells and, consequently, the throughput. Both MinION and GridION devices run
with flow cells containing 512 sensors connected to 2,048 pores, but the GridION offers the
possibility to run up to 5 flow cells simultaneously. The PromethION flow cells contain
3,000 sensors connected to 12,000 pores, and depending on the system they can run up to 24

or 48 flow cells at a time.

In order to reconstruct the original genome or transcriptome, sequencing reads need to be
assembled. The quality of the assembly depends on the quality and length of the sequencing

reads and the sequencing coverage. The quality (Q) of the sequencing reads is measured
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using Phred scores (Ewing et al., 1998), which is the negative ratio of the error probability
(P=10 "' In this way, a Q of 10, 20, 30 or 40 means that the error rate for that base call
is 10, 1, 0.1% and 0.01% respectively. When sequencing by synthesis several thousands of
molecules at the same time, at the end of the fragments some molecules are one or more
nucleotides ahead and some lack behind, producing signal noise and resulting in a lower Q
of the called bases. This feature limits the Illumina sequencing read length to up to 300 bp,
nevertheless, ensuring a Q>30 (Nakamura et al., 2011). In nanopore sequencing read length
is not limited by the system, however, the average Q is ~10 (Goodwin et al., 2015) and
needs to be addressed by post-sequencing bioinformatics. In addition, nanopore sequencing
reads are also characterized by the under-representation of homopolymers in the raw reads
(Lu et al., 2016). The sequencing coverage or sequencing depth refers to the total amount of
sequencing data relative to the genome size. When the reads are of a fixed length (e.g.
Illumina) the coverage can be calculated by multiplying the number of reads (N) by their

length (L) and dividing it by the genome size (G).

Highly repetitive regions of the genome represent a challenge for genome assemblers and
can only be resolved if the reads are long enough to cover the repetitive elements (Treangen
and Salzberg, 2012). Therefore, long reads make the assembly computationally easier,
however high quality reads result in a more accurate assembly. Illumina reads solely are
poorly suited for de novo assembly of complex genomes due to their short length and in
general platforms generating long reads (e.g. ONT) are better for building a contiguous

assembly, besides the high error rate.

Genome assembly contiguity is usually evaluated by the number of contigs (contiguous
sequences assembled from reads) or scaffolds (succession of contigs separated by gaps) and
the median length of the assembly (N50), which is the minimum contig or scaffold size in
the assembly after which half the genome is covered (Hirakawa et al., 2019). However,
these metrics don’t consider misassembly that can result from high heterozygosity and
ploidy. Genome completeness can be assessed based on the presence of gene content using a
selection of near-universal single-copy orthologues (Waterhouse et al., 2018). Finally, based
on the quality standards established by the Human Genome Organization, the error rate of
the final assembly should be <0.01%. Once the genome assembly has been established to a

satisfactory level, gene finding and annotation can be performed.
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Knowledge gap

Restocking protocols need to be developed in order to improve post-release survival of fish
used for restoration. Recent studies focused on swimming and foraging training; however,
due to the global increase of water temperatures and its impact on sturgeon reproduction and

distribution, we have focused on temperature training.

Many studies have assessed the temperature upper limits in sturgeons, but none of them
focused specifically on Atlantic sturgeon. Very few studies have focused on how
temperature training and adaptation affect the response to a subsequent heat shock event.
Instead, most studies focused on survival, growth rate and phenotypic malformations.
Moreover, due to the lack of genomic resources, gene expression studies only focused on a

limited number of genes.

Good genomic and transcriptomic resources have a strong impact on research approaches in
molecular biology, ecology, physiology and evolution, and are essential for improving
artificial reproduction, broodstock management and restocking strategies. Additionally, it
provides a reference for RNAseg-mediated transcriptome mapping for the analysis of

maturation, immune response, stress tolerance and local adaptations.

At the beginning of this thesis, no transcriptomic data was available for Atlantic sturgeon
and genomic data was absent for any of the sturgeon species. During the course of this
thesis, transcriptomic data for Atlantic sturgeon were deposited by others in NCBI,
including only embryonic stages. In addition, the genome sequence of sterlet (A. ruthenus)
has recently become available at NCBI; however, this assembly was done using short reads
only and is still fragmented (contig and scaffold N50 18.88 and 191.06 Kb, respectively),
and additionally sterlet and Atlantic sturgeon diverged ~145 Mya, which highlights the

need to create a genome reference specifically for Atlantic sturgeon.

In order to fill the knowledge gap in sturgeon research, we have developed a reference
genome and transcriptome for Atlantic sturgeon and used them to find all the heat shock
proteins (HSP) genes and measure their response to heat-shock in an in vitro culture
sturgeon cell line. Additionally, we have analyzed the transcriptomic response to heat shock
in temperature-trained fish compared to naive fish in order to determine the effect of the

training.
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Aims of the study

The general aim of this thesis was to generate genomic and transcriptomic resources for
sturgeons that can be used to develop novel techniques and applications in sturgeon

aquaculture and restoration programs. The following sub-aims were identified:

1. Generate complete transcriptomic resources for Atlantic sturgeon originating from

different organs (Paper I).

2. Develop a set of gene markers that can be used for improving restocking programs using

in vitro and in vivo models (Papers I and II).

3. Generate genomic resources for Atlantic sturgeon and determine the evolutionary

relationships between Atlantic sturgeon and other vertebrates (Paper III).
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Methodological considerations

Experimental animals

For studies described in papers I and III, a juvenile Atlantic sturgeon female was sampled
at the Fischzucht Rhonforelle GmbH in Gersfeld (Germany) on July 3", 2015. The
specimen was initially anesthetized with clove oil, followed by anesthetic overdose and
decapitation. In order to generate transcriptomic (Paper I) and genomic resources (Paper
IIT) for Atlantic sturgeons, 21 samples were stored (Fig. 7) in RNAlater and subsequently
transferred to liquid nitrogen (after removing RNAlater excess). Blood was taken with a
heparin-flushed needle, transferred to a heparin-flushed cryovial tube and stored in liquid

nitrogen.

Figure 7. List of tissue samples taken by dissection of juvenile Acipenser oxyrinchus.
A: Longitudinal view. B: Transversal view of the skull. 1: Caudal fin. 2: Dorsal fin. 3:
Pelvic fin. 4: Skin. 5: Muscle. 6: Intestine (posterior). 7: Kidney. 8: Spleen. 9:
Swimbladder. 10: Gonad. 11: Intestine (anterior). 12: Stomach. 13: Liver. 14:
Gallbladder. 15: Heart. 16: Gill. 17: Brain (dorsal). 18: Brain (ventral). 19: Eye. 20:
Barble.

For the experiment described in paper II, 24 Atlantic sturgeon juveniles were sampled at

the Leibniz Institute of Freshwater ecology. Three-month-old juveniles were distributed to
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two raceway units at a natural photoperiod and acclimated for 7 days. Two experimental
groups were established: during the 30 days prior to the heat shock experiment, the control
group (C; n=12) was constantly kept at 20°C, while the trained group (T; n=12) was
subjected to 7 rounds of a temperature challenge effectuated by an increase of the water
temperature from 20°C to 24°C over 12 hours and a subsequent decline to 20°C over the
following 12 hours. The seven rounds of temperature challenge were randomly distributed
over the 30-day period to avoid habituation. The heat shock challenge comprised the
simultaneous exposure of both groups to the temperature challenge. At the beginning of the
temperature increase (t=0h), at the peak of the heat treatment (t=12h), at the return to basal
temperature (t=24h) and after 24 hours of recovery (t=48h), three animals per group (n=3)
were euthanized and their livers were sampled in RNAlater for subsequent transcriptome

studies.

Cell cultures

In paper I, a commercially available Atlantic sturgeon embryo-derived cell line (Grunow et
al., 2011) was used in an in vitro heat shock experiment. Frozen cells from passage 22 (P22)
were sent by the Fraunhofer Research Institution of Marine Biotechnology and, upon
arrival, seeded in a 25 cm? cell culture flask (Corning Life Sciences, Tewksbury, MA, USA)
at 25°C (the optimal growing temperature) in Leibovitz-15 medium supplemented with 15%

FCS (fetal calf serum), 100U/mL penicillin and 0.1mg/mL streptomycin (Fig. 8).

Figure 8. AOXlar7y cell line (Acipenser oxyrinchus larvae n°7, trypsin-digestion), at
passage P9. Scale bar: 100pm.

Cells were propagated up to P29 and exposed to a 1-hour heat shock at either 30°C or 35°C.
After the heat shock all the flasks were transferred back to 25°C to recover. After 4, 8 and
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24 hours of recovery, cells were lysed in QIAzol lysis reagent (Qiagen GmbH, Hilden,

Germany) and stored at -80°C until further processing.

RNA sequencing

Gene expression studies identify genes and pathways that play important roles in
physiological or pathological processes, and can be performed either at the transcript level
(e.g. Northern blot, microarrays, qPCR, RNAseq) or at the protein level (e.g. Western blot,

mass spectrometry).

In this thesis we have measured gene expression at the transcriptome level using RNA
sequencing (RNAseq), which relies on the reverse transcription of mRNA to
complementary DNA (cDNA) followed by adapter ligation, PCR amplification and
sequencing of the fragments. Highly expressed transcripts will be overrepresented in the
sample and in the sequencing reads, therefore the number of reads mapping to each
transcript correlates with the expression level (Mortazavi et al., 2008). Depending on the
aim and budget, one or both ends of the fragments can be sequenced, resulting in either
single reads (SR) or paired-end reads (PE). In addition, the length of the reads can also vary:
longer reads from both ends (e.g. PE150) are better if there is no reference, as the reads
themselves can be assembled to build a reference, against which the reads can be aligned
again. If there is already a good reference available, shorter reads (e.g. SR50) are enough to
quantify gene expression. Quantitative PCR (qPCR) is frequently used to study the
expression of a limited number of genes, while microarrays can be used if the aim is to
study thousands of genes at a time. However, these techniques rely either on primer
amplification of the transcripts or on the hybridization of the mRNA with a DNA template
immobilized on an array. In both cases, the transcript sequences need to be known, while
RNAseq provides the possibility to discover new transcripts, detect splicing variants and, as
mentioned before, allows for de novo assembly, which will ideally contain the full-length
transcripts of the expressed genes (Grabherr et al., 2011). RNAseq has been widely used to
study expression since its inception more than a decade ago, and several studies have found
good correlation between RNAseq and qPCR, provided they are properly performed
(Asmann et al., 2009; Griffith et al., 2010; Shi and He, 2014; Wu et al., 2014).
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The sequencing reads need to be aligned to the reference using one of the many RNAseq
alignment tools (Langmead et al., 2009; Li and Durbin, 2010; Langmead and Salzberg,
2012; Li and Durbin, 2010; Bray et al., 2016), resulting in a file in Sequence Alignment
Map (SAM) format describing where (coordinates) and how (alignment quality) the reads
align to the reference. Afterwards, the reads need to be counted in order to get a measure of
the gene expression. Once a list of transcripts with the raw number of reads mapping to each
of them is generated, these counts need to be normalized in order to perform any expression
comparison. This is due to the fact that some samples might have been sequenced more
deeply and therefore a higher number of reads were aligned to the reference in the first
place. In the same manner and given the same level of expression, longer transcripts will
have a higher number of reads aligning to them than those that are short. Therefore, the raw
counts need to be divided by the number of sequencing reads (in millions) and by the
transcript length (in Kb), resulting in normalized counts expressed in reads per kilobase and
million (RPKM). Thereafter it is possible to perform differential expression analysis using
one of the several statistical software packages designed for analyzing RNAseq data, which
follows a negative binomial distribution (Robinson et al., 2009; Anders and Huber, 2010).
In addition, it is possible to group the differentially expressed genes under a set of biological
terms, called gene ontology (GO) terms (Carbon et al., 2017) and link them to pathways
(Huang et al., 2009; Fabregat et al., 2016) (Fig. 9).
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Figure 9. RNAseq analysis workflow. Sequencing reads are either assembled to create a
reference transcriptome or are mapped to the reference genome or transcriptome. The
alignments are counted and a differential expression analysis is performed in order to
identify differentially expressed contigs (DECs) or genes (DEGs) that can be grouped in
gene ontology (GO) terms or pathways.
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In this thesis, the de novo assembler implemented in the CLC bio Genomics Workbench
version 3.6.5 (CLC bio, Aarhus, Denmark) was used for the assembly of Illumina reads
(Papers I and III). Bowtie2 (version 2.2.5), SAMtools (version 1.2) and the HTSeq python
package (version 0.5.3p9) were used to align the reads to the reference transcriptome,
exclude secondary aligned reads and count the reads, respectively (Papers I, I and III).
DESeq package, running in R (version 3.5.2.), was used to perform differential expression

analysis (Papers I and II).

DNA sequencing

For Illumina sequencing, DNA was isolated from blood using the DNeasy Blood and Tissue
kit (Qiagen), which allows rapid purification of DNA. Commercial kits are generally
designed for isolating DNA from mammals and therefore, in the case of blood, it is assumed
that only the white blood cells contain DNA. Contrary to mammals, fish erythrocytes are
nucleated; therefore very little starting material is needed (10pL) as overloading the column
will decrease the yield of the recovered DNA. Blood cells were lysed, proteins were
digested with proteinase K and the lysate was then applied to the column and spun down.
During this process DNA adsorbed to the silico-based membrane of the column due to the
presence of high concentration of chaotropic salt in the buffer. Two washing steps were
performed to ensure that contaminants, divalent cations and enzyme inhibitors were washed
away and afterwards the DNA was eluted, producing DNA of ~30 kb in length, assuming
proper sampling and storage conditions of the starting material. For the Illumina sequencing
library preparation (Paper III), DNA needs to be sheared mechanically (e.g. nebulizer) or
chemically (e.g. transposase) and size selected. In this thesis, DNA was run on 1% agarose
gel and the 400nt band was cut from the gel and the DNA fragments were purified from the
gel. Thereafter, Illumina adapters were attached to each end of the fragments, amplified by
10 PCR cycles with random primers, poured into the Illumina flow cell and run at paired
end 150 (PE150) on a HiSeq2500 Illumina sequencing device. Sequencing reads were
provided in FASTQ format, which contains the nucleotide sequences and the quality scores
associated with each base. The quality of the raw reads can be inspected using a variety of
software packages like FASTQC (Andrews, 2010). For the de novo assembly, it is important

to remove adapter sequences that might lead to misassemblies.

In nanopore sequencing, the length of the sequencing reads depends on the length of the

DNA used to prepare the library, therefore the DNA isolation method plays an essential
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role. Many isolation protocols have been developed to extract high molecular weight
(HMW) DNA from several types of tissues or cells (Gong et al., 2019); however, we have
used the commercial kit Genomic-Tip 100/G (Qiagen) which yields HMW DNA (> 60 kb)
with high reproducibility (Paper III). For this protocol, a proteinase K step is also used;
however, the column is drained by gravity. The length of the DNA can be estimated
accurately up to 60 kb using regular gel electrophoresis (e.g. 4200 TapeStation System) and
lambda phage DNA (48 kb) as marker. For DNA longer than 60 kb pulsed-field gel
electrophoresis (PFGE) is needed to estimate the size accurately, using lambda phage DNA
concatemers as marker. The purity of the DNA is also crucial in nanopore sequencing, as
impurities will block the pores and inhibit the sequencing. The absorbance at 230, 260 and
280 nm can be measured by spectrophotometry (e.g. NanoDrop) and the optimal Ajs0/A2s0
and Ajeo/Aa3 ratios for pure DNA are ~1.8 and ~2 respectively. Deviations from these
ratios are indicating the presence of contaminants such as ethylenediaminetetraacetic acid
(EDTA), phenol or chaotropic salts like guanidine hydrochloride. Several library
preparation protocols are available for ONT platforms, but for whole genome sequencing
without PCR amplification, there are mainly two: a faster “rapid” method (RAD004) and
the “1D ligation” method (LSK109). The first is specifically used to obtain ultra long
sequencing reads (>100 Kb), while the latter produces comparatively shorter reads but at a
higher yield. Like other ONT users, we have experienced an inverse correlation between the
length of the DNA fragments in the library and the yield of the run. Therefore, it is very
challenging to obtain high coverage in ultra long reads within a single sequencing run. The
majority of the Atlantic sturgeon nanopore reads were obtained using the LSK109 library
preparation protocol. In brief, this involves an initial DNA repair step to repair nicks in the
DNA that would interrupt the sequencing, and a step to prepare the ends for the adapter
ligation. Thereafter, sequencing adapters, which serve as binding points for the motor
protein, are ligated in order to produce the final library. After every enzymatic step there is a
purification step with magnetic AMPure beads (Beckman Coulter) in order to remove
impurities and remaining enzymes that would negatively influence the sequencing. A small
proportion of the Atlantic sturgeon nanopore reads was obtained using the RAD004 library
protocol, which involves enzymatic shearing using a transposase, followed by adapter
ligation and loading into the flow cell without any purification step. The transposase
concentration and incubation time are correlated with the length of the DNA fragments in
the library: the higher the transposase and the longer the incubation, the shorter the DNA
fragments in the library. Once the library is ready, it can be loaded onto the flow cell. Then,

41



the sequencing run can be started, the duration of which can be set by the user but is by
default 48 hours for the MinION and GridION systems and 60 hours for the PromethION.
The amount of loaded library (expressed in femtomoles, fmol) is also highly correlated with
the yield and ONT recommends between 5 and 50 fmol. When less library is loaded this
will result in low pore occupancy (number of pores sequencing divided by the number of
pores available for sequencing), while overloading the flow cell will initially result in a high
pore occupancy, but a fast decrease of pores available for sequencing (usually after 10-15
hours). As for Illumina, a series of resources is freely available to analyze the quality and
length of the nanopore reads after the run (De Coster et al., 2018; Leger and Leonardi,

2019).

Genome size and ploidy level estimation

Ploidy level can be estimated through a variety of methods, such as direct visualization of
chromosome numbers (karyotyping), detection of nuclear organizer regions (NORs), and in
vitro amplification of polymorphic markers such as microsatellite loci (Ludwig et al., 2001).
Flow cytometry (Allen and Stanley, 1978) can also be used to determine both ploidy level
and genome size. In addition, k-mer analysis estimates using bioinformatics can be used,
provided the availability of highly accurate sequencing reads. Although this approach has
been used in other species (Guo et al., 2015; Bian et al., 2016; Austin et al., 2017), k-mer
analysis has not been performed in sturgeons due to the absence of genomic Illumina reads.
In this thesis, we have used three different approaches to estimate the ploidy level and
genome size of the Atlantic sturgeon specimen used for building the reference genome

(Paper III).

K-mer counting

Genome size can be estimated from sequencing reads by counting the occurrence of all k-
mers of size k in a given sequence of length L. The total number of possible k-mers will be
given by [(L-k) +1], but not all k~~-mers will have the same frequency: a large fraction will
occur ¢ times, which corresponds to the sequencing coverage. Therefore, knowing the
sequencing coverage and the total amount of sequencing reads, it is possible to get a good
approximation of the actual genome size. In this thesis we have used Jellyfish (version

2.2.6.) (Margais and Kingsford, 2011) in order to count k-mers and examine their profiles
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using the Illumina reads (filtered for Q>30 and after adapter removal) and subsequently
have used GenomeScope (Vurture et al., 2017) to produce a k-mer frequency graph that
provides an estimation of the haploid genome size, heterozygosity and percentage of
repetitive fraction. The genome size is estimated by normalizing the k-mer frequency to the
average coverage for homozygous sequences. Homozygous genomes will show a typical
Poisson profile with one peak while highly heterozygous genomes will show a bimodal

profile with two peaks (Kajitani et al., 2014).

Flow cytometry

Flow cytometry is currently the most effective, rapid and accurate method to identify the
ploidy status and determine the genome size in different fish species (Allen, 1983; Zhou et
al., 2008) and has previously been used in sturgeons (Lebeda et al., 2018). In this thesis,
sturgeon erythrocytes were used, and European eel erythrocytes were prepared in parallel
and used as a standard (genome size 1.1 Gbp) (Henkel et al., 2012). Blood was washed with
phosphate-buffered saline (PBS) and centrifuged in order to pellet the erythrocytes, which
were subsequently fixed in 70% cold ethanol. After RNase A treatment to digest the RNA,
propidium iodide (PI), an intercalating agent that binds to both DNA and RNA, was used to
stain the erythrocyte nucleus (Hare and Johnston, 2011). Thereafter, the fluorescence of the
cells was measured by FACS in up to 10,000 events per sample and the Atlantic sturgeon
genome size was estimated based on the relative fluorescence of the standard (European

eel).

Microsatellites markers

Microsatellites loci are the most commonly used molecular markers in population genetics
studies and have been used to improve management of endangered species. A large set of
microsatellites has been identified in several sturgeon species ( King et al., 2001; Boscari et
al., 2015; Li et al., 2015; Que et al., 2015; Shin et al., 2019), which have been used to infer
ploidy level, as the maximum number of alleles per individual at each locus should reflect
the minimal ploidy level. As mentioned in the introduction section, previous studies have
observed 3 ploidy levels among sturgeons: species with 2n=120 chromosomes (like Atlantic
sturgeon) typically show disomic band patterns, while species with 2n=250 or 2n=500 show

tetrasomic and octosomic bands respectively (Havelka et al., 2017, 2013). In order to
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confirm the ploidy level, we have tested 13 microsatellite loci in our sequenced Atlantic
sturgeon, 11 of which were successfully amplified and 8 were chosen for subsequent

analysis, based on their level of polymorphism.

Assembly methods

Once sequencing is finished to the desired coverage, sequencing reads are stacked together
using assembly software in order to reconstruct the original genome in the form of contigs
and scaffolds. To this end, several assembly algorithms have been developed but,
irrespective of the chosen software, if the assembler finds a repeat that cannot be resolved
with the provided sequencing reads, the contigs can’t be extended. Generally, assemblers
are based on several different types of algorithms, such as overlap-layout-consensus (OLC),
de Bruijn graphs (DBG) or string graphs (Henson et al., 2012). The DBG approach is
generally used to assemble short reads, but OLC-based algorithms perform better for longer
reads with higher error rates. If NGS reads are available, one of the several approaches to
hybrid assembly may be chosen: short accurate reads can be used to correct long error prone

reads either before or after the assembly, which is referred to as “polishing”.

In order to build up the transcriptome assembly (Paper I) and the [llumina-only genome
assembly for Atlantic sturgeon (Paper III), the DBG-based de novo assembler implemented
in the CLC Genomics Workbench version 4.4.1 (CLC bio, Aarhus, Denmark) was used.
This approach divides the sequencing reads in smaller fragments of length £, called k-mers,
and uses them to make an assembly graph, reducing significantly the search time for the
optimal path (Pevzner et al., 2001). When sequencing non-haploid genomes, graph bubbles
will form around heterozygous variants resulting in two possible paths that merge back
together a short distance later. The optimal k-mer and bubble size to perform the assembly
varies from genome to genome and can be set by the user, allowing testing of several
combinations until the best balance between genome completeness and contiguity is
achieved. Long k-mers are more unique in the genome and should result in longer contigs
(contiguity), while small k-mers provide more connections in low coverage regions
(completeness). The bubble size, on the other hand, corresponds to the length of the graph
bubble that the assembler will try to resolve based on read coverage: typically, bubbles
resulting from heterozygosity will have similar coverage in both paths, while in bubbles

generated by sequencing errors the erroneous path will have lower coverage.

44



Due to the length of the reads used, the resulting assembly was very fragmented and further
sequencing using ONT was performed in order to improve the contiguity of the genome. In
addition to the many applications that nanopore sequencing has (Beato et al., 2018;
Gallagher et al., 2018), it has also been used in order to improve the assembly contiguity of
previously published genomes (Jain, 2018; Michael et al., 2018; Elbers et al., 2019; Shin et
al., 2019) and to assemble genomes de novo (Austin et al., 2017; Jansen et al., 2017a;

Jansen et al., 2017b).

As mentioned before, OLC-based algorithms are traditionally used to find overlaps among
reads to create a read layout that is subsequently corrected based on read consensus. This is
the strategy employed by SMARTdenovo (Schmidt et al., 2017) and Canu (Koren et al.,
2017) assemblers, the latter being an extension of the Celera assembler used to assemble the
first human draft genome. This approach implies aligning all the sequencing reads against
each other and for Canu, also an initial correction of the long reads, resulting in high quality
assemblies. However, the computational demand to complete this task is positively
correlated with the genome size in a quadratic manner: doubling the genome size and
therefore the coverage will quadruplicate the amount of read alignments and therefore the
computing hours, making this approach suitable for small genomes like bacteria, but not for
bigger genomes: Jain et al (2018) reported that Canu took 62,000 CPU hours to assemble
the human genome (3.1 Gb) with 30x coverage, which would mean that the Atlantic
sturgeon genome (1.25 Gb) would take ~10,000 CPU hours with the same coverage (Jain et
al., 2018).

Therefore in this thesis we have used a heuristic approach to the OLC-based algorithms
based on constructing an assembly graph by aligning the sequencing reads to a set of self-
made short and unique sequences of the genome, called seeds, using the assembly software
Tulipa-Julia. The first version of this software, called TULIP (The Uncorrected Long reads
Integration Process), was successfully used to improve the European eel genome sequence
(genome assembly statistics included in Table 1 of the Introduction section) (Jansen et al.,
2017b). The assembly approach implies building an assembly graph leading to an
uncorrected assembly that needs to be corrected based on a nanopore consensus and
polished with Illumina reads (Fig. 10). The assembly graph is built based on alignments of
the long sequencing reads (links) to the selected seeds (nodes), therefore reads that don’t
align to seeds will not be included in the assembly, while seeds spanning repeats will have

too many reads aligning to them and produce tangles in the graph. Therefore, the seed
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selection step is crucial for the production of a complete and accurate reference genome.
The seeds must span the entirety of the genome and be evenly distributed throughout it. The
origin of the seeds can be either Illumina reads or contigs (if available) or nanopore reads.
The seed amount, length and average quality can be set by the user: optimal results were
obtained with seeds of 1-1.5 kb in length, an average quality of 9 to 10 Phred, and between
0.5-0.6 folds of the genome to assemble. Alternatively, Illumina contigs can also be split
into fragments of equal sizes (1-1.5 kb) and used as seeds. Once we have a final seed set, the
long nanopore read are aligned to them using Minimap2 (Li, 2018) producing an alignment
file in SAM format. Based on this alignment, Tulia-julia builds an assembly graph resulting
in contigs. Finally, the contigs need to be corrected, which is the most CPU-intensive stage
of the assembly process, however quite standardized. Two to four iterations of nanopore
consensus correction are needed, which can be done using Racon software (Vaser et al.,
2017), and thereafter the Racon-corrected contigs can be polished with Illumina reads using
one of the many software packages available for this purpose (e.g. Pilon, ntEdit) (Walker et
al., 2014; Warren et al., 2019).
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Figure 10. Overview of the genome assembly steps. Seeds are initially selected from
nanopore or illumina reads or Illumina contigs, and nanopore reads are aligned to them.
Tulipa-julia uses the alignments to produce a seed graph which is subsequently untangled
and linearized producing uncorrected scaffolds that are corrected based on nanopore

consensus and Illumina reads with correction software.
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Evolutionary studies

Comparative genomics is used to compare genomic features of different organisms (de
Crécy-Lagard and Hanson, 2013) and maximizes the added value of genome sequencing
projects. Exploring the relationship between the Atlantic sturgeon genome and other
vertebrate genomes in terms of extent of synteny conservation and protein sequence
similarities (phylogeny) could give insights into the evolution of vertebrate genomes.

In this thesis (Paper III) we have performed synteny and phylogenetic studies of the Hox
clusters using Atlantic sturgeon and other representative species in vertebrates.

For the synteny studies, we identified the Hox clusters and neighboring genes in the Atlantic
sturgeon genome and the synteny was compared with the genome of key species, including:
two sarcopterygians (coelacanth and Human), two chondrichthyans (Elephant shark and
Hornshark), two teleosteans (Zebrafish and European eel) and three non-teleost
actinopterygians (Spotted gar, Sterlet and Atlantic sturgeon).

The same species were used for the construction of phylogenetic trees, including also the
American paddlefish, for which a reference genome is lacking, but HoxA and HoxD
sequences are available. Alignments were performed using CLUSTAL, included in
SeaView, followed by manual curation. Phylogenic analysis of the alignments was achieved
by using a maximum likelihood method in CIPRESS (www.phylo.org) using RAXML
black-box with 1,000 bootstrap replicates and JTT substitution matrix.
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Results: Summary of papers

Paper I: Deep transcriptome analysis of the heat shock response in an
Atlantic sturgeon (Acipenser oxyrinchus) cell line

Yebra-Pimentel, E.S.; Gebert, M; Jansen,H.J.; Jong-Raadsen, S.A.; Dirks, R.P.H.
Fish and Shellfish Immunology 88 (2019) 508-517.

https://doi.org/10.1016/j.1s1.2019.03.014

Despite efforts to restore Atlantic sturgeon in Europe, aquaculture techniques result in
domesticated animals with high post-release mortality due to, among other reasons, their
low tolerance to increasing water temperature. Marker genes to monitor heat stress are
needed in order to identify heat-resistant fish. Therefore, an Atlantic sturgeon cell line
growing at an optimal temperature of 25°C was exposed to different heat shock protocols
(30°C and 35°C) and differences in gene expression were investigated. In total 3,020 contigs
(~1.5%) were differentially expressed. As the core of the upregulated contigs corresponded
to heat shock proteins (HSP), the heat shock factor (HSF) and the HSP gene families were
annotated in Atlantic sturgeon and mapped via Illumina RNA sequencing to identify heat-
inducible family members. Up to 6 hsf and 76 hsp genes were identified in the Atlantic
sturgeon transcriptome resources, 16 of which were significantly responsive to the applied
heat shock. The hspal (hsp70) gene, previously used as a heat-shock marker, was only
significantly upregulated at the highest heat shock (35°), while a set of five genes (hspcl,
hsph3a, hspblb, hspblla and hspbl1b) was upregulated at all conditions. Although the
hspel (hsp90a) gene was also previously used as heat-shock marker in sturgeons, hspblla
is the most heat-inducible gene, with up to 3,296-fold higher expression in the treated cells,

constituting the best potential marker for in vivo trials.
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Paper II: Temperature training improves transcriptional homeostasis
after heat shock in juvenile Atlantic sturgeon (Acipenser oxyrinchus).

Yebra-Pimentel, E.S.; Reis, B; Gessner, J.; Wuertz, S; Dirks, R.P.H.

Submitted to Fish and Shellfish Immunology

Exposure to high temperatures can lead to thermotolerance in fish, which is hypothesized to
potentially improve post-release survival in species under restocking programs, like Atlantic
sturgeon. The aim of this study was to determine whether Atlantic sturgeon juveniles
exposed to a four-week temperature treatment at 24°C respond differently to a subsequent
heat shock than juveniles reared at aquaculture temperatures (20°C) (naive fish). Response
to heat shock was assessed by mapping the liver transcriptome. In total 838 unique contigs
were differentially expressed between the trained and the control group (592 downregulated,
261 upregulated and 15 down- or upregulated, depending on the condition), corresponding
to genes involved in the response to heat, tissue damage, proteolysis and metabolism.
Temperature-trained fish showed 2-4-fold fewer dysregulated contigs than naive fish,
indicating their ability to maintain and recover homeostasis faster. During heat shock, Aspc/
was upregulated in both experimental groups, while Aspal and dnaja4 were exclusively
upregulated in the control. Heat shock markers previously proposed in vitro, like hspblla,
were not differentially expressed. Compensatory mechanisms were observed in addition to
the heat shock response. Only two genes, fgg and apnl, were upregulated at nearly all
timepoints in both groups. Peptidases were more strongly downregulated in control fish,
which also showed a reduction in lipid metabolism during recovery. Keratins, pckl,
gadd45ga and gadd45gb were differentially expressed between trained and control fish, and
due to their roles in tissue protection and ER stress reduction, they might be responsible for

the maintenance of the transcriptional homeostasis observed in trained fish.
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Paper III: The genome of Atlantic sturgeon (Acipenser oxyrinchus)
provides insights into genome evolution in tetraploids

Yebra-Pimentel, E.S.; Campo, A.; Shivaramu, S.; Henkel, C.V.; Jong-Raadsen, S.A.;
Jansen, H.J.; Dirks, R.P.H.

Manuscript

The availability of a reference genome improves research on many fields; however,
genomic resources are lacking for Atlantic sturgeon, which is under a restoration program in
Europe. Sturgeons have high chromosome counts resulting from several lineage-specific
whole-genome duplication events (WGD), but their ploidy status is still controversial. We
have de novo assembled the Atlantic sturgeon genome sequence using Illumina and
nanopore sequencing technologies. Ploidy level, genome size and heterozygosity were
estimated using microsatellite loci analysis, flow cytometry and k-mer counting.
Additionally, Hox gene clusters were analyzed to infer the evolutionary position of Atlantic
sturgeon among gnathostomata and their expression was assessed in 4 stages of embryonic
development. Microsatellite analysis showed disomic patterns in 5 loci and tetrasomy in 3
loci. Flow cytometry results suggested a genome size of 1.1 Gb, while k-mer counting
inferred 652 Mb and high heterozygosity (5.36%). However, our nanopore assembly size
was 1.28 Gb (Nso 0.97 Mb). We found 76 Hox genes and 1 pseudogene distributed over 7
clusters, with one of the HoxC clusters being lost. Hox paralogs shared an average identity
of 92% at the protein level, while synteny was not fully conserved between the HoxA
paralogs. Phylogenetic reconstruction indicated that they were resulting from a sturgeon-
specific WGD (SR), independent from paddlefish and common for the two analyzed
sturgeon species. The developed genomic resources serve as a basis for new research in
Atlantic sturgeon, which is likely a paleotetraploid species in the process of rediploidization,
based on the found paralogs, microsatellite results and discrepancy between estimated

genome size and total assembly size.
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General discussion

The results of the work presented in this thesis provide transcriptomic and genomic
resources for Atlantic sturgeon research and evaluate the potential of temperature-training
programs as a new rearing technique to improve post-release survival during the application
of restoration programs. First, we have de novo assembled an Atlantic sturgeon
transcriptome, identified all the heat shock proteins (HSP) genes, and studied their response
to heat using a cell line derived from Atlantic sturgeon larvae. Second, we have studied the
effects of temperature training of Atlantic sturgeon juveniles in response to a subsequent
heat shock (HS) by using RNAseq to map liver gene expression. Lastly, we have generated
genomic resources for Atlantic sturgeon, which provide a reference for future RNAseq
experiments and has a great value for sturgeon research in all the fields, including

physiology, conservation, and evolution.

Innovative rearing techniques in Atlantic sturgeon

In order to restore Atlantic sturgeon populations in the Baltic, it is important that we
identify the main challenges juvenile fish face upon release and design innovative rearing
methods to address them in order to improve fitness and survival of the fish used for
restocking. However, the majority of the research directed to the development of such
methods was performed in teleost fish, especially salmonids. These studies researched the
effects of environmental enrichment (Salvanes et al., 2013; Solas et al., 2019), swimming
exercise (Palstra et al., 2015) and foraging (Moberg et al., 2011), and temperature trials
(Alexandre and Palstra, 2017; Prystay et al., 2017) on the post-release survival. Few studies
have been conducted with sturgeons, and the very few that have done so, have focused on
sturgeon species other than Atlantic sturgeon. These studies included swimming exercise
(Du et al., 2014; Katopodis et al., 2019) and foraging behavior trials (Camara-Ruiz et al.,
2018b); however, the vast majority of the research was directed towards the effects of
temperature on the growth and survival rates (Eder et al., 2015; Kappenman et al., 2009),
and the incidence of notochord and muscle deformities (Aidos et al., 2017; Linares-
Casenave et al., 2013; Werner et al., 2007). Few of the available studies additionally

included an evaluation of HSP expression in response to heat shock, and the ones that did,
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studied a limited number of HSP family members, as sequence information of these genes is

lacking for sturgeons.

Therefore, in Paper I we set out to de novo assemble a transcriptome reference for Atlantic
sturgeon, annotate the complete HSP and HSF family members and study their response to

heat shock in a cell line derived from Atlantic sturgeon larvae using an RNAseq approach.

The first main finding of this study was that the cell line gene expression profile was only
mildly affected in response to heat shock at 30 °C, while at 35 °C a strong response was
observed. This suggests a quite narrow temperature tolerance window in the cell line, which
is in line with previous in vivo results (Linares-Casenave et al., 2013; Peng et al., 2016).
Moreover, the vast majority of the dysregulated genes (3,020 contigs) were upregulated
(2,302 contigs), which indicates a high transcriptional cellular demand in order to preserve

homeostasis during and after heat shock.

The second main finding of Paper I is that the HSP family in Atlantic sturgeon is quite
extensive and includes at least 76 genes, of which only 16 were responsive to either of the
applied heat shock protocols. Furthermore, only 5 HSP genes (hspbl, hspblla, hsph3a,
hsph2 and hspcl) and additional genes such as clu, grb2, npr2 and ccdcl7 were upregulated
in response to both of the applied heat shock protocols, of which Aspb!1a showed more than

3,000-fold upregulation.

In summary, this work provides transcriptomic resources for Atlantic sturgeon and an
inventory of the HSP gene family members, which constitute a baseline for further research
on temperature adaptation in sturgeons (Paper II). Additionally, we provided a general
overview of heat-inducible HSP genes and proposed the best HSP gene markers for in vivo
temperature trials. Although this cell line potentially represents an alternative for reducing
experimentation with endangered animals, the proposed markers need validation during in

vivo trials, as in vitro results might not correlate to the results at the organismal level.

Very few studies have focused on how temperature training affects the response to a
subsequent heat shock event. Therefore, in Paper II we set out to describe the effects of a 4-
week temperature-training period on the Atlantic sturgeon liver transcriptome in response to
an ecologically relevant heat shock (+5 °C), comparable to the highest temperatures
measured in the restocking ecosystems (Odra River). Temperature-trained fish showed
between 2 to 4 times fewer dysregulated contigs than naive (untrained) fish, indicating their

ability to maintain and recover homeostasis faster than the untrained counterparts, which
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activate a more complex response to the same stimuli. Interestingly, three times fewer genes
were dysregulated (838 contigs) when compared to the in vitro results (Paper I), most of
them (592) downregulated. Only 3 HSP genes were upregulated (ispci, hspal and dnaja4),
of which hspal and dnaja4 were restricted to the naive fish group. Furthermore, the
remaining proposed markers based on in vitro results, namely hspbl, hspblla, hsph3a and
hsph2, where not differentially expressed in vivo. In fact, a wide variety of genes involving
various compensatory mechanisms were responsive to heat shock in vivo. For example,
gadd45g and keratin genes, which are tissue-protective genes regulating thermogenic
capacities and known to confer heat shock resistance in Drosophila (Gantner et al., 2014;
Moskalev et al., 2012), were differentially expressed between trained and control fish.
Additionally, pckl, involved in carbohydrate metabolism during gluconeogenesis, was
strongly upregulated in temperature-trained fish before and during the final heat shock
experiment, while naive fish showed lower levels of pckl upregulation and restricted to the
recovery period. Both groups showed downregulation of gck, involved in glycolysis, and
genes involved in lipid metabolism. Overall, only two genes, hspcl and ccdcl7, were
upregulated at all the analyzed timepoints both in vivo and in vifro. Compared to the
epithelial cell line, the liver transcriptome represents a response at the organismal level,
where both the neuroendocrine-mediated stress response and cellular responses might play a
pivotal role during heat shock. The neuroendocrine system responds to stress by a rapid
synthesis of stress hormones such as catecholamines and cortisol and their release to the
bloodstream (Gamperl et al., 1994). In fact, cortisol regulates the synthesis of many
enzymes related to carbohydrate and lipid metabolism like pck! (Choi et al., 2007; Qu and
Ajuwon, 2018), and are known to suppress Aspal expression in the liver of rainbow trout
and gill of rainbow trout and tilapia (Basu et al., 2001). Therefore, a higher level of cortisol
would explain the reduced levels of Aspal and increased levels of pckl in temperature-
trained fish compared to their non-adapted conspecifics. The different heat shock protocols
applied in the cell line and juveniles, including temperature and heating rate, duration of
exposure and sampling timepoint, could have also impacted the results; however, optimal
temperature in the entire animal is lower than for the cell line, and temperatures higher than
the applied in the in vivo experiment (24 °C) have already been reported to reduce growth
and increase mortality in sturgeon juveniles (Kappenman et al., 2009). Therefore, a heat
shock performed at a higher temperature, more comparable to the in vitro experiment,

would have had compromised the survival of Atlantic sturgeon juveniles. Previous studies
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have reported tissue-specific expression patterns in response to heat shock, which adds an

extra source of variation in the results of Papers I and II.

In summary, at the organismal level, there might be an important cortisol-mediated response
that triggers different compensatory mechanisms, although cortisol measurements would be
needed to confirm this hypothesis. Due to the low level of Zspal and high level of pckl, we
also hypothesize that cortisol might be higher in trained fish and overall result in a reduced
gene dysregulation and phenotypic advantage toward heat shock resistance. Therefore,
hspal might be the only good HSP marker gene to predict thermotolerance in vivo in the
liver of Atlantic sturgeon juveniles, contradicting previous results in doctor fish (Garra
rufa) and Arctic charr (Oksala et al., 2014; Quinn et al., 2011), which showed higher

upregulation of several HSP genes in response to heat shock in warm-adapted populations.

Genomic resources for Atlantic sturgeon

The interest of genomic studies in sturgeon arises as a consequence of their high
commercial value and the need for conservation measures. In order to study genomic
variability in a given population, whole-genome re-sequencing (WGR) is a common
practice in conservation genetics, often limited by the absence of a reference genome for
read mapping and downstream analysis. The availability of a reference genome also has
important applications in the development of gene markers and quantitative trait loci (QTL)
analysis, which provide information about loci linked to traits of interest like local

adaptations or resistance to disease and abiotic factors, such as temperature.

Therefore, in Paper III we have assembled the first Atlantic sturgeon genome using short
and long read sequencing technologies, resulting in a quite contiguous (Nso ~1Mb) and

complete genome (92.8%, according to BUSCO results).

The main finding of Paper III was the presence of 7 Hox clusters in the Atlantic sturgeon
genome (HoxAa, HoxAP, HoxBo, HoxBf, HoxC, HoxDa, HoxDf), presumably derived
from a WGD event. These genomic clusters conserved many more Hox-coding (76) and
neighboring genes than teleosts, which have undergone massive gene loss after the 3R. Two
copies of each of the HoxA and HoxD clusters were previously described in the American
Paddlefish, which were attributed to a paddlefish-specific whole-genome duplication (PR)
(Crow et al., 2012). Furthermore, sturgeons (like paddlefish) retain one of the HoxD14
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paralogs, which is absent in the genome of all the remaining actinopterygians studied to

date.

We have additionally observed an unequal read coverage distribution of the final genome,
with some contigs (e.g., the one containing the HoxC cluster) having double the coverage
than others (e.g., contigs containing duplicated Hox clusters). Therefore, we tested whether
the found Hox duplicated clusters in the Atlantic sturgeon genome were the result of
haplotype assembly or a WGD event. Assuming that the heterozygosity (presumably ~5%)
is equally distributed throughout the genome, the average amino acid sequence divergence
between the Hox duplicates (~8%) is too high to be derived from heterozygosity, although
slightly lower than paddlefish (9.76%) and much lower than teleosts (Crow et al., 2012).
Moreover, all the annotated Hox-coding genes were transcriptionally active. Phylogenetic
studies attributed these duplicates to a sturgeon-specific WGD event (SR), independent
from the paddlefish PR, and taking place after the split between sturgeons and paddlefish
(~204 Mya), and before the split between the basal Acipenseridae Sea clade and Atlantic
and Pacific clades (~145 Mya). The paralog nature of the duplicated HoxA clusters in
paddlefish has already been confirmed by molecular cytogenetic techniques, which located
each paralog in two separate metacentric chromosomes (Symonova et al., 2017). In order to
confirm the SR origin of the Hox duplicates, the same technique should be applied in
Atlantic sturgeon; however, this could be challenging if some of the Hox clusters is located
in one of the many sturgeon microchromosomes, which have often been described as

“indistinguishable” (Billard and Lecointre, 2000).

A WGD event is the result from either the duplication of the species’ own genome
(autopolyploidization) or hybridization between two species (allopolyploidization) (Kihara
and Ono, 1926). Genes duplicated by allopolyploidization (e.g. Common carp, dated from
~12 Mya) follow disomic patterns during meiosis, opposite to those resulting from
autopolyploidization (e.g. Atlantic salmon, dated from ~80 Mya), which show full or partial
tetrasomic patterns during meiosis and usually share higher sequence similarity (David et
al., 2003; Lien et al., 2016). A process called rediploidization commonly follows WGD,
switching from tetrasomic allelic patterns observed in paleotetraploids (4 alleles at 1 locus)
to disomic patterns observed in functional diploids (2 alleles at 2 loci). Although teleost
species that have only undergone the 3R duplication (~250 Mya) are today considered
functional diploids (De La Serrana et al., 2014; Martin and Holland, 2014), while Atlantic

salmon, which has suffered an extra (recent) duplication, shows a delayed rediploidization
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and authors suggest that 10% of their genome may still retain residual tetrasomy (Lien et al.,
2016). Our microsatellite results showed a mixture of disomic and tetrasomic allelic patterns
in Atlantic sturgeon, suggesting that the WGD is the result of autopolyploidization. This
pattern was already described by chromosome painting in sterlet, where authors stated that
the transition from paleotetraploidy to diploidy might still be an ongoing process

(Romanenko et al., 2015).

Finally, Hox gene complement is highly conserved in both paralog clusters, but upon
inspection of syntenic genes in the HoxA paralog clusters, we identified asymmetric gene
losses in 4 of the 18 scrutinized neighboring genes. Unlike medaka, which has lost all Hox-
coding genes in cluster HoxCb but preserves some syntenic genes in two genomic locations
(Kurosawa et al., 2006), in Atlantic sturgeon both HoxC-coding and neighboring genes are
single copy, indicating that one of the HoxC paralog clusters has been either lost or not

affected by the SR event.

Overall, this work presents for the first time a quite contiguous draft genome for Atlantic
sturgeon using a combination of two sequencing technologies, which is especially useful in
this case considering the presence of some genomic regions with high sequence similarity
that would be impossible to locate properly relying only on short Illumina reads. We can
conclude that both Atlantic and sterlet sturgeon have undergone an extra round of WGD
(besides the 2R affecting all vertebrates), common to both species, and independent from
paddlefish, that we have called SR. The SR likely affected the (currently extinct) common
ancestor of all the 25 sturgeon species, but previous work suggests that a second round took
place in the Atlantic and Pacific clades separately in addition to a third round affecting only
the shortnose sturgeon (4. brevirostrum) (Ludwig et al., 2001; Peng et al., 2007; Fontana et
al., 2007; Vasilev, 2009). More sequence information is needed in order to build a genome
reference with chromosome resolution for Atlantic sturgeon. Molecular chromosome
characterization should follow, in order to resolve a series of hidden unknowns in sturgeon
biology such as the sex determination mechanisms and interspecific hybridization, which

have great relevance on sturgeon aquaculture and conservation.

56



General conclusions

The main aim of this thesis was to generate genomic and transcriptomic resources for
sturgeon that can be used to improve research on the species and application in aquaculture

and restoration programs.

In this thesis, we have firstly generated a reference transcriptome for Atlantic sturgeon and
annotated all the identified HSP gene family members. Both the transcriptome and the HSP
annotations represent an important tool for sturgeon research, as it allows the use of a
reference transcriptome for RNAseq experiments as well as sequence information for gPCR

primer design in larger-scale studies.

The results show that the epithelial cell line has higher transcriptional activity in response to
heat shock than the Atlantic sturgeon juvenile livers, while in both experiments only a small
fraction of the 76 annotated HSP genes was responsive to heat shock. We propose that the
milder response observed during in vivo experiments results from the activation of
compensatory mechanisms, especially the neuroendocrine system, resulting in tissue
protection and thermogenic capacities. The exposure of fish to a 4-week temperature-
training protocol results in a stronger activation of those mechanisms resulting overall in an
increase in transcriptomic homeostasis in response to a subsequent heat shock compared to
untrained fish. We therefore propose that temperature-training protocols should be

considered as a new rearing technique for fish used for restocking.

Additionally, using a combination of short and long-read sequencing technologies we have
assembled the first reference genome for Atlantic sturgeon and, based on Hox cluster
identification followed by synteny and phylogenetic studies, confirmed the presence of an
independent sturgeons-specific genome duplication (SR). Based on previous dating
information we dated the duplication from 205 to 145 Mya, but further analysis should be
performed in order to provide a narrower dating. Based on microsatellite analysis showing
residual tetrasomy and previous studies in other members of the Order, we conclude that the

Atlantic sturgeon is a paleotetraploid, in which the rediploidization process is still ongoing.
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Future perspectives

In this thesis we have filled important knowledge gaps in sturgeon research, which will
contribute to increasing the value of all sturgeon research. However, we have also opened
new knowledge gaps, which should be addressed in future studies. The main issues that
require further investigations concern the resolution of the ploidy level. Molecular
cytogenetics should be performed to finally conclude that the duplicated Hox clusters found
are indeed a result of SR. In order to build an assembly to the chromosome level, more long
read data and possibly Hi-C are required, in order to create a genome assembly that is
finalized and for which each scaffold represents a chromosome. In order to further support
the independence of the SR and PR duplication events in sturgeon and paddlefish,
phylogeny analysis on more genes of different molecular families and whole genome

comparisons should be performed when the paddlefish genome is available.

Additionally, it is widely known that the response to heat shock varies greatly among
different tissues, and we have only studied the liver. Fin clips or blood markers should also
be studied in order to generate minimally invasive gene markers for the assessment of
thermotolerance. It would also be important to compare the results of the cell line study to
the results in the in vivo epithelium, which would more conclusively state the relevance of
this cell line in sturgeon research. Additionally, survival experiments in trained and
untrained juveniles should also be carried out. Empirical studies should aim to elucidate
how characteristics such as age of the fish and treatment duration should be implemented in
the temperature training towards increased survival rates. Also, other temperature-treatment
protocols might be performed during other stages of development, such as larval stages or

sexually mature stages.
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Abstract

Despite efforts to restore Atlantic sturgeon in European rivers, aquaculture techniques result
in animals with high post-release mortality due to, among other reasons, their low tolerance
to increasing water temperature. Marker genes to monitor heat stress are needed in order to
identify heat-resistant fish. Therefore, an Atlantic sturgeon cell line was exposed to different
heat shock protocols (30°C and 35°C) and differences in gene expression were investigated.
In total 3,020 contigs (~1.5%) were differentially expressed. As the core of the upregulated
contigs corresponded to heat shock proteins (HSP), the heat shock factor (HSF) and the
HSP gene families were annotated in Atlantic sturgeon and mapped via Illumina RNA
sequencing to identify heat-inducible family members. Up to 6 hsf and 76 hsp genes were
identified in the Atlantic sturgeon transcriptome resources, 16 of which were significantly
responsive to the applied heat shock. The previously studied Aspal (hsp70) gene was only
significantly upregulated at the highest heat shock (35°C), while a set of 5 genes (hspcl,
hsph3a, hspblb, hspblla, and hspbl1b) was upregulated at all conditions. Although the
hspcl (hsp90a) gene was previously used as heat shock-marker in sturgeons, we found that
hspblla is the most heat-inducible gene, with up to 3,296-fold higher expression in the
treated cells, constituting the candidate gene markers for in vivo trials.

Keywords: Acipenser oxyrinchus, RNAseq, Temperature, Heat shock proteins (HSP),

Transcriptome sequencing.
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Introduction

Sturgeons are distributed in the northern hemisphere and are mostly anadromous,
performing upriver migrations to spawn. They have been aquacultured for the last three
decades due to the commercial value of their caviar [1], however wild populations are in
severe decline [2,3] and currently the Atlantic sturgeon (Acipenser oxyrinchus, Mitchill,
1815) is extirpated from Europe [4].

In 1997, Germany and Poland started a project aiming to restore a self-sustaining Atlantic
sturgeon population, derived from a Canadian broodstock, in the Baltic Sea. Rearing
techniques have been improved in order to build an ex-sizu broodstock locally. In addition,
the Oder and Vistula river drainages, where more than 120,000 individuals have been
released since 2005 [5], have been evaluated in search of possible spawning grounds [6].
The success of a restoration program depends both on politics (e.g., habitat preservation
policies and regional and international cooperation) [7, 8] and on biology, (e.g.,
development of cultivation techniques adapted for restocking purposes). Aquacultured
sturgeons are raised in stimulus-deprived tanks at constant temperature and photoperiod [9];
however, their distribution, abundance, and activity are determined by temperature,
photoperiod and salinity fluctuations along the migration route [10,11]. An increase in water
temperature, both locally due to the discharge of cooling waters or globally due to climate
change, can affect swimming performance, predator avoidance, foraging behavior and shift
the geographic distribution of species, especially of ectothermic animals such as fish, and
result in local extinctions [12—14]. Thus, thermal adaptation is crucial for post-release
survival.

As a result of physiological or chemical stress, proteins misfold and accumulate in the
cytoplasm, activating a highly conserved and transient heat shock response (HSR), essential
for proteostasis maintenance. HSR results from the rapid activation of the heat shock factor
(HSF) by trimerization, hyperphosphorylation and translocation to the nucleus, were its
DNA-binding domain (DBD) binds to the heat shock elements (HSE) located at the
promoters of heat shock protein (Asp) genes, inducing their transcription [15]. Previous
studies in Saccharomyces cerevisiae showed that heat-responsive gene expression
attenuates within 20-40 minutes after induction [16]. Most vertebrates have multiple Asf
genes: mammals have 4 [17], while the Spotted gar (Lepisosteus oculatus), sturgeon’s
closest living relative whose genome is sequenced, has 6 (hsfl, hsf2, hsf3, hsf4, hsf5, and
hsfy).

HSPs, one of the largest and most conserved protein families, were first discovered in
Drosophila [18] and have since then been described in all living organisms, from yeast [19]
to mammals [20,21] and fish [22-24]. Its nomenclature refers to their molecular weights,
however, since the human genome annotation the names have become confusing, with up to
10 different names for the same gene product. In 2009 a new nomenclature was proposed
[25] based on the gene symbols that have been assigned to the HUGO Gene nomenclature
committee (HGNC). This nomenclature was also used in this study, and classifies HSPs into
9 subfamilies: HspA (former Hsp70), HspH (former Hsp110), HspB (small Hsp), HspC
(Hsp90), HspD (Hsp60), HspE (Hsp10) and the J domain-containing subfamilies (Hsp40)
DNAJA, DNAJB and DNAIJC.
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The HSP family consists on both constitutively expressed and inducible members, some of
which are responsive to heat and act by binding to the exposed hydrophobic amino acid
residues of the misfolded proteins preventing undesired molecular interactions. The capacity
of HSPs to bind misfolded proteins is regulated through allosteric mechanisms via ATP
binding and hydrolysis, with the exception of the HspB subfamily which is ATP-
independent.

RNA sequencing (RNAseq) is a high-throughput tool to quantify transcriptomic changes
and, unlike qPCR, is unbiased, allowing gene discovery and quantification with good
correlation with qPCR when both procedures are performed well [26,27]. RNAseq has
previously been used in sturgeons to study sex-related genes, developmental genes or
response to infection [28-33], but never to study the heat shock response. Many studies used
RNAseq to address this in teleosts [34-36], while for sturgeons only qPCR or protein
analysis approaches were used [37-42]. Still, the focus has only been on Aspal (hsp70) and
hspel (hps90), as the HSP family is not fully annotated in sturgeons, which are also lacking
a reference genome.

Recently, the AOXlar7y cell line (Acipenser oxyrinchus larvae n°7, trypsin-digestion) was
established by whole larvae trypsin digestion [43], providing the possibility of reducing the
use of in vivo sturgeon experiments. Still, the presence of stem cells in the culture was not
confirmed so, characterization of the cell type needs to be assessed.

The objective of this study was to make an inventory of all the HSPs present in the Atlantic
sturgeon transcriptome resources and identify the most heat shock-inducible family
members. To this end, we annotated the complete HSP family using transcriptomic
resources from Atlantic sturgeon cell line, multiple Atlantic sturgeon organs and a publicly
available dataset [31] and subsequently evaluated their response to heat. Although in vivo
validation during temperature-challenge trials is needed, the in vitro experiment provides a
general perspective of the HSR and candidate gene markers for the selection of
thermotolerant individuals with better restoration fitness.

Materials and methods
Cell line samples

The AOXIlar7y sturgeon cell line [43] was used for the heat shock experiments. Cells from
passage 22 (P22) were thawed and seeded in a 25 cm?® cell culture flask (Corning Life
Sciences, Tewksbury, MA, USA) at 25°C, the optimal growing temperature (doubling time
110h), in Leibovitz-15 medium supplemented with 15% FCS (fetal calf serum), 100U/mL
penicillin and 0.1mg/mL streptomycin.

Prior to the final experiment, the cells were propagated by trypsinization, homogenization
and subculturing at a 1:3 ratio every 4 days, up to P29. To determine the heat tolerance of
the AOXlar7y sturgeon cell line, the cells were exposed to 28°C, 30°C, 33°C or 35°C for 1,
2, 3 or 4 hours and survival was inspected under the microscope after 4, 8 and 24 hours of
recovery. Based on this pilot experiment, the final experiment was performed as depicted in
Figure 1: 24 individual flasks were seeded at 25°C, and after 24 hours the medium was
renewed at either 25°C (n=6), 30°C (n=9) or 35°C (n=9). The flasks were then transferred to
different incubators set at 25°, 30° and 35°C respectively and kept there for 1 hour. After
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the heat shock all the flasks were transferred back to 25°C to recover. After 4, 8 and 24
hours of recovery, cells were lysed in QIAzol lysis reagent (Qiagen GmbH, Hilden,
Germany) and stored at - 80° until further processing.

Atlantic sturgeon samples

An aquaculture-reared immature female (7,700g, 98cm) was provided by Fischzucht
Rhonforelle GmbH in Gersfeld (Germany) on July 3™, 2015. The specimen was euthanized,
and tissue samples were taken in agreement with standardized fish processing methods at a
licensed and registered processing unit (Fischzucht Rhonforelle GmbH). A total of 21
samples were taken through dissection, from caudal to rostral: caudal fin, dorsal fin, pelvic
fin, skin, muscle, intestine (posterior), kidney, spleen, swim bladder, gonad (2 samples),
intestine (anterior), stomach, liver, gallbladder, heart, gill, brain (anterior), brain (posterior),
barbel and eye. Samples were preserved in RNAlater (Qiagen GmbH, Hilden, Germany)
and subsequently stored at -80°C until further processing.

RNA extraction, Illumina library preparation, and RNA sequencing

RNA was extracted from the 21 juvenile Atlantic sturgeon tissue samples and from the 24
AOXlar7y cell line samples using the Qiagen miRNeasy Mini kit according to the
manufacturer’s instructions (Qiagen GmbH, Hilden, Germany). RNA concentration and
integrity were analyzed with a Bioanalyzer 2100 total RNA Nano series II chip (Agilent,
Santa Clara, USA). RNA libraries were prepared from 500 ng total RNA, using the Illumina
TruSeq Stranded mRNA Sample Preparation Kit according to the manufacturer’s
instructions (Illumina Inc., San Diego, USA) and the resulting libraries were evaluated with
a Bioanalyzer 2100 DNA 1000 series II chip (Agilent, Santa Clara, USA).

All the libraries were sequenced using an Illumina HiSeq2500 instrument. Tissue libraries
were sequenced as paired-end 2x151 nucleotides (nt) reads up to a minimum of ~ 20 million
reads for each tissue sample, while AOXlar7y libraries were sequenced as 1x51nt single-
reads up to a minimum of ~10 million reads for each experimental condition.

De novo transcriptome assemblies and annotation

Three reference transcriptomes were produced in the present study. Firstly, all combined
juvenile sturgeon organ reads were de novo assembled into cDNA contigs using the De
Bruijn graph-based de novo assembler implemented in the CLC Genomics Workbench
version 4.4.1 (CLC bio, Aarhus, Denmark), resulting in an Organ assembly. Secondly, the
same software was used to produce a Cell assembly with the AOXlar7y sequence reads
only. Finally, all sequence reads were combined into a Cell-Organ-Embryo (COE)
transcriptome, including the reads from the AOXlar7y, the juvenile sturgeon organs and a
set of embryonic reads previously published by others [31].

The quality of the de novo assemblies was assessed by the assembly contiguity (contig N50)
and the percentage of AOXlar7y mapped reads. In order to link the best assembly to
zebrafish Ensembl protein identifiers, BLASTX 2.2.31+ [44] similarity searches were
conducted locally against the UniProt zebrafish using an E-value cut off of 1E-5.
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Gene expression and gene ontology (GO) analysis

For the gene expression analysis, Bowtie2 (version 2.2.5) [45] was used to align Illumina
reads from the 24 experimental samples against the 3 de movo assembled reference
transcriptomes (Cell, Organ and COE contigs) and against the embryonic transcriptome
available at NCBI [31]. The assembly with the highest mapping percentage was used as a
reference for downstream analysis. The resulting files were filtered using SAMtools
(version 1.2.) [46] to exclude secondary aligned reads. Then, the aligned reads were counted
from the SAM alignment files using Python package HTSeq (version 0.5.3p9) [47], and the
resulting TSV files were used for identification of differentially expressed contigs (DECs)
using the Bioconductor package DESeq (version 1.30.0) [48] in R software (version 3.3.0).
The top 100 expressed contigs in the unstressed cells were investigated to characterize the
AOXlar7y cell line. Each experimental condition (30°C and 35°C) and timepoint (4, 8 and
24 hours) was compared to the control group, resulting in 6 DESeq pairwise comparisons.
P-values were adjusted for multiple testing with the Benjamini-Hochberg procedure, which
controls the false discovery rate (FDR). Contigs with an adjusted p-value (padj) < 0.05 were
considered differentially expressed at each pairwise comparison between different
treatments and timepoints. The set of zebrafish protein identifiers linked to these contigs
was investigated in order to elucidate the broad transcriptomic changes. GO enrichment
analysis was performed using the Fisher’s Exact test with Bonferroni correction
implemented by the PANTHER Overrepresentation test (released on 2017-12-05) using the
GO Ontology database (released on 2018-07-03) [49]. As recommended by the Gene
Ontology Consortium [50, 51], a custom reference list containing all the top zebrafish
Ensembl gene identifiers linked to the expressed COE contigs was used for the analysis. GO
terms with a p-value < 0.05 were considered overrepresented in each dataset.

Annotation and expression of Hsp and Hsf genes

Spotted gar, zebrafish and human HSP and HSF protein sequences [25] were retrieved from
NCBI and used as queries to find the corresponding sturgeon orthologues. Proteins were
blasted against the translated COE transcriptome assembly using the CLC Main Workbench
(version 7.7.3.). When full open reading frames (ORF) were not found in the COE
assembly, the Organ, Cell or embryo assembly [31] were used. The human HSP protein
nomenclature according to Kampinga et al. [25] was used. After the annotation of all
Atlantic sturgeon Asp and hsf genes, the AOXlar7y Illumina reads were mapped to the
annotated genes and those with more than 5 mismatches were filtered out in order to
improve stringency. DESeq analysis was performed, following the aforementioned
pipeline, in order to find candidate ssp markers for in vivo trials. Significantly upregulated
transcripts (padj>0.05) with at least 3-fold change (FC>3) between the control and at least 5
experimental conditions were considered good markers in this experiment.

The AOXlar7y and organ sequencing reads were deposited at the NCBI Short Read Archive
(SRA) database under the accession numbers SRP161542 and SRP161601 respectively. The
Cell, Organ, and Cell-Organ-Embryo (COE) transcriptome shotgun assembly projects have
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been deposited at DDBJ/EMBL/GenBank under the accession numbers GGWJ00000000,
GGZX00000000 and GGZT00000000 respectively. The versions described in this paper are
the first versions: GGWJ01000000, GGZX01000000, and GGZT01000000, respectively.
The Atlantic sturgeon Asp and hsf ORFs were submitted to BankIT under the accession
numbers MH777912-MH777987 and MH917287-MH917292 respectively.

Results
Heat shock treatment and RNA sequencing

The pilot experiment has shown that cells survived after being exposed to 28°C, 30C° or
33°C for up to 4 hours or to 35°C for 1 hour; however, acute mortality was found in cells
exposed to 35°C for 2 hours or longer (data not shown). Based on this pilot, the final
experiment was performed applying a mild or a severe heat shock at either 30°C or 35°C for
1 hour, and cells were harvested at 4, 8 and 24 hours after heat shock (Figure 1).
Subsequently, high-quality RNA (average RIN value of 9.1) was isolated from all cell
samples and from multiple organs of an aquacultured juvenile sturgeon specimen, and
Illumina libraries were prepared and sequenced, resulting in altogether more than 1 billion
reads (Table S1 in Supplementary data).

Heat shock-responsive genes in Atlantic sturgeon cell line AOXlar7y

To select the best reference for alignment of the sequencing reads, 3 Atlantic sturgeon de
novo transcriptome assemblies were performed and evaluated. The set of reads derived from
the AOXlar7y cell line was assembled to a 34.80 Mb Cell assembly containing 53,624
contigs with an N50 of 1.08 Kb. In parallel, reads from the Atlantic sturgeon organs were
assembled to a 342.28 Mb Organ assembly containing 641,485 contigs with an N50 of 0.60
Kb. Finally, all sequencing reads were combined with a previously published set of ~ 380
million reads derived from Atlantic sturgeon embryos (SRA Accession number
SRP069853) [31] and used in a de novo assembly that resulted in a 254 Mb Cell-Organ-
Embryo (COE) assembly containing 203,131 contigs with an N50 of 1.87 Kb (Table 1).
Reads from the 24 AOXlar7y samples were aligned against the three assembled
transcriptomes and the COE reference, which gave the highest overall mapping percentage
(89.6%), was used for the downstream analysis (Table 1). In total 86,021 contigs (~ 42.3%)
could be linked to zebrafish proteins (E-value <1E-5), corresponding to 23,436 unique
zebrafish proteins and 17,319 genes (Table S2 in Supplementary data). The read counts and
contig lengths were used to calculate the corresponding RPKM values (Table S3 in
Supplementary data). A total of 168,739 contigs (83.07%) showed expression (RPKM value
> 0) in at least one of the cell samples, and 27,425 (13.50%) showed expression in all of
them.

Since it was hitherto unknown what tissue type was represented by the embryonic
AOXlar7y cell line, the zebrafish proteins linked to the 100 most highly expressed contigs
(highest RPKM mean) were examined. In total, 34 contigs corresponded to ribosomal
proteins, 5 to keratins, 5 to actin genes, 5 to tubulin and other genes were also found.
Opverall, keratin 4 was the most expressed contig (Table S4 in Supplementary data).
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DESeq analysis showed that 3,020 unique contigs (~ 1.5%) were differentially expressed in
at least 1 of the treatments compared with the untreated cells, of which 2,302 were
upregulated, 714 downregulated and 4 were up or downregulated depending on the
experimental condition (Table S5 in Supplementary data).

At 4 and 8 hours after the 30°C heat shock, 79 and 91 contigs were upregulated and 23 and
64 were downregulated respectively, while after 24 h only 12 were downregulated and none
upregulated. After the 35°C heat shock, respectively 1,338, 1,081 and 1,143 contigs were
upregulated and 411, 123 and 198 were downregulated (Figure 2).

Venn diagrams were used to determine overlaps between the sets of heat shock-responsive
contigs. After the 30°C heat shock, 140 unique contigs (0.07%) were upregulated, 30 of
which at both 4 and 8 hours after heat shock (Figure 3a), while only 87 unique contigs
(0.04%) were downregulated (Figure 3b). After the 35°C heat shock 2,257 unique contigs
(1.11%) were upregulated, 398 of which were upregulated at all 3 timepoints (Figure 3c),
and 664 unique contigs (0.33%) were downregulated, of which only were downregulated at
all timepoints (Figure 3d).

Considering that one of our goals was to provide a list of consistently upregulated genes that
need to be validated as markers in vivo, we examined the core set of 27 upregulated contigs
(Figure 3e). Up to 18 corresponded to 5 heat shock proteins (hspbl, hspblla, hsph3a,
hsph2, and hspcl), while 5 corresponded to 4 different proteins: clusterin (c/u), growth
factor receptor bound protein 2b (grb2b), atrial natriuretic peptide receptor 2-like (npr2) and
coiled-coil domain-containing protein 17 (ccdc7) (Tables 2 and S7 in Supplementary data).
The remaining contigs did not output any blast hit or were uncharacterized proteins.

To link the differentially expressed contigs (DECs) to GO terms, the 3,020 unique contigs
were blasted (BLASTXx) against zebrafish proteins (E-value <1E-2), which resulted in 1,383
hits (45.8%) corresponding to 1,068 unique proteins and 1,017 zebrafish genes (Table S6 in
Supplementary data). GO enrichment analysis for biological processes (BP) and molecular
functions (MF) was performed (Table S8 in Supplementary data). With respect to
upregulated genes after exposure to 30°C, cellular processes involved in the response to
stimulus (e.g. ‘cellular response to heat’, ‘cellular response to unfolded protein’, ‘response
to temperature stimulus’, ‘response to unfolded protein’), protein folding (e.g.  chaperone-
mediated protein folding’, ‘protein refolding’) and protein binding (e.g. ‘heat shock protein
binding’, ‘protein folding’, ‘misfolded protein binding’) were overrepresented (Figure 4),
however, no overrepresented terms were found after 8 or 24 hours. After the 35°C heat
shock overrepresented terms were found at all the timepoints: while GO terms related with
cellular response to stimulus and stress (e.g. ‘cell chemotaxis’, ‘leukocyte chemotaxis’,
‘inflammatory response’) and cell migration (e.g. ‘granulocyte migration’, leukocyte
migration’, ‘neutrophil migration’) are overrepresented after 4 and 8 hours (Figure 5a and
5b), after 24 hours (Figure 5c¢) many more GO terms are overrepresented, being the
‘response to stimulus’ the predominant term (122 genes).

With respect to downregulated genes, overrepresentation of ‘cell cycle’ and ‘mitotic cell
cycle’ GO terms was found only at 4 hours after 35°C heat shock.

Annotation and expression of Hsp and Hsf family members in Atlantic sturgeon
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Protein sequences of all known human, zebrafish and spotted gar HSP and HSF family
members were retrieved from NCBI and used as queries to search for the corresponding
Atlantic sturgeon orthologues in the COE, Organ, Cell or Embryo transcriptomes (Table S9
in Supplementary data).

Spotted gar HSF proteins were used to identify 6 Asf genes in sturgeon, which lacked the
hsf3 gene and had 2 hsfy genes (hsfyl and hsfy2). None of the Asf genes was differentially
expressed at any time point after the mild and severe heat shock.

The former Hsp70 family is divided into 2 sub-families: HspA and HspA-related HspH
(Hsp110). The HSPA family contains 13, 8 and 7 members in humans, zebrafish and
spotted gar, respectively. Nine members were found in the Atlantic sturgeon transcriptome:
hspal, hspa5s, hspa8, hspa9, hspalla, hspal2b, hspal3, hspal4a, hspal4b. The HSPH
family contains 4 members in both human and spotted gar, plus 1 duplicated gene in
zebrafish. The hsphl member could not be retrieved in any of the available sturgeon
assemblies and the Asph3 member was found duplicated.

Humans, spotted gar and zebrafish contain the hspbl, hspb2, hspb3, hspb4 (aA-crystallin),
hspb5 (aB-crystallin), hspb7, hspb8 and hspb9 members of the small HSP family, whereas
hspb6 is missing in spotted gar, Aspb10 is only present in humans, and Aspbl1, hspbl2 and
hpsb15 are only present in zebrafish. With the exception of /spb3, orthologues of all spotted
gar hspb genes could be found in the sturgeon transcriptome, including 2 Aspbl genes
(hspbla and hpsb1b). The hspbl1 member, present only in zebrafish, could also be retrieved
duplicated in the sturgeon transcriptome (hspblla and hspb11b).

The HSPC family (former Asp90) has 5 members in humans and 4 in zebrafish and spotted
gar, which lacks the Aspc2 member. The same fish members were found in the sturgeon
transcriptome, with an additional Aspc3 duplication (hspc3a and hspc3b). The HSPD and
HSPE families each contain only 1 single gene in humans, zebrafish and spotted gar, and
orthologues of both of them could be found in sturgeon.

The new nomenclature for the former HSP40 family divides it into DNAJA, DNAJB and
DNAJC families. We have found 4, 10 and 32 genes for each family, respectively.

Upon mapping the AOXlar7y Illumina reads against the annotated sturgeon HSP genes
(Table S10 in Supplementary data) and differential expression analysis using DESeq, we
found that 16 out of 76 HSP genes (21.%) were differentially expressed between the control
and some of the experimental conditions. No HSPs transcripts were found differentially
expressed between the control and 24 hours after the 30°C heat shock. Within the HspA
family, only Aspal was differentially expressed after 35°C heat shock (Figure 6a), being up
to ~1000-fold upregulated 4 hours after the 35°C treatment.

Upregulation of 3 out of 4 HspH family members was observed (up to ~9-fold): Asph2 and
hsph3a were significantly upregulated at all the conditions, however, the hsph3b paralog
was only slightly upregulated at after the 30° treatment (Figure 6a).

Five out of ten HspB family members and the single HSPC family member Aspcl were
upregulated after heat shock: while Aspb8 was only significantly upregulated at 4 hours after
the 35°C heat shock and Aspb5 only at 35°C, hspblb, hspblla, hspbl1b and hspcl were
consistently upregulated in all the treatments (excluding 24 hours after the 30°C treatment),
with the Aspblla having the higher expression (as high as ~3296-fold compared to the
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untreated cells) (Figure 6b). The HspE1l and HspD1 were not differentially expressed at any
condition.

Within the DNAJA family (Figure 6¢), only the dnaja4 member was upregulated. Four
DNAJB members were upregulated: dnajbl and dnajb5 were only upregulated after the
35°C heat shock, dnajb4 was also upregulated at 4 hours after the 30°C heat shock, and
dnajb2 was only upregulated after the 30°C heat shock.

Although the DNAJC family is the most extensive DNAJ subfamily, it contained only 1
heat shock inducible gene under our conditions, dnajc3, which was upregulated only at 24
hours after the 35°C heat shock.

Discussion

The AOXlar7y cell line is easy to maintain and propagate, providing an excellent tool for
examining the effects of different stressors. Healthy AOXIlar7y cells have cubic to
fibroblast-like morphology, and the RNAseq analysis in this study shows that keratin 4 is
the most abundantly expressed mRNA in this cell line, suggesting that they are epithelial
cells [52]. Although both the cell line and the donor embryo have been reported to be more
tolerant to cold than heat [43, 53] the optimal temperature for cells is higher than for the
entire animal (25°C and 18°C-23°C, respectively). After establishing the temperature
tolerance limits, cells were exposed to a mild (30°C) and severe (35°C) non-lethal heat
shock for 1 hour and, after 4, 8 and 24 hours of recovery, RNA was isolated and sequenced.
By RNAseq we could get a general perspective on the heat-inducible genes, which may not
truly represent the metabolic state of the cells in vivo and therefore needs validation, but still
provides the sequence of all Asp genes and a general perspective of which genes may be
more responsive to heat.

The COE reference transcriptome had a much higher alignment rate of cellular reads
(89.6%) than the transcriptomes that were assembled from the individual data sets, and was
therefore selected for identification of DECs. This reference provides a considerable number
of sturgeon protein sequences that contribute to sturgeon research. The set of 3,020 DECs
between the control and at least one of the treatments was blasted against zebrafish proteins,
the most related species for which GO analysis is available. A total of 1,383 DECs could be
assigned to zebrafish proteins, while the remaining contigs were noncoding, sturgeon-
specific, missing in zebrafish or lacked sufficient homology with their zebrafish
orthologues.

The DESeq results showed a very intense response at 35°C, initially involving energy-
consuming gene upregulation and later also gene downregulation, which is an energy-saving
mechanism to direct energy towards the repair of damaged molecules [36]. After a mild
30°C heat shock there were very few transcriptional changes at early timepoints, and even
zero after 24 hours of recovery. The narrow temperature tolerance range between 30°C and
35°C where sturgeon cells switch from a mild to a severe heat shock response is in
agreement with existing studies in green sturgeon (Acipenser medirostris) [53] and Kaluga
(Huso dauricus) [39].

The GO analysis showed a heat shock response at 35°C which increased with the recovery
time. At 30°C the response was more specific (overrepresentation of less GO terms);
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however, 24 hours after heat shock the cells showed the same transcriptional activity as the
untreated cells, suggesting that the cells were already fully recovered after this mild heat
shock (30°C). The bulk of the 27 contigs that were upregulated at all conditions (excluding
30°C after 24 hours) corresponded with HSP genes, and included 4 other genes: clu, grb2b,
npr2 and ccdcl?. Clusterin is a molecular chaperone [54, 55] and, similarly to npr2, is
involved in cell survival after apoptosis induction [56-58]. Coiled-coil domains are involved
in the regulation of gene expression, but the specific function of ccdc!7 has not been studied
in detail [59]. As both the DESeq and GO results point to the HSP genes as central players
in the heat shock response, we have annotated the entire family and analyzed their response
to heat.

In total 76 Hsp and 6 Hsf genes could be retrieved in the Atlantic sturgeon transcriptomes,
including 4 partial sequences and 78 full ORFs: 33 (40.24%) in the COE assembly and 45
(54.87%) in either the embryo, cell or organ transcriptomes.

In our experiment, only 16 out of 76 Hsp genes were heat-inducible, for which the
coefficient of variation (CV) was lower than 30% in most of the cases (89.58%). HspB was
found to be the most heat responsive family with less than 30% CV except for hspb5, which
had high CV at all the timepoints after the 30°C heat shock. The HspB family is ATP-
independent and characterized by the presence of a conserved o-crystallin domain [60].
Their expression has been shown to enhance the post-stimulus survival of mammalian cells
[61] and, besides the molecular chaperone activity, some members have additional cellular
functions: Aspbl (hsp27) and hspb5, induced by heat shock in zebrafish [62], are known to
inhibit apoptosis [63-65], while Aspb8 has kinase activity [66]. Unfortunately, the human
hspbl1 gene proposed by Kampinga [25], previously known as intraflagellar transport
protein 24 (ift25), lacks the a-crystallin domain and its nomenclature hasn’t been approved
[67]. In fact hspbl1, also known as Asp30, exists in all vertebrates except mammals [68],
and doesn’t share any amino acid sequence similarity with the human ift25. Since hspbl1
absent in both human and spotted gar genomes, the zebrafish protein sequence was used to
retrieve the Atlantic sturgeon orthologue.

The few published studies on HSPs in Acipenserids were performed in species other than
Atlantic sturgeon, focused only on hspal (hsp70) and hspcl (hsp90) and didn’t use
RNAseq. Using qPCR, hspal and hspcl were found expressed in both unstressed and heat-
shocked Kaluga juvenile tissues; however, Aspal was found to be more inducible by cold
than heat [39]. In contrast, spal showed higher expression after heat than cold stress in
both white (4. transmontanus) and green (A. medirostris) sturgeon larvae [69]. Existing
studies found a heat-dependent increase of deformities accompanied by an increase of
HspAl and HspAS (Hsp78) and a decrease of HspD1 (Hsp60) protein levels [70]. If heat
stress is not lethal, the accumulation of HSPs may lead to the tolerance of more severe and
otherwise fatal stresses [71,72]. Some studies suggest that heat shock experienced by the
parental fish or gametes could improve larvae thermotolerance, resulting in higher survival
rates and lower incidence of deformities linked to high HspD1 and HspCl protein levels
[53]. After heat shock, Hsp levels were higher in a hot-adapted subspecies of doctor fish
(Garra rufa) than in the non-adapted, indicating that hsp levels provide thermotolerance
[73].
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Overall, 5 HSPs are consistently upregulated (FC>3) after all the treatments (excluding 24 h
after the 30°C heat shock) and are candidate markers for in vivo validation: Asph3a, hspb1b,
hspblla, hspbllb and hspcl. Interestingly, this list excludes hspal, which is only
upregulated after severe heat shock in our study. Although hspcl, previously found
upregulated in vivo, is also included in the list included in the list, AspblIa has as much as
~3296-fold upregulation compared to the control cells, and is the best candidate marker for
in vivo validation and trials.

Hspbll is an intron-less gene, enabling fast expression without major splicing events [74].
Heat shock was shown to induce accumulation of hspbl1 mRNA in Atlantic salmon [75],
Chinook salmon (1250-fold) [76], red band trout (200-fold) [77], zebrafish [67], clawed
frog [70], heat-tolerant Artcic charr [78] and killfish [79], with the latter showing more
upregulation in heat-tolerant southern populations than the northern counterparts.

In conclusion, the AOXlar7y cell line provides the opportunity to reduce in vivo
experiments on Atlantic sturgeon, an extirpated species in Europe. We have performed
RNAseq on heat-shocked cells to get a general perspective of heat inducible genes, and
identified and annotated 6 HSF and 76 HSP genes. Only 16 Asp transcripts were
significantly upregulated after the applied treatment of which 5 were common to all
treatments and timepoints, excluding 24h after the 30°C heat shock treatment. These genes
had at least a 3-fold increase in expression and one of them, hspblla, has as much as a
3,296-fold increase. These genes are candidate markers for the selection of thermotolerant
individuals and should be validated in vivo.
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Assembly Cell Organ Embryo COE

Input reads cell organs embryo cell + organs +
embryo

n. reads 364,86 639,59 380,08 142441

(million)

Contigs 53,624 641,485 179,564 203,131

Assembly 34.80 34228 166.71 254.00

size (Mb)

N50 (Kb) 1.08 0.60 1.94 1.87

Max (Kb) 15.63 16.64 54.44 34.02

Accession GGWIJ01000000 GGZX01000000 GEUL01000000 GGZT01000000

number

Mapped 74.0 54.0 75.0 89.6

reads (%)

Table 1. Overview of assemblies’ statistics and read mapping. List and number of input
sequence reads for each assembly, number of resulting contigs, assembly length in
Megabases (Mb), contig N50 in Kilobases (Kb), maximum contig length in Kilobases
(kb) and percentage of cell-derived sequencing reads mapped to each assembly.
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COE contig/s ID
75185, 75186, 75188

81106, 81108

68968
66436, 3989, 4740,
133784, 161880,

133767, 63068, 79530,
69039, 69847, 169012
113709

68283, 7082
22979

166695

64489

46154, 75199
62264, 62266;

Gene description

Heat shock protein beta-
11

Heat shock protein beta-1

Heat  shock  70kDa
protein 4L
Heat  shock  protein

90kDa alpha family class
A member 1

Heat  shock  70kDa
protein 4

Clusterin

Growth factor receptor-
bound protein 2

atrial natriuretic peptide
receptor 2
Coiled-coil domain-
containing protein 17

n.a.

Uncharacterized protein

Sturgeon gene Other names

hspblla/b

hspbl
hsph3a

hspcl

hsph2

clu

grb2

npr2

cedel?7

hsp30

hsp27, hsp25
hspa4l, apgl

hsp90aal.2,
hsp86, hsp90,
hsp89

hspad,
hspl10

apg?2,

clu

grb2

npr2

cedel?7

n.a.

n.a.

Table 2. List of the core 27 up-regulated contigs and corresponding gene description,
sturgeon gene name and other names present in the literature.
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Figure 1. Experimental design. The AOXlar7y cell line was seeded in 25mL flasks and
cultured at 25°C for 24 hours (h). Then, the cells were treated at either 30° or 35° for 1 hour
and then transferred back to 25°C for recovery. RNA was harvested after recovery for 4, 8
and 24 hours and sequenced with Illumina HiSeq2500.
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Figure 2. Number of differentially expressed contigs (DECs) per condition. Positive

values represent upregulated contigs and negative values represent downregulated contigs.

Different brightness represent different fold changes (FC) ranges.
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Figure 3. Venn diagrams showing the differentially expressed contigs (DECs)
overlaps per condition. Up and down-regulated contigs at 30°C and 35°C at three
timepoints (4, 8 and 24h) and overlap of upregulated and downregulated contigs at all

the conditions, excluding 30°C after 24 hours.
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Figure 4. Pie chart showing overrepresented gene ontology (GO) terms at 30°.

Biological process and molecular functions overrepresented at 30°C after 4 hours, including

the number of differentially expressed genes in each term.
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Figure 5. Pie chart showing overrepresented gene ontology (GO) terms at 35°.

Biological process and molecular functions overrepresented at 35°C after A: 4 hours; B: 8

hours; C: 24 hours, including the number of differentially expressed genes in each term
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Figure 6. Fold change (FC) of the heat shock inducible genes per condition. a: HspA
and HspH genes; b: HspB and HspC genes; ¢: DNAJ genes. Differences are considered
significant when padj < 0.05. *padj < 0.05, **padj < 0.001, ***padj < 0.0001.
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Table S1. Sample list and corresponding number of sequencing reads per sample
and SRA Accession number.

Table S2. List of top zebrafish BLASTx hits linked to of the COE transcriptomic
contigs.

Table S3. Number of sequencing reads mapped to the COE reference assembly per
AOXlar7y sample, expressed in raw and normalized values (reads per kilobase and
million, RPKM).

Table S4. Top 100 expressed contigs in the untreated cell line (25°C 4 and 24 h),
indicating the RPKM mean and standard deviation (SD) and best BLASTX hits.
Table S5. DESeq results per comparison. Contig ID: contig number in the reference
transcriptome; Base Mean: Mean of mapped reads in all samples used for
comparison; Base Mean A: Mean of mapped reads in the control group (25°C 4 and
24 h); Base Mean B: Mean of mapped reads in the comparison group divided by the
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mean of mapped reads in the control group. Fold Change: Mean of mapped reads in
the comparison group divided by the mean of mapped reads in the control group;
log2FoldChange: log2 of the Fold Change. Positive values indicate upregulation
and negative values downregulation; p-value: Probability value; padj: Probability
value adjusted for multiple testing with the Benjamini-Hochberg procedure;

Table S6. List of differentially expressed contigs (DECs) in at least one condition
and best zebrafish BLASTX hit.

Table S7. List of the always upregulated (n=27) COE contigs and best BLASTx
hits.

Table S8. List of differentially represented GO terms per comparison.

Table S9. List of annotated Hsp and Hsf genes in Atlantic sturgeon and BankIT
accession.

Table S10. Number of AOXlar7y sequencing reads mapped to the list of annotated
genes and DESeq analysis results.
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Abstract

Exposure to high temperatures can lead to thermotolerance in fish, which is hypothesized to
potentially improve post-release survival in species under restocking programs, like Atlantic
sturgeon. The aim of this study was to determine whether Atlantic sturgeon juveniles
exposed to a four-week temperature treatment respond differently to a subsequent heat
shock than juveniles exposed to heat shock for the first time (naive fish). Response to heat
shock was assessed by mapping the liver transcriptome. In total 838 unique contigs were
differentially expressed between the trained and the control group (592 downregulated, 261
upregulated and 15 down- or upregulated, depending on the condition), corresponding to
genes involved in the response to heat, tissue damage, proteolysis and metabolism.
Temperature-trained fish showed 2-4-fold fewer dysregulated contigs than naive fish,
indicating their ability to maintain and recover homeostasis faster. During heat shock, Aspc!
was upregulated in both experimental groups, while Aspal and dnaja4 were exclusively
upregulated in the control. Overall, compensatory mechanisms were observed in addition to
the heat shock response. Only two genes, fgg and apnl/, were upregulated at nearly all
timepoints in both groups. Peptidases were more strongly downregulated in control fish,
which also showed a reduction in lipid metabolism during recovery. Keratins, pckl,
gadd45ga and gadd45ghb were differentially expressed between trained and control fish, and
due to their roles in tissue protection and ER stress reduction, they might be responsible for
the maintenance of the transcriptional homeostasis observed in trained fish.
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1. Introduction

Wild sturgeon (Acipenseridae) populations are in severe decline and are currently
considered among the most endangered fish species worldwide [1]. Due to their late onset
of maturity, these diadromous fish are especially vulnerable to anthropogenic and climate
impacts. Atlantic sturgeon (Acipenser oxyrinchus) populations used to inhabit the Atlantic
seaboard of North America from Canada to Florida as well as European waters, being
restricted lately to the Baltic Sea. However, the Baltic population is currently extinct [2].
Despite efforts to reintroduce the Atlantic sturgeon into the Baltic [2], major concerns are
addressing the post-release mortality [3]. Common hatchery practices are characterized by
high stocking densities in stimulus-deprived tanks with fixed abiotic conditions, such as
constant temperature, leading to reduced fitness of farmed sturgeons when compared to
their wild conspecifics [4]. In order to increase restoration success, innovative rearing
techniques, such as enrichment of abiotic factors, are increasingly applied to increase the
fitness of juveniles produced for release [3,5,6].

Moreover, climate change has globally affected discharge and water temperatures with
recent models predicting increases of 2°C to 6°C in the next century [7,8]. Increased water
temperature has particularly adverse impacts on ectothermic animals such as fish, affecting
their swimming performance, predator avoidance and foraging behavior and resulting in
ecosystem shifts [9,10]. Therefore, understanding the mechanisms of thermal adaptation is
critical in order to adapt restoration programs.

Cells that have been exposed to thermal stress can acquire increased resistance against the
detrimental effects of a subsequent thermal stress [11]. This phenomenon, called
thermotolerance, implies the induction of the heat shock response (HSR) that triggers the
transcription of heat shock protein (HSP) genes [12,13], resulting in an enhanced resistance
against protein denaturation and aggregation.

Previous studies have unraveled the transcriptional changes after temperature treatments and
have documented a large number of genes associated with heat shock (HS) and thermal
adaptation [14-16], including the highly conserved HSPs (e.g. Aspa8) [17-20], and genes
controlling cell cycle, energy metabolism and protein folding, repair and biosynthesis
[21,22].

Temperature adaptation results from phenotypic plasticity and has been shown to occur
among conspecific populations occupying different environments [23-25]. Thermotolerance
may play an essential role in enhancing performance and survival of fish under variable
thermal conditions.

The current study aimed to assess whether exposure to fluctuating temperatures comparable
to those experienced in the wild can provide increased protection during a subsequent
temperature increase event in Atlantic sturgeon. In the training phase, the fish were
subjected to differing four-week temperature treatments followed by exposure to a HS.
RNA sequencing (RNAseq) was used to map the transcriptomic changes in the liver, as the
most important organ in cellular metabolism, detoxification, stress response and adaptation
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[26]. Results were quantified to confirm the response of HSP genes but also to identify
additional genes and biological pathways, providing helpful information towards
understanding of molecular mechanisms underlying the heat stress response in Atlantic
sturgeon.

2. Materials and methods
2.1. Experimental animals and sampling

The experiments were performed at the facilities of the Leibniz-Institute of Freshwater
Ecology and Inland Fisheries (IGB, Berlin, Germany) using fish from the regular
reproduction and rearing of the ex sifu stock. The experimental work was carried out under
the regulations of the German Animal Welfare Law in compliance with the EU Directive
2010/63/EU and approved by the regulatory administration (LAGeSo G 0305/15). Three-
month-old Atlantic sturgeon juveniles (14.9 = 4.1 g body weight; 16.8 = 1.8 cm total length)
were randomly distributed to two raceway units (2.40 m * 0.225 m * 0.1 m) at a natural
photoperiod and acclimatized for 7 days. Two experimental groups were established: during
the 30 days prior to the HS experiment, the control group (C; n=12) was constantly kept at
20°C, while the trained group (T; n=12) was subjected to 7 rounds of a temperature
challenge effectuated by an increase of the water temperature from 20°C to 24°C over 12
hours and a subsequent decline to 20°C over the following 12 hours. The seven rounds of
temperature challenge were randomly distributed over the 30-day period to avoid
habituation. The temperature fluctuactions represent values typically observed in the
recipient water body (Oder River) for the stocked fish during summer.

The HS challenge (Fig. 1) comprised the simultaneous exposure of both groups to the
temperature challenge. At the beginning of the temperature increase (t=0h), at the peak of
the heat treatment (t=12h), at the return to basal temperature (t=24h) and after 24 hours of
recovery (t=48h), three animals per group (n=3) were euthanized with MS222 (300ppm),
decapitated and their livers were sampled. Temperature was recorded hourly throughout the
training period and every 15 min during the temperature challenge on day 31 using
PRTemp101 data loggers (MadgeTech, USA). Oxygen was determined daily with a Hach
HQ40d multimeter (> 8 mg/L).

2.2. RNA isolation, [llumina libraries and sequencing

RNA was extracted with TRIzol [27]. Integrity and concentration were analyzed with a
Bioanalyzer 2100 total RNA Nano series II chip (Agilent, Santa Clara, USA). RNA libraries
were prepared from 500 ng total RNA, using the Illumina TruSeq Stranded mRNA Sample
Preparation Kit according to the manufacturer’s instructions (Illumina Inc., San Diego,
USA) and the resulting libraries were evaluated with a Bioanalyzer 2100 DNA 1000 series
IT chip (Agilent, Santa Clara, USA). One biological replicate of the trained group (12h after
HS) was lost due to RNA degradation. All the libraries were sequenced using an Illumina
HiSeq2500 instrument as single 51nt reads up to a minimum of 10 million reads per sample.
Image analysis and base calling were done using the Illumina pipeline.
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2.3. Transcript quantification, differential expression and Gene Ontology (GO) analysis

Bowtie2 (version 2.2.5) [28] was used to align the Illumina reads to the recently published
cell-organ-embryo (COE) de novo transcriptome assembly and to the complete annotated
set of Atlantic sturgeon HSP and heat shock factor (HSF) genes [29], available at GenBank
(Accession numbers MH777912-MH777987 and MH917287-MH917292, respectively).
SAMtools (version 1.2.) [30] was used to exclude secondary alignments, and the remaining
alignments were counted using the HTSeq Python library (version 0.5.3p9) [31]. Read
counts for 203,131 contigs were analyzed in R (version 3.3.0) using the Bioconductor
package DESeq (version 1.30.0) [32]. P-values were adjusted for multiple testing with the
Benjamini-Hochberg procedure, which controls the false discovery rate (FDR). Contigs
with an adjusted p-value (padj) < 0.05 were considered differentially expressed at each
pairwise comparison between different treatments and timepoints and were blasted against
the zebrafish proteome (BLAST 2.8.1+) with an E-value cutoff of 1E-5. Reads were
normalized between samples and corrected for contig length using the RPKM (reads per
kilobase million) correction.

GO enrichment analysis was performed using the Fisher’s Exact test with Bonferroni
correction implemented by the PANTHER Overrepresentation test (released on 2017-12-05)
using the GO Ontology database [33] released on 2018-07-03. GO terms with a p-value <
0.05 were considered overrepresented in each dataset.

3. Results

To determine whether prior exposure to a four-week temperature treatment affects the
response of Atlantic sturgeon juveniles to a new HS, we exposed both control and trained
fish to an experimental temperature challenge (Fig. 1) and measured mRNA levels in the
liver of 3 fish per treatment and timepoint using Illumina RNAseq. We obtained between
10.3 and 20.3 million sequencing reads per sample, 80.4-95.7% of which could be aligned
to a cell-organ-embryo (COE) sturgeon transcriptome (Accession n. GGZT01000000)
including 82 previously annotated HSP ¢cDNA contigs (Table S1) [29]. The Illumina reads
were deposited at the NCBI Short Read Archive (SRA) database under the accession
number PRINA534021.

3.1. General transcriptional response

DESeq analysis showed 838 unique differentially expressed contigs (DECs) in at least 1
experimental group and timepoint, 592 of which were downregulated, 261 were
upregulated, and 15 were up or downregulated, depending on the treatment and timepoint
(Table S2). DECs were blasted against the zebrafish proteome (BLAST 2.8.1+) with an E-
value cutoff of 1E-5, resulting in 420 hits, 337 protein versions and 321 genes (Table S3).
We therefore analyzed differential expression of these 838 contigs between trained fish and
their respective controls.

In order to determine general trends in gene expression both during HS and recovery, the
numbers of up and downregulated contigs per experimental group were plotted in Venn
diagrams (Fig. 2). At all tested time points, the number of differentially expressed genes in
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the control exceeded those in the trained group by a factor of 2-4. During the HS peak (t=
12h) higher numbers of downregulated than upregulated contigs were observed in both
groups, while during the HS relaxation period, when the temperature was restored to initial
levels (t= 24h), the number of downregulated contigs decreased in both groups (Fig. 2B).
During recovery (t= 48h) downregulation increased to higher values than during the HS
peak, but the control group showed about two times more upregulated (N=81) and
downregulated contigs (N=265) than the trained group (N=45 and N=142, respectively)
(Table S2).

3.2. Heat shock response

During the HS peak (t =12h) both experimental groups expressed high levels of HSPs and
molecular chaperones: Aspcl, serpinhla and serpinhlb were significantly upregulated in
both fish groups, while Aspal and dnaja4 were only upregulated in the control fish, for
which response to heat (GO: 0009408) was overrepresented (FDR= 3.81E-4) (Fig. 3 and
Tables S2 and S4). During the HS relaxation period HSPs were no longer upregulated,
however, dnajcl14 was downregulated in the control group. Finally, during recovery (t=48),
control fish showed downregulation of Aspa5. Before the temperature challenge no HSPs
were differentially expressed between the control and the trained group, yet, genes involved
in cell cycle regulation, like growth arrest and DNA-damage-inducible gamma a and
gamma b (gadd45ga and gadd45gb) and 4-aminobutyrate aminotransferase (abat) were
significantly upregulated in trained fish. Of these, gadd45ga and gadd45gh returned and
stayed at basal levels during the temperature challenge in both groups, while abat remained
upregulated in trained fish during the HS peak. Coiled-coil domain containing 17 (ccdcl7)
was also upregulated in response to temperature in both fish groups, but returned to basal
levels during recovery.

3.3. Tissue damage

Except for trained fish during the HS peak, contigs corresponding to actinoporin-like (apnl)
and fibrinogen gamma chain (fgg) were the only ones that were upregulated in all conditions
(Fig. 3). Both genes were also upregulated in trained fish before the temperature challenge.
On the other hand, keratins (krt5, krt94, krt97) were downregulated before the temperature
challenge in trained fish and during the HS peak in control fish. Catabolic processes
(GO:0009056) were underrepresented during HS in the control group, while no GO terms
were differentially represented in trained fish (Tables S2 and S4).

3.4. Proteolysis

More than 10 peptidases were differentially expressed through the temperature challenge in
both experimental groups. Among them, carboxypeptidases A4 and Bl (cpa4, cpbl),
elastase-like 3 (elal3), chymotrypsin-like elastase (cela), trypsin (#ry) and protein disulfide
isomerase family A member 2 (pdia2) were downregulated in the liver of trained fish before
the temperature challenge and during recovery, and during the HS relaxation period in the
control fish. Chymotrypsin-like protease (ctr/) and elastase-like 2 (elal2) were only
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downregulated in the control fish during HS relaxation (Fig. 4). Contigs corresponding to
cathepsin D (ctsd) and Ba (ctsba) were downregulated in trained fish before the temperature
challenge, of which ctsba was also downregulated in trained fish during HS peak and ctsba
was downregulated in control fish at all the timepoints and during HS relaxation in trained
fish. Only one peptidase, matrix metallopeptidase 2 (mmp2), and one phosphorylase,
phosphorylase kinase gamma 1 a (phkgla), were upregulated during the experiment: mmp?2
during HS peak and relaxation and phkgla during HS relaxation and recovery. Overall,
proteolysis (GO:0006508) was underrepresented in trained fish during the HS relaxation
(FDR= 2.75E-5) and during recovery (FDR= 7.18E-4) (Fig. 4, Tables S2 and S4).

3.5. Metabolic response

Phosphoenolpyruvate carboxykinase (pckl) expression was induced in trained fish before
the temperature challenge and during HS relaxation, and during recovery in both
experimental groups. No more genes were upregulated in the trained fish during the
temperature challenge; however, apolipoproteins (apoa4b.1 and apoa4b.2) were responsive
to HS both during the peak and relaxation period in control fish. Despite this observation,
no metabolism-related GO terms were found overrepresented. Fatty acid desaturase 2
(fads2) was upregulated in trained fish before the temperature challenge and in control fish
during HS relaxation, while strongly downregulated during recovery in both groups.

The majority of dysregulated genes involved in metabolic processes were downregulated.
One third of these genes, including lectin galactosidase-binding soluble 9 like 1 and 3
(Igals9ll, Igals913), solute carrier family 15 member 1 b (slc/5alb), S100 calcium binding
protein A 10 b (s/00al0b) were downregulated in both experimental groups at all
conditions, and anterior gradient related 2 (agr2) was also downregulated at all conditions
with the exception of trained fish during recovery. More than half of the downregulated
genes were uniquely downregulated during recovery in either both groups (e.g. cyp5l,
dhcr24, gck) or only in the control fish (e.g. shbg, dhcr7, fa2h). Overall, lipid metabolic
process (GO:0006629) was underrepresented in the control group during recovery (FDR=
2.09E-4) (Tables S2 and S4).

4. Discussion
4.1. General transcriptional response

After a four-week temperature treatment, fish were exposed to HS and the liver
transcriptome was mapped in order to study the response in comparison to naive fish. In this
experiment a fluctuation of the temperature regime comparable to the fluctuations observed
in the restocking ecosystem (Oder River) during the summer affected the transcriptional
response to a subsequent HS. In both groups, the vast majority of transcriptional changes
corresponded to downregulation, showing similar temporal patterns in both experimental
groups: dysregulated genes decreased during HS relaxation and increased again during
recovery. Even though the pattern was similar in both groups, the control group showed 2 to
4 times more DECs than the trained one. This response was characterized by particularly
increased downregulation, indicating that naive fish initiate a more complex response to
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maintain (during HS) and reestablish (during recovery) transcriptional homeostasis. In
addition to the upregulation of heat shock specific genes (HSPs), other physiological
networks are involved in this response, including cell cycle regulation, proteolysis, tissue
damage and lipid and carbohydrate metabolism.

4.2. Heat shock response

A directed response to heat was observed in both experimental groups during the HS peak
and was absent at other timepoints, even during HS relaxation, which proves that the HSR is
a transient defense mechanism. While Aspcl and serpinhl a and b were upregulated in both
experimental groups, Aspal and dnaja4 were only upregulated in control fish, in which heat
shock response was an overrepresented GO term. This is supported by previous studies
using warm-adapted fish that showed that serpinhla was upregulated in salmonids, which
also showed high levels of Aspcl in response to HS [34], while the cyprinid doctor fish
(Garra rufa) had higher hspal (hsp70) protein levels in the muscle [25]. To date, in vivo
experiments with sturgeons have not provided a temperature treatment previous to the HS,
addressed only a limited number of HSP genes and used approaches other than RNAseq
(e.g. western blot, qPCR). In addition, results depended on the species and age of the
exposed fish, finding that Aspal was HS inducible in both white (4. transmontanus) and
green (A. medirostris) sturgeon larvae [35,36] while it was more responsive to cold in
Beluga sturgeon juveniles (Huso huso) [37]. In our recently published RNAseq experiment
[29] we exposed a cell line derived from Atlantic sturgeon larvae to two HS treatments (5°C
and 10°C increase), identified and annotated 76 HSP genes in the COE reference
transcriptome, and analyzed DECs. The cell line showed 3.6 times more DECs than the
juveniles used in this study, including serphinib and 17 HSP genes. Although hspcl, hspal
and dnaj4 were among these genes (up to 26, 966 and 32 fold upregulation, respectively),
hspbl1a was the most upregulated gene (> 3,000-fold). However, the HS applied in vivo in
this experiment resulted in a much milder upregulation, and while Aspcl was upregulated in
both groups (up to 11.5-fold), Aspal was only upregulated provided the absence of training
(6.5-fold) and Aspb11a expression was not affected. HSP genes are known to be responsive
to other stress besides HS and, overall, only 3 out of 76 were upregulated in the liver under
these experimental conditions and selected timepoints.

Apoptosis and cell cycle arrest during HS is known to be an energy-saving mechanism to
direct energy towards the repair of damaged proteins [38]. This is the case for the gadd45
family [39], which confers HS resistance and increased lifespan in Drosophila [40-42] and
is upregulated (gadd45ga and b) before the temperature challenge in trained fish.

Finally, ccdc17 was also upregulated during the HS peak in both naive and trained fish, and
although this gene family is known to be involved in gene expression regulation [43], the
specific function of this family member has not been studied in detail and its relevance
remains unclear.

The few studies that examined the effects of thermal cycles on thermotolerance in fish show
that the mechanisms involved go beyond the HSR and cell cycle regulation, including
biological processes related to protein folding, energy metabolism and biosynthesis [44,45].
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4.3. Tissue damage

With the exception of trained fish during the HS peak, apn/ and fgg were upregulated at all
timepoints in both experimental conditions. Although fibrinogen genes are constitutively
expressed in the liver, the expression can be increased during inflammatory stress [46] and
is induced by freezing in the wood frog (Rana sylvatica) [47]. Actinoporins are pore-
forming proteins which have previously been identified to play an important role in water
stress in moss [48,49]. Although, to our knowledge, none of these genes have been
attributed to HS protection, apn/ was also upregulated in the cell line [29] and further
research should be performed to investigate its relevance. Keratins are important tissue-
protecting genes and, when associated with HSPs, are targets of the caspase-mediated
proteolysis [50]. Three family members (krt5, krt94, krt97) were downregulated in trained
fish before HS but returned to basal levels during the HS peak. Opposite to this, they were
very strongly downregulated (>190-fold) during the HS peak in control fish, indicating lack
of protection.

4.4. Proteolysis

Many proteases (e.g. cpa4, cpbl, elal3, cela, try and pdia2) were downregulated in the liver
of trained fish before the temperature challenge and during recovery, and earlier in control
fish (during HS relaxation). In addition, most of them (e.g. cela) were more downregulated
in control (1,424-fold) than in trained fish (11-fold). Many of these proteases (e.g. pdia2
and agr2) are involved in protein maturation and secretion [51].

Only one protease (mmp2) and one phosphorylase (phkgla), which are known to be
responsive to heat [52], were upregulated during the experiment. Overall, proteolysis was
underrepresented in both trained and naive fish during recovery.

4.5. Metabolic response

Previous studies already indicated that genes involved in metabolism regulation (e.g.
glycolysis, gluconeogenesis, tricarboxylic acid cycle, lipid metabolism) could be either
induced or repressed during HS [22,53,54]. Among the genes involved in carbohydrate
metabolism, pckl, upregulated in both experimental conditions, is involved in
gluconeogenesis, whereas gck, involved in glycolysis, was downregulated during recovery
in both groups. Pckl was first upregulated in trained fish (before temperature challenge and
during HS relaxation) and afterwards, during recovery, upregulated in both experimental
groups. Previous studies already described pckl upregulation during HS in pigs and fish
[55,56], possibly triggered by cortisol and resulting in a decrease of endoplasmic reticulum
(ER) stress.

The remaining dysregulated genes had important functions in lipid metabolism, the majority
of them being downregulated, with the exception of fads2 and apoa4b 1 and 2. Hspal,
which was upregulated in control fish, is known to degrade apolipoproteins [57], which are
likely upregulated in control fish during HS peak as a counteracting response. Even though
fads2 was initially upregulated in trained fish, it was downregulated in both experimental
groups during recovery, like the majority of the genes in this category (e.g. cyp51, dhcr24).
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Still, some genes (e.g. shbg, dhcr7, fa2h) were only downregulated in the control group, for
which the “lipid metabolism” GO term was underrepresented during recovery. Temperature
is an abiotic factor that can affect the fluidity of the membranes by changing the content of
membrane lipids and the degree of unsaturation [58,59]. Therefore, downregulation of fads?2
and genes related to cholesterol biosynthesis (e.g. dhcr7, dhcr24, cyp51) are indicative of
membrane rearrangements after HS recovery, and were also previously reported in rainbow
trout [60].

It is important to take in consideration that we have analyzed the HSR using only one tissue,
while previous studies have reported tissue-specific patterns in response to HS stress [38].
Also, while the temperature increase in previous experiments using sturgeons was up to
10°C above the optimal growing temperature [22,36,37], in our study the temperature
challenge was designed to meet the natural fluctuations in the recipient water body (+ 5°C).
In conclusion, we have found that training reduces gene dysregulation during the
temperature challenge, possibly due to faster homeostasis recovery or reduced sensitivity.
Most of the HSP genes were not involved in the observed HSR and Aspal upregulation was
only observed in naive fish. Compared to the cell line, the HSR was milder due to the less
severe heat shock and potentially due to compensatory mechanisms at the organismal level
involving multiple physiological networks. Still, the experimental design, sampled tissue
and selected timepoints could also have influenced the results. Control fish showed
increased proteolysis, downregulation of protective genes (e.g. keratins) during HS and
reduced lipid metabolism during recovery. It can be predicted that trained fish will be better
adapted for the environmental fluctuation after release than the untrained fish, improving
their acclimatization and survival. The differences between the two groups reveal large
potential for improvement of rearing conditions in conservation aquaculture and still, new
techniques, like the exposure of the broodstock to HS to produce more resistant offspring
[61] could be investigated.
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Fig. 1. Experimental setup involving A) a 30-day (d) training period followed B) by a
heat shock. The training period (A) comprised seven temperature challenges in trained fish
(T) and rearing at a constant temperature of 20°C in control fish (C). The heat shock (B)
(data from PRTempl01 data loggers) involved an increase in the water temperature from
20°C to 24°C in 12 hours (h) and a relaxation with a temperature decrease to 20°C. The

subsequent recovery phase was 24 h long. Samples were taken at 0 h, 12 h, 24 h and 48 h as
indicated by the arrows.
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Fig. 2. Venn Diagrams showing DECs and overlaps between experimental groups at
different timepoints. A: Overlaps of upregulated contigs in the control (C) and trained (T)
fish during heat shock peak (12h), heat shock relaxation (24h) and recovery (48h) and
throughout the experiment, for which T _12h showed no overlap and was therefore not
represented. B: Overlaps of downregulated contigs in the control (C) and trained (T) fish
during heat shock peak (12h), heat shock relaxation (24h) and recovery (48h) and
throughout the experiment, for which T _48h showed no overlap and was therefore not
represented.
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Fig. 3. Heat map of selected genes related to heat shock response, cell cycle and tissue
damage. T and C denote trained and control groups, respectively. Color key indicates log2
fold change (FC) values. Contigs numbers and corresponding gene symbols of the best
BLAST hit are provided for all genes.
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Fig. 4. Heat map of selected genes related to proteolysis and metabolism. T and C
denote trained and control groups, respectively. Color key indicates log2 fold change (FC)
values. Contigs numbers and corresponding gene symbols of the best BLAST hit are
provided for all genes.

17



Temperature training improves transcriptional homeostasis after heat shock in juvenile
Atlantic sturgeon (Acipenser oxyrinchus)

18



Temperature training improves transcriptional homeostasis after heat shock in juvenile
Atlantic sturgeon (Acipenser oxyrinchus)

Temperature training improves transcriptional homeostasis after

heat shock in juvenile Atlantic sturgeon (Acipenser oxyrinchus)

Elena Santidrian Yebra-Pimentel®"", Bruno Reis¢, Jorn Gessner?, Sven Wuertz?, and

Ron P.H. Dirks?.

Supplementary Material

Supplementary tables are available at:

https://www.dropbox.com/s/th8y9tv74800dvf/Article2_supplementary Tables.zip?dl=0

Supplementary Tables:

o Table S1. Sample list, corresponding number of sequencing reads per sample, accession
and number and normalized (RPKM, reads per kilobase and million) reads mapped to
the reference transcriptome, including only contigs with more than 0 RPKM in at least
one sample.

o Table S2. DESeq results (padj <0.05) per comparison. T: trained fish; C: control fish;
0, 12, 24 and 48 stand for the timepoints sampled during heat shock. Contig ID: contig
number in the reference transcriptome; BaseMean: Mean of mapped reads (RPKM) in
all samples used in the comparison; BaseMean A: Mean of mapped reads in the control
group (CO, control before temperature challenge); BaseMean B: Mean of mapped reads
in the compared group; Fold Change: Mean of mapped reads in the comparison group
divided by the mean of mapped reads in the control group; Log2 Fold Change: log2 of
the Fold Change. Positive values indicate upregulation and negative values
downregulation; pval: probability value; padj: probability value adjusted for multiple
testing with the Benjamini-Hochberg procedure; Lowest BLASTx E-value: BLAST
expectation value; BLASTx Danio rerio Accession protein/ Accession gene/ gene
symbol/ gene description: ENSEMBL identifier for the best protein hit in the zebrafish
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proteome; BLASTx Danio rerio Accession gene: ENSEMBL protein identifier/
ENSEMBL gene identifier/ gene name/ gene description of the best BLASTx hit in the
zebrafish proteome.

Table S3. List of DECs in at least one condition, including query (contig) size in
nucleotides, log2FoldChange and padj value in each of the comparisons and best
BLASTX zebrafish hit.

Table S4. List of under and overrepresented gene ontology (GO) terms per condition. D.
rerio REFLIST: the number of genes contained in each GO term in the reference list;
Upload: number of differentially expressed genes contained in the GO term; Expected:
expected number of genes include in the GO category; Over/Under: Over or
underrepresentation of the GO term. Negative (green) values indicate
underrepresentation, while positive (red) values indicate overrepresentation; Fold
Enrichment: Number of observed genes in each category divided by the number of
expected genes; P-value: probability value; FDR: False discovery rate.
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Abstract

The availability of a reference genome improves research on many fields; however,
genomic resources are lacking for Atlantic sturgeon, which is under a restoration program in
Europe. Sturgeons have high chromosome counts resulting from several lineage-specific
whole-genome duplication events (WGD), but their ploidy status is still controversial. We
have de novo assembled the Atlantic sturgeon genome sequence using Illumina and
nanopore sequencing technologies. Ploidy level, genome size and heterozygosity were
estimated using microsatellite loci analysis, flow cytometry and k-mer counting.
Additionally, Hox gene clusters were analyzed to infer the evolutionary position of Atlantic
sturgeon among gnathostomata and their expression was assessed in 4 stages of embryonic
development. Microsatellite analysis showed disomic patterns in 5 loci and tetrasomy in 3
loci. Flow cytometry results suggested a genome size of 1.1 Gb, while k-mer counting
inferred 652 Mb and high heterozygosity (5.36%). However, our nanopore assembly size
was 1.28 Gb (Nso 0.97 Mb). We found 76 Hox genes and 1 pseudogene distributed over 7
clusters, with one of the HoxC clusters being lost. Hox paralogs shared an average identity
of 92% at the protein level, while synteny was not fully conserved between the HoxA
paralogs. Phylogenetic reconstruction indicated that they were resulting from a sturgeon-
specific WGD (SR), independent from paddlefish and common for the two analyzed
sturgeon species. The developed genomic resources serve as a basis for new research in
Atlantic sturgeon, which is likely a paleotetraploid species in the process of rediploidization,
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based on the found paralogs, microsatellite results and discrepancy between estimated
genome size and total assembly size.

Keywords: Hox, genome, sequencing, sturgeon, nanopore, genome duplication,
tetraploidization, rediploidization.

Introduction

Sturgeons (order Acipenseriformes) date back to ~ 350 Mya (Hughes et al. 2018) and
occupy an important position in evolution as a basal lineage of ray-finned fish
(Actinopterygii) that diverged from teleosts more than 250 Mya (Betancur et al. 2013). The
order contains two sister families that diverged ~204 Mya (Peng et al. 2007; Luo et al.
2019): paddlefish (Polyodontidae) and sturgeons (Acipenseridae). The first one contains
only 2 extant species (P. spathula and P. gladius), while the second contains 25 species
divided into 4 genera and 25 species, distributed in 3 clades: the basal Sea clade, containing
only the Atlantic and European sturgeons, and the Atlantic and Pacific clade.

Seven out of the eight sturgeon species that have traditionally inhabited the European rivers
and estuaries are currently considered critically endangered (Freyhof and Brooks, 2011).
The situation of the Atlantic sturgeon (Acipenser oxyrinchus) in Europe is particularly
alarming as it is extinct in the wild since the depletion of the Baltic population (Ludwig et
al. 2002; Ludwig 2008). The remaining Atlantic sturgeon populations, distributed from
Florida (US) to Labrador (Canada) and categorized as “near threatened” (Pierre and
Parauka, 2006), are currently being used to repopulate the Baltic (Gessner and Bartel 2000).
Today, 318 fish genomes have been deposited at the NCBI database, most of them
corresponding to teleosts, but also some chondrichthyans like Little Skate (Leucoraja
erinacea) and Elephant shark (Callorhinchus miii) and the holostean Spotted gar
(Lepisosteus oculatus) (King et al. 2011; Venkatesh et al. 2014; Braasch et al. 2016). Good
genomic resources have a strong impact on research in multiple fields including molecular
biology, physiology, ecology and evolution. Regarding Atlantic sturgeon, transcriptome
resources consist of an assembly including 4 stages of embryonic development, a
multiorgan assembly originating from 20 juvenile tissues, an embryo-derived cell line
assembly, and a cell-organ-embryo (CEO) assembly combining all the aforementioned
resources (Grunow et al. 2011; Kaitetzidou et al. 2017; Yebra-Pimentel et al. 2019). The
only assembled sturgeon genome, corresponding to sterlet (Acipenser ruthenus), was
recently deposited at NCBI (GCA_000209225.1). However, it is not associated with any
publication and the assembly, performed solely with Illumina reads, is quite fragmented
(1.83 Gb genome divided over 215,913 scaffolds, with an Nso of 191.06 kb).

Acipenseriformes have an extraordinary tendency for genome duplication and
polyploidization and have undergone several independent lineage-specific duplication
events (Crow et al. 2012; Symonova et al. 2017; Havelka et al. 2016). While the American
paddlefish (Polyodon spathula) has a diploid chromosome number or 120, sturgeons have
variable chromosome numbers within the family and ploidy status is still controversial and
remains unresolved. Recent investigations suggest two ploidy scales: the “evolutionary
scale” and the “functional scale”. While the first suggests tetraploid (4n), octaploid (8n) and
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dodecaploid (12n) relationships among species of ~ 120 (e.g. Atlantic sturgeon), ~ 250 and
~ 500 chromosomes respectively, the latter scale presumes diploid (2n), tetraploid (4n) and
hexaploid (6n) relationships (Vasil’ev et al. 2010). In addition, triploid individuals are
sporadically found within diploid species (Blacklidge and Bidwell 1993). Previous studies
using microsatellite markers, direct chromosome visualization, Feulgen Image Analysis
(FIA) densitometry and flow cytometry categorized the Atlantic sturgeon as a diploid
species (Ludwig et al. 2001; Havelka et al. 2013) with 2n=120 chromosomes (Tagliavini et
al. 1999; Fontana et al. 2008) and a genome size of 2.14 Gb (Blacklidge and Bidwell 1993;
Hardie and Hebert 2003).

Evidence for a teleost-specific whole-genome duplication (WGD), known as the TSGD or
3R, was initially revealed by the presence of duplicated Hox genes (Amores 1998; Prince et
al. 1998; Bruce et al. 2001), which are conserved homeodomain-containing transcription
factors related with developmental patterning organized in genomic clusters that exhibit
colinearity between their position and their temporal and spatial expression (McGinnis and
Krumlauf 1992; Duboule 2007). Invertebrates contain a single Hox cluster with a variable
number of genes, from only 6 in the worm C. elegans to a total of 14 in the cephalochordate
B. floridae (Rosa et al. 1999; Minguillon et al. 2005). As a result of the two rounds of WGD
events (2R) affecting vertebrates that occurred 600 Mya (Meyer and Schartl 1999), most
vertebrates, including cartilaginous fishes (sharks), sarcopterygians (coelacanth, tetrapods)
and holosteans (Spotted gar), typically contain 4 Hox paralog clusters (named A, B, C and
D), with few exceptions, like the Little Skate which has lost the complete HoxC cluster
(Venter et al. 2001; Martinez and Amemiya 2002; Amemiya et al. 2013; Venkatesh et al.
2014; Braasch et al. 2016).

As a result of the TSGD, some teleosts like the European eel (4dnguilla anguilla) contain up
to 8 Hox clusters (termed a and b) with 73 genes (Henkel et al. 2012a), while others, like
zebrafish and medaka, have lost one or more clusters (Lynchu and Conery 2000;
Kondrashov et al. 2002; Kuraku and Meyer 2009). Additional lineage-specific duplication
events have been described in several teleost families, among them the salmonid-specific
WGD (Ss4R) around ~80 Mya (Macqueen and Johnston 2014; Lien et al. 2016) and the
more recent duplication in common carp (Cyprinus carpio), dated from ~ 12 Mya (David et
al. 2003; Yuan et al. 2010; Henkel et al. 2012b; Wang et al. 2012). The American
paddlefish, sturgeons closest relative, has two HoxA and Hox D clusters (termed o and f)
derived from a paddlefish-specific WGD (termed as PR), that occurred ~42 Mya (Crow et
al. 2012); however, the full genome sequence of the American paddlefish is not available
and the HoxB and HoxC gene complement is unknown. Although Crow et al. suggested that
the PR duplication seemed to have occurred after the divergence from sturgeons, the lack of
genomic resources for sturgeons made it impossible to confirm this hypothesis.

The aim of this work was to generate genomic resources, determine the ploidy status and
infer the phylogenetic relationships of the endangered Atlantic sturgeon among jawed
vertebrates. To this aim, we have sequenced the Atlantic sturgeon genome using Illumina
and nanopore technologies, resulting in a highly contiguous and complete genome
assembly. Hox-coding genes were annotated and used to perform phylogeny and synteny
analyses in order to infer the molecular evolution of sturgeons among gnathostomata.
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Additionally, transcriptomic reads derived from 4 stages of embryonic development were
mapped to the annotated Hox genes in order to confirm their transcriptional activity and
evaluate their expression levels (Kaitetzidou et al. 2017).

Materials and methods
Sturgeon samples

A juvenile Atlantic sturgeon female (7.7 kg, 98 cm) was provided by Fischzucht
Rhonforelle GmbH in Gersfeld (Germany) on July 3™, 2015. The specimen was euthanized
and samples were taken in agreement with standardized methods for fish processing at a
licensed and registered processing unit (Fischzucht Rhonforelle GmbH). Blood samples
were taken from the gills using heparin-flushed needles and immediately snap-frozen in
liquid nitrogen. In addition, 20 tissue samples were taken through dissection, as described
previously (Yebra-Pimentel et al. 2019).

[llumina and nanopore sequencing

For the Illumina sequencing, DNA was extracted from snap-frozen blood using the DNeasy
Blood & Tissue kit (Qiagen GmbH, Hilden, Germany). DNA concentration was measured
using fluorometric quantitation (Qubit, Thermo Fisher Scientific) and subsequently sheared
using a nebulizer (Life Technologies). Paired-end libraries were prepared from 5 pg of
sheared DNA using the Paired-End Sequencing Sample Prep kit according to the
manufacturer’s description (Illumina). For the size selection step, the 400 base pair (bp)
band was cut from the agarose gel, purified and amplified by 10 PCR cycles. The resulting
library was analyzed using a Bioanalyzer 2100 DNA 1000 series II chip and sequenced
using an Illumina HiSeq2500 instrument with a paired-end read length of 151 nucleotides
(nt). Image analysis and base calling were done by the Illumina pipeline. The quality of the
raw [llumina reads was inspected using FastQC software (Andrews 2010) and sequencing
adapters were removed using BBmap (BBMap - Bushnell B.)

For the nanopore sequencing, high molecular weight (HMW) DNA (>60 kb) was isolated
from Atlantic sturgeon liver, blood, spleen, kidney and heart using the Qiagen Genomic-Tip
100/G (Qiagen). DNA concentration was measured with fluorometric quantification while
length was estimated through automatic electrophoresis (4200 TapeStation System,
Agilent). The isolated DNA was used either intact or sheared to a size of ~20Kb with a g-
Tube (Covaris) to prepare 27 nanopore libraries that were run in either MinlON (n=24) or
PromethION (n=3) Oxford nanopore technologies (ONT) sequencing devices. Nanopore
libraries were prepared according to the ONT protocols using either 1D-ligation (versions
LSK108 and LSK109) or rapid protocol (versions RAD002 and RAD004). The MinKNOW
software was used to control the sequencing process and the read files were base called with
either albacore (versions 2.0.2 and 2.1.3) or guppy. Nanopore sequencing adapters were
removed from the raw data using Porechop (version 0.2.1.
http://github.com/rrwick/Porechop). Reads were filtered to a minimum average read quality
Phred score of 7 using Nanofilt (version 2.2.0) and, after filtering, the quality and length
were inspected with NanoPlot (De Coster et al. 2018).
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Atlantic sturgeon genome assembly

The genome assembly was performed according to the strategy depicted in Figure 1.
Initially, sequencing reads from paired-end Illumina libraries were used to build an Illumina
assembly using the De Bruijn graph-based de novo assembler implemented in the CLC
Genomics Workbench version 4.4.1 (CLC bio, Aarhus, Denmark). A total of 8 de novo
genome assembly rounds were performed using different k-mer (21,31,51 and 63) and
bubble size (50, 240, 300 and 400bp) settings combinations, in order to tune the setting for
the optimal contiguity (highest N50) and completeness (largest assembly size).

Filtered nanopore reads were assembled using the Tulipa-julia assembly software, an
improved version of the TULIP assembler(Jansen et al. 2017), which applies the overlap
layout assembly strategy with a heuristic approach that results in increased speed of the
assembly process: instead of finding overlaps among error-prone reads by aligning all
versus all reads, reads are aligned to unique sparse sequences of the genome, called seeds.
The seeds were obtained by fragmenting the Illumina contigs into DNA sequences of 1.5 kb
in length. Filtered nanopore reads were aligned to the seeds using Minimap2 and the
alignment file was thereafter used by the Tulipa-julia assembler to produce an assembly
graph, where the seeds were represented as nodes linked by the nanopore reads aligning to
them. After removing ambiguities in the assembly graph, the assembler produced
contiguous sequences, which still needed post-assembly correction. The assembled contigs
were corrected with 4 iterations of Racon (Vaser et al. 2017), followed by 2 iterations of
Pilon (Walker et al. 2014). Genome contiguity was evaluated based on Nso and number of
contigs, while the genome completeness was assessed with Benchmarking Universal Single-
Copy Orthologs using BUSCO (version 3) against the vertebrate odb9 dataset (Waterhouse
et al. 2018).

Estimation of ploidy, genome size and heterozygosity

Previously described microsatellite markers were amplified and analyzed as described in
Havelka et al (2013) in order to assess the ploidy level of the specimen used for sequencing
(Havelka et al. 2013). Initially 13 microsatellites were tested for amplification in Atlantic
sturgeon DNA and, from all together 11 successfully amplified markers, 8 were chosen for
subsequent analysis based on their level of polymorphism. The allele numbers of AciG35
(Bork et al. 2008), AfuG135 (Welsh et al., 2003), Aox45 (King et al., 2001), Atr117, Atr109
(Rodzen and May 2002), Spl101, Spl163 and Spl173 (McQuown et al. 2000) were assessed
in order to infer the ploidy level.

Additionally, Atlantic sturgeon red blood cells (RBC) were processed for flow cytometry
analysis in order to estimate the genome size. European eel (Anguilla anguilla) RBC were
processed simultaneously and used as reference (genome size 1.1Gb, haploid) (Henkel et al.
2012a). Snap-frozen blood was diluted 1:50 in cold PBS and centrifuged at 2,500g for 5
minutes at 4°C. The cellular pellet was suspended again in PBS and centrifuged at the same
conditions. Cells were fixed in 70% cold ethanol for 30 min, washed with PBS and filtered
through a 40 pum filter. RNA was digested with RNase A (0.5 pg/mL) followed by
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propidium iodide (PI) staining (50 pg/mL). Flow cytometry analysis was performed up to a
minimum of 4,000 events (cells) per sample and the median fluorescence (MF) was
calculated. The Atlantic sturgeon genome size (GS) was calculated by [(GSEuropean
cel/MFEuropean eel) X MF Alantic sturgeon]-

We have also used Jellyfish (version 2.2.6) (Margais and Kingsford 2011) to count k-mers
in Illumina reads after removal of low-quality bases (< 30) and trimming to a uniform
length of 100 nt, in order to estimate the haploid genome size, repetitive content and
heterozygosity. K-mer frequency histograms were obtained counting 19, 21, 23 and 25-mers
in the filtered Illumina reads and the resulting histograms were analyzed using the algorithm
applied by GenomeScope (Vurture et al. 2017).

In order to investigate the contig coverage distribution in the nanopore genome assembly, a
subset of Illumina genomic reads was aligned to the assembled contigs using BWA-MEM
(version 0.7.15) (Li and Durbin, 2009). The number of alignments per contig was counted
and normalized to the contig length in order to estimate the coverage distribution in the final
genome.

Evolutionary studies on developmental genes

Hox amino acid sequences from key vertebrate species, namely spotted gar, European eel,
zebrafish and paddlefish, were retrieved from the Ensembl release 91 and NCBI databases,
blasted (tblastn) against the Atlantic sturgeon genome and manually annotated using the
CLC Main Workbench 7 software (QIAGEN Bioinformatics). The annotated Hox coding
sequences (Table S4) were blasted against the embryonic and multiorgan assemblies in
order to confirm the presence of open reading frames (ORF) in the transcriptomic resources.
In order to confirm the transcriptional activity of the annotated Hox genes and analyze their
expression, transcriptomic reads derived from 4 stages of embryonic development (mid-
gastrula, end of gastrulation, hatching, and 2 days post-hatching) (Kaitetzidou et al. 2017)
were mapped to the Hox coding sequences (CDS) using bowtie2 (version 2.2.5.), and
secondary alignments were filtered with SAMtools (version 1.2). Mapped reads were
counted using the python package HTSeq (version 0.5.3p9), normalized, and expressed as
reads per kilobase per million reads (RPKM).

In order to reconstruct the phylogeny of Atlantic sturgeon Hox clusters, the protein
sequences of several vertebrate representatives were retrieved from the NCBI database,
including two basal chondrichtians (hornshark and ghostshark), two sarcopterygians (human
and coelacanth), two teleosts (European eel and zebrafish), and four non-teleost ray-finned
fish: spotted gar, American paddlefish (sturgeon’s sister clade), Sterlet and Atlantic
sturgeon. For each of the species, protein sequences were concatenated per cluster and
subsequently concatenated superalignments were performed using CLUSTAL included in
SeaView (version 4.6.1), followed by manual curation. Maximum likelihood phylogenetic
tree for each Hox clusters were built in the online platform CIPRES (www.phylo.org) using
RAXML black-box (Stamatakis 2014) with 1,000 bootstrap replicates and JTT substitution
matrix. Ghostshark was used as outgroup for all the clusters, and Hornshark was
additionally used for HoxB and HoxC clusters. The protein sequences used in the tree are



The Atlantic sturgeon (Acipenser oxyrinchus) genome provides insights into genome evolution
in paleotetraploids

described in the Table S4. The resulting phylogenetic tree was displayed using Figtree
(version 1.4.3).

Finally, synteny analysis was performed on the HoxA cluster paralogs and on the HoxC
cluster, using the Spotted gar as reference, and including ghostshark, human, coelacanth,
zebrafish and medaka. The genomic regions of the Atlantic sturgeon Hox clusters were
blasted against the non-redundant protein sequence database and manually analyzed with
the CLC Main Workbench 7 software on the assembled genome in order to identify
neighboring genes.

Results
[llumina and nanopore sequencing

Using the Illumina HiSeq2500 sequencer we have produced 548,599,202 paired reads of
151 nt (82.2 Gb) with a mean quality score of 35.6. Assuming a genome size of 1.28 Gb,
this corresponded to ~64-fold coverage of the genome.

Using ONT devices and filtering out reads with a mean quality score below 7, we have
obtained 58.26 Gb (~45.5-fold coverage) of nanopore sequencing data distributed over
7,860,939 sequencing reads with a mean quality score of 10.5 and a read Nso of 13.13 kb
(Figure S1).

Genome assembly, correction and annotation

The Illumina reads were used for de novo assembly of a first draft genome sequence of
Atlantic sturgeon. Multiple k-mer and bubble size setting were tested. The best assembly
resulted from k-mer size 63 and bubble size 250 bp. The Illumina genome assembly had a
length of 1.37 Gbp divided over 978,147 contigs with an N50 of 3.7 kb (Figure S2).

In order to obtain seeds for the nanopore genome assembly, Illumina contigs were split into
fragments of 1.5 kb in length, yielding 581,096 high quality seeds (0.68-fold coverage of the
estimated genome size). Filtered nanopore reads were aligned to the Illumina seeds and
thereafter Tulipa-julia was used to generate the assembly graph. The resulting assembly
contained 574,518 seeds (750.78 Mb) and 525.9 Mb links derived from nanopore
sequencing reads, resulting in an assembly length of 1.26 Gb distributed over 4,979 contigs
with an Nso of 0.93 Mb. The assembly was finally corrected with 4 iterations of Racon
(version 1.3.2) and 2 iterations of Pilon (version 1.23), resulting in an assembly length of
1.28 Gb distributed over 4,947 contigs with an Nso of 0.97 Mb (Figure 2). The BUSCO
analysis could retrieve 2,401 complete BUSCOS out of 2,586 (92.8%), of which 76% were
single-copy (Figure S3).

Estimation of ploidy, genome size and heterozygosity

The analysis of eight microsatellite markers showed disomic allelic patterns at Aox45,
Atr109, Spl173, Spl163 and AfuG135 loci whereas tetrasomic allelic patterns were
observed at Atr117, Spl101 and AciG35 loci.
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Flow cytometry results showed a median BLUE 695/40-A fluorescence of 12,162 and
12,135 for Atlantic sturgeon and European eel respectively; meaning the genome size of the
Atlantic sturgeon specimen was ~1.1 Gbp (haploid) (Figure S4). However, k-mer counting
of filtered Illumina reads estimated a smaller haploid genome size. Out of the 4 k-mers
tested, the 19-mer frequency histogram had the best fit to the GenomeScope model (97.4%).
The GenomeScope profile (Figure 3) showed a high error peak (orange line) at coverage
~12.5, a very high heterozygous k-mer peak at coverage 25 and a lower homozygous k-mer
peak at coverage 50. Therefore the model estimated a ~653 Mb genome size (haploid),
extremely high heterozygosity (5.36%) and high percentage of repetitive content (~26%). A
subset of Illumina reads was also aligned to the nanopore assembly in order to investigate
the coverage distribution of the nanopore assembly. Out of the 407,913,678 reads that were
used to align to the nanopore assembly, 407,908,728 aligned to it (99.99%), corresponding
to 61.59 Gb of data in sequencing reads. The average contig coverage was 48.1-fold, which
would correspond to a genome size of 1.28 Gb. However, the contig coverage distribution
was skewed to the right and showed a peak at coverage ~38 (Table S1, Figure S5).

Evolutionary studies on developmental genes

The Atlantic sturgeon genome sequence contained 7 Hox clusters (Figure 4): HoxA, HoxB
and HoxD clusters were duplicated, while HoxC was present as a single cluster. In total, the
Hox complement was very complete and conserved in both duplicates, and consisted of in
total 76 genes and one pseudogene (HoxD14p) (Table S2). All Hox genes contained 2
coding exons with the exception of HoxD140, which consisted of 3 coding exons. The
sturgeon Hox complement in each of the duplicated clusters was identical to Spotted gar
with the exception of paralog group (PG) 14 of cluster HoxD. While HoxD14 is a
pseudogene in the spotted gar, in Atlantic sturgeon we found a functional HoxD14 gene in
the a cluster and a pseudogene in the B cluster, with a stop codon at exon 2 resulting in a
truncated protein lacking the homeodomain. In sterlet, both HoxD14 paralogs seemed to be
pseudogenes, and additionally exon 2 of the HoxD3a, HoxD4a and HoxD4f genes were not
present in the genome assembly retrieved from NCBI. Unlike the examined teleosts, the
cluster length in the Atlantic sturgeon duplicates is quite conserved: For clusters HoxA and
HoxB one of the paralogs is ~10% longer as a result of larger intergenic content, while both
HoxD clusters have the same length and HoxC, the only cluster present as a single copy, is
the longest (187.5 kb) due to the presence of larger intergenic regions and introns. The
amino acid sequence divergence between paralog genes ranged from 0.5% for HoxD3 to
29.45% for HoxB2, being 8.04% the average divergence. Interestingly, three polycistronic
messengers were found in the multiorgan assembly, namely HoxASa-HoxA3a, HoxA3B-
HoxA2f and Hox6B-Hox A5f. All the annotated Hox genes were transcribed at one or more
of scrutinized embryonic development stages (Table S3). HoxC genes showed the highest
average expression levels at all the evaluated timepoints, while HoxA genes showed the
lowest expression level, which increased as embryonic development progressed. HoxB and
HoxD genes had the highest average expression level during the complete gastrula
timepoint. During the mid-gastrula (MG) period, HoxB10p, HoxC1 and both HoxB1 and
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HoxD1 paralogs showed the highest expression level (Figure SA), while upon gastrula
completion (GC) the expression levels of HoxA3p, HoxB7p3, HoxB8f, HoxB9p, HoxC8 and
HoxD9p increased (Figure 5B). After hatching only the HoxB7p and HoxCl genes
remained highly expressed (Figure 5C), both of which were also highly expressed 2 days
post-hatching (Figure 5D).

Using the protein accessions provided in Table S4, phylogenetic trees were built for each of
the Hox clusters using the sharks as outgroup. The resulting trees showed a Hox clusters
split in Sarcopterygian and Actinopterygian clades (Figure 6). Among sarcopterygians, the
coelacanth had a basal position to the human. Hox clusters of coelacanth showed very little
divergence when compared with human, which in turn had particularly high divergence,
especially for clusters HoxB and HoxD according to the branch length. Actinopterygians
were divided into chondrosteans and neopterygians, which were further divided into
holosteans (Spotted gar), branching at the base, and the sister clade of teleosts. Within
teleosts, two different groups indicated the duplication of the clusters in agreement with the
TSGD, followed by speciation events. In each group of duplicate Hox clusters, the eel had a
basal position to zebrafish. In addition, zebrafish showed one of the duplicates particularly
divergent according to the branch length and also to the loss of the HoxD cluster. Among
chondrosteans, the differentiation event leading to paddlefish and sturgeon groups was
followed by a single WGD event affecting paddlefish (PR) in the included HoxA and HoxD
clusters, and another independent duplication event within the sturgeon group.

Synteny studies suggested remarkable conservation levels of syntenic blocks between both
HoxA duplicates with a few exceptions downstream of the HoxA clusters. The neighboring
genes pdellal, stk3, fam221 and c7orf31 suffered asymmetric losses in the Atlantic
sturgeon genome, with the first three being absent in the HoxAa cluster synteny and the last
one being lost in the HoxAp paralog (Figure 7). Teleost Hox paralogs showed low synteny
conservation and many asymmetric losses of both Hox-coding and neighboring genes.
Considering the HoxC cluster, we have also found conserved synteny compared with
Spotted gar and other teleosts and sarcopterygians; however, both Hox-coding and
neighboring genes were single copy in the Atlantic sturgeon genome, suggesting that the
entire cluster, including neighboring genes, were either lost after the SR event or not
affected by it.

Discussion

In order to generate genomic resources, and to elucidate the ploidy level and phylogenetic
relationships of the endangered Atlantic sturgeon, we have sequenced its genome using
Illumina and nanopore technologies. Additionally, genome size and heterozygosity were
also investigated and evolutionary studies were performed using Hox cluster sequences in
order to elucidate the position of sturgeons among jawed vertebrates.

In this work, we present for the first time a highly contiguous and complete reference
genome for Atlantic sturgeon. Firstly, we have assembled Illumina sequencing reads testing
multiple k-mer and bubble size combinations in order to find the optimal combination to
achieve a contiguous and complete assembly. Long k-mers are more unique in the genome
and should therefore result in longer contigs, however they might provide fewer connections
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between reads spanning low coverage regions. On the other hand, the bubble size is the
maximum length of ambiguities in a k-mer graph that the assembler will try to resolve based
on coverage. Overall, the highest k-mer tested (63 nt) showed the best results and, when
increasing of the bubble size from 50 bp to 250 bp, the contig Nso doubled without
significant changes in the assembly size (data not shown). The final Illumina-based
assembly was performed at k-mer 63 and bubble size 250 bp and resulted in an assembly
size of 1.37 Gb divided over almost a million contigs with low Nso (3-fold smaller than the
nanopore read Nso). Although only 240,230 Illumina contigs (24.6%) were longer than 1.5
kb, they contained up to 75.1% of the total assembled genome (Figure S2) and were used to
extract seeds for the nanopore assembly. Nanopore reads had a lower quality score;
however, the Nso was more than 85 times higher (13.13 kb) than that of the Illumina reads.
We have exploited the advantages of each of the technologies to assemble the Atlantic
sturgeon genome using up to 100-fold coverage of Illumina or nanopore sequencing data.
[llumina contigs were fragmented into pieces of 1.5 kb in length to which the nanopore
reads were aligned to build an assembly graph using the Tulipa-julia assembler, whose
previous version was used to improve the contiguity of the European eel genome (Jansen et
al. 2017). The nanopore assembly showed a 250-fold increase in the contig Nso to almost 1
Mb, a slightly smaller assembly size compared to the Illumina assembly and a BUSCO
completeness score of 92.8%. Conversely, k-mer counting in Illumina reads (Figure 3)
suggested an extremely high heterozygosity (5.36%) and a genome size of ~653 Mb, which
is approximately 2 times smaller than the assembled size, and 4 times smaller than was
estimated in previous studies using FIA and flow cytometry (Hardie and Hebert 2003).
Although our flow cytometry results suggested a haploid genome size of 1.1 Gb for Atlantic
sturgeon using the European eel as reference, species with larger and smaller genome sizes
should have been included in order to increase the accuracy of our genome size estimations.
In order to investigate the coverage distribution of the nanopore assembly, we have aligned
a set of Illumina reads to the genomic contigs. Considering the amount of Illumina reads
used for the alignment (61.59 Gb) and the size of the assembled genome (1.28 Gb), the
expected average contig coverage should be ~48-fold. Although the average contig
coverage was indeed 48, the peak was located at a lower coverage (~36.5) and the
distribution was skewed to the right, indicating that some contigs had higher coverage than
others, possibly due to their higher repeat content (Figure S5).

Five out of 8 microsatellite loci had a disomic band pattern while tetrasomic allelic patterns
were observed for 3 of them. There is evidence that ~120 chromosome sturgeon species can
have a tetraploid origin with their diploid ancestor being extinct (Dingerkus and Howell
1976). Functional diploidization is considered as the switch from 4 alleles at a single locus
(tetrasomic inheritance) to 2 alleles at each of the 2 distinct loci (disomic inheritance)
(Wolfe 2001). Havelka et al. (2013) have previously investigated functionally diploid
Acipenserids in paleotetraploid condition, showing a disomic allelic band in some
microsatellite loci, whereas a residual tetrasomic pattern was observed in others (Havelka et
al. 2013). Therefore, the coexistence of disomic and tetrasomic bands in Atlantic sturgeon is
an indication that such rediploidization is still ongoing (Tagliavini et al. 1999; Rajkov et al.
2014). Delayed rediploidization has already been described in Atlantic salmon, in which
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diploidy has not yet been fully reestablished after the recent Ss4R and 10% of the genome
might still retain residual tetrasomy (Lien et al. 2016).

Non-duplicated genomes like chondrichthians and sarcopterygians usually contain 4 Hox
clusters (Kim et al. 2000; Amemiya et al. 2013; Venkatesh et al. 2014). Non-teleost
actinopterygians like the holostean Spotted gar (Lepisosteus oculatus) also contain 4 Hox
cluster with 43 Hox genes (Braasch et al. 2016). As a result of the 3R, teleosts like the
European eel (73 Hox genes) contain up to 8 Hox clusters (Henkel et al. 2012a), while
others like zebrafish (53 genes) and medaka (46 genes) contain only 7 (zebrafish and
medaka have lost Db and Cb clusters, respectively). The teleost Atlantic salmon, which has
suffered a lineage-specific duplication event (Ss4R) contains 13 Hox clusters. We have
found 76 Hox genes in the Atlantic sturgeon genome, distributed over 7 clusters including
duplicated HoxA, HoxB and HoxD clusters and a single-copy HoxC cluster (Figure 4). All
of the scrutinized Hox genes in the American paddlefish were found in the Atlantic sturgeon
genome, which has only lost HoxA14, HoxB14 and HoxD5 compared to ghostshark.
Atlantic sturgeon’s Hox gene complement in each duplicate is the same as the Spotted gar,
with the additional presence of HoxD14a. PG 14 genes, which contain three coding exons,
were initially described in the coelacanth and have subsequently been found in the genome
of two lamprey species, several cartilaginous fishes and other sarcopterygians like lungfish
(Powers and Amemiya 2004; Feiner et al. 2011; Liang et al. 2011). To date, the American
paddlefish and the Atlantic sturgeon are the only two actinopterygians for which the
preservation of the PG 14 in the HoxD cluster has been reported, indicating their presence in
the last common ancestor.

Interestingly, the contig coverage distribution results showed that duplicated Hox clusters
(A, B and D) had an average coverage close to the coverage peak (31.4-fold), while the
HoxC cluster, which is present as a single copy, showed a genomic coverage of 63.3-fold,
twice as high as the duplicated Hox clusters. Highly heterozygous genomes tend to produce
assemblies with a size larger than expected as a result of redundant information in the form
of contigs that constitute haplotypes (Small et al., 2007). Considering the high
heterozygosity (5.38%) and small genome size (~653 Mb) reported by the k-mer counting
approach, the contig coverage results could indicate that the duplicated Hox clusters A, B
and D corresponded to haplotypes which have been assembled separately as a result of high
heterozygosity in these loci, while HoxC cluster might show less heterozygosity and
resulted in a single contig.

Considering that the k-mer fitting model applied by GenomeScope is only suitable for
diploids, another possible explanation is that Atlantic sturgeon is a paleotetraploid with
delayed rediploidization, similar to the situation in Atlantic salmon (Lien et al. 2016;
Robertson et al. 2017). Assuming this scenario, the k-mer peak identification performed by
GenomeScope might be shifted: the surprisingly high error peak at coverage ~12.5 would
correspond to the heterozygous k-mer peak, while the second peak, identified as the
heterozygous peak, would correspond to the homozygous peak. Therefore, heterozygosity,
which is calculated based on the homozygous and heterozygous peaks ratio, would be much
smaller, and the genome size, calculated based on the homozygous peak, would be close to
the assembly size. Therefore, the duplicated Hox clusters would be the result of a delayed
rediploidization rather than high heterozygosity.
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In order to test both hypotheses, we have verified the transcriptional activity of the
annotated Hox genes in 4 stages of embryonic development, studied the synteny and
phylogeny. Haplotypes should share synteny and, assuming that heterozygosity is evenly
distributed throughout the genome, they are expected to differ as much as the heterozygosity
rate (5.38%). On the other hand, paralogs should differ more than the heterozygosity rate
and might or might not conserve the synteny depending on the age of the duplication, the
length of the life cycle (and therefore number of meiosis) and the rate of evolution.

The Hox paralogs differed on average by 8.04%, which is higher than the divergence
expected by heterozygosity but slightly smaller than the average divergence of Hox paralogs
observed in the paddlefish (9.76%).

We have additionally identified polycistronic messengers in the HoxAa (Sa-30) and HoxAB
(3B-2B, 6B-5P) clusters of Atlantic sturgeon, and although most eukaryotic transcripts are
typically monocistronic, Hox polycistronism has been previously observed in a variety of
species (Simeone et al. 1988; Shiga et al. 2006; Michaut et al. 2011) and is believed to be
involved in post-transcriptional regulation and maintenance of Hox clusters as a functional
unit (Mainguy 2007; Boldogkoi 2012).

Anterior (3°) Hox genes Bla, BIB, Dla, DI and C1 were highly expressed before
hatching, of which only C1 maintained the expression levels after hatching. Overall, HoxB7
paralogs, which showed a sequence similarity of 90%, had differential expression during
embryonic development: while HoxB7f was highly expressed after the onset of
gastrulation, the HoxB7a paralog was not expressed at any of the studied timepoints.
Among the Hox polycistronic transcripts, only HoxA2B and HoxA3p seemed to be
expressed during the scrutinized embryonic development, with HoxA3f being more highly
expressed before hatching and HoxA2p thereafter (Figure 5). A previous study in
paddlefish larvae has shown the implication of HoxD13 paralogs in the rostrum
transcriptome and, together with HoxDI12, high expression levels in the barbel
(Archambeault et al. 2014). However neither PG13 nor other 5 genes of the Hox clusters
were expressed in any of the studied Atlantic sturgeon embryonic stages, which
corresponded to an earlier developmental stage than the one studied in paddlefish.

Previous phylogenetic studies using cytochrome b amino acid sequences dated the split of
paddlefish and sturgeons from 184 Mya (Peng et al. 2007), while more recent studies using
transcriptome-derived amino acid sequences suggested that this event took place even
earlier, around 204 Mya (Luo et al. 2019). Crown et al (2012) described the presence of
duplicated HoxA and HoxD clusters in the American paddlefish and dated the duplication
from ~ 41 Mya, based on amino acid sequence divergence (Crow et al. 2012). Therefore, it
is assumed that the paddlefish duplication was specific to this family and has therefore been
named paddlefish-specific WGD (PR). Additional work located the HoxA paralogs in two
separate metacentric chromosomes of the paddlefish karyotype which, like the Atlantic and
sterlet sturgeons, contains 2n=120 chromosomes (Symonova et al. 2017). Upon the
identification of 7 Hox clusters in both sturgeons (Atlantic and sterlet), our phylogeny
results revealed that Chondrosteans have suffered a speciation event followed by two
independent WGD events: the already known PR, and the sturgeon-specific WGD (SR).
Atlantic and sterlet sturgeons, which have largely been considered as functional diploids,
belong to the sturgeon Sea and Atlantic clades respectively, which diverged ~145 Mya (Luo
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et al. 2019). Therefore, the described SR event is assumed to have happened after the
sturgeon speciation event and before the clade split (Figure 6), therefore between 204 and
145 Mya based on previous estimates (Luo et al. 2019).

Finally, we have performed synteny studies in both HoxA and HoxC clusters and compared
it to other fish genomes. Neither paddlefish nor sterlet could be included in the study due to
the short length of the Hox-containing scaffolds. The results showed that the Atlantic
sturgeon HoxAo and HoxAP duplicated clusters preserved a very conserved synteny
compared to the Spotted gar, however 4 of the 18 identified neighboring genes showed
asymmetric losses in the two copies. This suggests that they are paralogs derived from the
SR event and located in different chromosomes, since their genomic sequences would likely
not undergo homologous pairing during meiosis. On the other hand, HoxC coding-genes
and neighboring genes were all present as single copy. Whether this happened before or
after the speciation event or the SR duplication can’t be determined due to scarce HoxC
sequence information in the Order.

Overall, the k-mer and contig coverage results suggested that the Atlantic sturgeon
assembled size was two times bigger than the genome size due to the presence of redundant
contigs with half the coverage (e.g. HoxA, HoxB and HoxD paralogs) which might have
been assembled separately as a result of the high heterozygosity (> 5%). However,
nucleotide sequence divergence between the Hox paralogs was found to be higher than
expected based on heterozygosity and phylogenetic analysis attributed this divergence to a
WGD event. Additionally, the synteny of both HoxAa and HoxAp clusters was not fully
conserved. Due to their location in two separate chromosomes in the genome, HoxAa and
HoxAP were proved to be paralogs in the American paddlefish, sturgeon’s closes relative.
Hox paralogs amino acid sequences are more divergent in the American paddlefish than in
the Atlantic sturgeon, indicating that paddlefish have undergone more evolutive processes
(mutation, evolutive pressure, number of life cycles). Delayed rediploidization has been
observed in Atlantic salmon after a recent (~80 Mya) WGD (Lien et al. 2016), while
segmental paleotetraploidy was also evidenced by chromosome painting in sterlet, for which
chromosomes underwent unequal rearrangements after the SR (Romanenko et al. 2015;
Andreyushkova et al. 2017). Additionally supported by the microsatellite results, we
provide in this work the first complete and contiguous genome sequence of Atlantic
sturgeon. The genome has an estimated size of ~1.28 Gb and corresponds to a
paleotetraploid in which rediploidization is still ongoing.
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Supplementary Material

Figure S1. Nanopore sequencing reads distribution after filtering. Histograms of read
lengths in A: number of reads (in thousands) and B: in number of bases (in gigabases).
Figure S2. Size distribution of the Atlantic sturgeon Illumina assembly. Histograms of
contig lengths in A: number of contigs (in thousands) and in B: number of bases (in
kilobases).

Figure S3. Genome assembly completeness assessment using BUSCO against the
vertebrata database. Complete single (light blue) and duplicate (dark blue) BUSCOS
correspond to 92.8% of the total searched BUSCOs, while a small proportion were either
fragmented (yellow) or missing (red).

Figure S4. Flow cytometry results of A) European eel and B) Atlantic sturgeon. The P5
peak corresponds to the cell population of interest (erythrocytes). The table below shows the
number of registered events and the median fluorescence in the BLUE 695/40-A.

Figure S5. Coverage distribution in the final assembly. The Y-axis indicates the
coverage frequency whereas the X-axis corresponds to the amount of coverage. Blue bars
represent the observed coverage distribution, skewed towards high coverage contigs and
peaking at coverage 38.

Table S1. Coverage distribution in the final assembly. The number of aligned reads is
indicated for each contig in the nanopore assembly, indicating the size of each nanopore
contig, which was used for the normalization of the coverage [(n. aligned reads * Illumina
read length) / (size of nanopore contig)].

Table S2. List of annotated Hox paralogs. The table summarizes for each Hox paralog the
acid length, number of exons, best blast hit (including e-value, identity and accession
number) and the percentage of identity between paralogs.
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Table S3. Number of embryonic reads per sample and replicate (A, B and ¢) mapped
to the Hox genes expressed in raw values, RPKM and mean values per group including
the standard deviation (SD). MG: mid-gastrula; GC: Gastrula complete; H: Hatching;
2DPH: 2 days post-hatching.

Table S4. Protein accession numbers used for the phylogenetic studies.

File S1. Hox amino acid superalignments.
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Figure 1. Overview of the genome assembly strategy followed for Atlantic sturgeon.
Illumina reads were de novo assembled into contigs and fragmented in pieces of 1.5
kilobases (kb) to which the nanopore reads were aligned. The resulting alignment was used
to assemble the Atlantic sturgeon genome with the Tulipa-julia assembly software, followed
by four iterations of Racon correction and two Pilon correction rounds. The resulting
assembly metrics were inspected and the completeness was evaluated using Benchmark
Universal Single-Copy Orthologs (BUSCO).
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Figure 2. Size distribution of the Atlantic sturgeon assembly. Histograms of contig
lengths in number of contigs (A) and in number of bases (B).
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Figure 3. GenomeScope profile for k-mer 19. The Y-axis indicates the k-mer frequency
whereas the X axis corresponds to the coverage of each k-mer. The blue bars represent the
observed distribution, the black line represents the fitted model and the orange line
represents the errors (k-mers with low coverage). The dotted vertical lines represent the k-
mer peaks.
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Figure 4. Model of the evolution of Hox clusters in gnathostomates. Schematic Hox
clusters are depicted for each of the species, including the chondrichthian outgroup
(Callorhinchus milii), sarcopterygians (Latimeria chalumnae and Homo sapiens),
teleosteans (Danio rerio and Anguilla anguilla), holosteans (Lepisosteus oculatus) and
chondrosteans (Polyodon spathula, Acipenser oxyrinchus and Acipenser ruthenus). Hollow
boxes indicate pseudogenes or partial gene annotations. The number of Hox-coding genes is
indicated in brackets.

23



The Atlantic sturgeon (Acipenser oxyrinchus) genome provides insights into genome evolution
in paleotetraploids

A 14(13|12|12|20| 9| 8| 7| 6|5]|4|3|2]1 log2 RPKM

Aa .
AB _ 7 ) 7

Aa
AB
Ba
BB

C

Da
DRl | I

Figure 5. Expression of Hox clusters in Atlantic sturgeon embryos. Expression levels
are depicted based on the log2 of the average RPKM (reads per kilobase per million) for
each of the developmental stages. A: mid-gastrula; B: gastrula complete; C: hatching; D: 2
days post-hatching. Color key is expressed in log2 RPKM.
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Figure 6. Consensus phylogenetic trees of the gnathostomates Hox cluster amino acid
sequences for Hox clusters A: HoxA, B: HoxB, C: HoxC, D: HoxD. Phylogenetic trees
were performed using the maximum likelihood method with 1,000 bootstrap replicates. The
chondrichthian (pink) Ghostshark (Callorhinchus milii) was used as outgroup group for
HoxB and HoxC clusters, while additionally Hornshark (Heterodontus francisci) was also
used for clusters HoxA and HoxDa. The number shown at each branch node indicates the
bootstrap value (%). The scale bar indicates the percentage of divergence in the amino acid
sequence. The colored rectangles indicate different phylogenic divisions: sarcopterygians
(blue), chondrosteans (orange), holosteans (yellow) and teleosteans (green).
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Figure 7. Syntenic region of Hox clusters in key gnathostomata species. A: HoxA
clusters; B: HoxC cluster. Spotted gar (Lepisosteus oculatus) was used as a reference
species for the synteny analyses. For each species, chromosome or scaffold is indicated.

26



The Atlantic sturgeon (Acipenser oxyrinchus) genome provides insights into genome evolution
in paleotetraploids

The Atlantic sturgeon (Acipenser oxyrinchus) genome provides

insights into genome evolution in paleotetraploids

Elena Santidrian Yebra-Pimentel," !> Aurora Campo,’ Sahana Shivaramu,* Christiaan

V. Henkel,> Hans J. Jansen,! Susanne A. Jong-Raadsen, ! and Ron P. Dirks'

Supplementary Material

Supplementary tables and files are available at:

https://www.dropbox.com/s/vejdqxatv536812/Article3 supplementary Tables.zip?dIl=0

Supplementary Tables:

o Table S1. Coverage distribution in the final assembly. The number of aligned reads is
indicated for each contig in the nanopore assembly, indicating the size of each nanopore
contig, which was used for the normalization of the coverage [(n. aligned reads *
[lumina read length) / (size of nanopore contig)].

o Table S2. List of annotated Hox paralogs. The table summarizes for each Hox paralog
the acid length, number of exons, best blast hit (including e-value, identity and accession
number) and the percentage of identity between paralogs.

o Table S3. Number of embryonic reads per sample and replicate (A, B and c)
mapped to the Hox genes expressed in raw values, RPKM and mean values per
group including the standard deviation (SD). MG: mid-gastrula; GC: Gastrula
complete; H: Hatching; 2DPH: 2 days post-hatching.

o Table S4. Protein accession numbers used for the phylogenetic studies.

Supplementary Files:
o File S1. Hox amino acid superalignments.
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Figure S1. Nanopore sequencing reads distribution after filtering. Histograms of read
lengths in A: number of reads (in thousands) and B: in number of bases (in Gigabases).
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Figure S2. Size distribution of the Atlantic sturgeon Illumina assembly. Histograms of
contig lengths in A: number of contigs (in thousands) and in B: number of bases (in
kilobases).
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Figure S3. Genome assembly completeness assessment using BUSCO against the
vertebrata database. Complete single (light blue) and duplicate (dark blue) BUSCOS
correspond to 92.8% of the total searched BUSCOs, while a small proportion were either
fragmented (yellow) or missing (red).
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Figure S4. Flow cytometry results of A) European eel and B) Atlantic sturgeon. The P5
peak corresponds to the cell population of interest (erythrocytes). The table below shows the
number of registered events and the median fluorescence in the BLUE 695/40-A.
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Figure S5. Coverage distribution in the final assembly. The Y-axis indicates the
coverage frequency whereas the X-axis corresponds to the amount of coverage. Blue bars
represent the observed coverage distribution, skewed towards high coverage contigs and
peaking at coverage 38.
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