
1



–  –

2



–  –

3

“Remember kids, the only difference 
between screwing around and 

science is writing it down”

-Adam Savage



–  –

4



–  –

Table of Contents
1 Riassunto..................................................................................................................................8
2 Global Abstract.......................................................................................................................11
3 Introduction............................................................................................................................14

3.1 Climate change...............................................................................................................14
3.1.1 Climate change in Antarctica..................................................................................17

3.2 Definition of “stress”......................................................................................................19
3.3 Scope..............................................................................................................................19
3.4 Disclaimer about the biological samples........................................................................20
3.5 Data availability.............................................................................................................20

4 Tools for transcriptomic analysis...........................................................................................21
5 Trematomus bernacchii..........................................................................................................26

..............................................................................................................................................26
5.1 Synopsis..........................................................................................................................26
5.2 Introduction....................................................................................................................27

5.2.1 Cold adaptation in antarctic fish.............................................................................28
5.2.1.1 Antifreeze Glycoproteins................................................................................28
5.2.1.2 Inducibility of Heat Shock Response..............................................................28
5.2.1.3 Blood dynamics and gas exchange.................................................................29

5.2.2 Response to heat stress in antarctic fish.................................................................30
5.3 Methods..........................................................................................................................31

5.3.1 Sampling and housing............................................................................................31
5.3.2 RNA extraction, library preparation and sequencing.............................................32
5.3.3 Bioinformatic analysis............................................................................................33

5.3.3.1 Data preparation..............................................................................................33
5.3.3.2 Quantification and analysis.............................................................................33

5.4 Results............................................................................................................................35
5.4.1 Quality control and trimming of raw reads............................................................35
5.4.2 Read mapping and expression data quality assessment..........................................36
5.4.3 Differential Gene Expression Analysis...................................................................40

5.4.3.1 Response to +1.5°C warming.........................................................................40
Muscle....................................................................................................................40
Gills........................................................................................................................40
Brain.......................................................................................................................41

5.4.3.2 Response to stabling.......................................................................................44
Muscle....................................................................................................................44
Gills........................................................................................................................45
Brain.......................................................................................................................47

5.5 Discussion......................................................................................................................52
5.5.1 Muscle....................................................................................................................52
5.5.2 Gills........................................................................................................................54

5



–  –

5.5.3 Brain.......................................................................................................................57
5.6 Conclusion......................................................................................................................60

6 Adamussium colbecki............................................................................................................61
..............................................................................................................................................61
6.1 Synopsis..........................................................................................................................61
6.2 Introduction....................................................................................................................62
6.3 Methods..........................................................................................................................63

6.3.1 Sampling and experimental setup...........................................................................63
6.3.2 RNA extraction and library preparation.................................................................64
6.3.3 Transcriptome assembly.........................................................................................64
6.3.4 Transcriptome refinement.......................................................................................65
6.3.5 Transcript quantification.........................................................................................66
6.3.6 Differential Expression Analysis............................................................................67

6.4 Results............................................................................................................................67
6.4.1 Expression reads trimming and mapping...............................................................69
6.4.2 Differential Gene Expression Analysis...................................................................70

6.5 Discussion......................................................................................................................72
6.6 Conclusion......................................................................................................................74

7 Pseudorchomene sp................................................................................................................75
7.1 Synopsis..........................................................................................................................75
7.2 Introduction....................................................................................................................76
7.3 Methods..........................................................................................................................77

7.3.1 Sampling and RNA extraction................................................................................77
7.3.2 RNA-seq data processing and transcriptome assembly..........................................78
7.3.3 Removal of contamination from the reference transcriptomes...............................79
7.3.4 Phylogenetic analysis of samples...........................................................................79

7.4 Results............................................................................................................................81
7.4.1 Transcriptome assembly and decontamination.......................................................81
7.4.2 COX1 phylogeny of samples..................................................................................84
7.4.3 28S phylogeny of samples......................................................................................87
7.4.4 Genetic diversity of samples...................................................................................89

7.5 Discussion......................................................................................................................90
7.5.1 Parasitism from Hematodinium sp.........................................................................90
7.5.2 Phylogeny of samples.............................................................................................91

8 RNA-sequencing indicates high hemocyanin expression as a key strategy for cold 
adaptation in the Antarctic amphipod Eusirus cf. giganteus clade g3......................................92

8.1 Bibliographic reference..................................................................................................92
8.2 Authors...........................................................................................................................92
8.3 Abstract...........................................................................................................................92
8.4 Introduction....................................................................................................................93
8.5 Materials and methods....................................................................................................95

8.5.1 Sample collection and RNA-sequencing................................................................95
8.5.2 Ethical statement.....................................................................................................96
8.5.3 Sequencing data processing, de-novo transcriptome assembly and annotations....96
8.5.4 Hemocyanin sequence characterization and phylogenetic analysis.......................98

6



–  –

8.6 Results............................................................................................................................99
8.6.1 Species identification..............................................................................................99
8.6.2 Transcriptome assembly and annotation...............................................................100
8.6.3 High expression of hemocyanins..........................................................................102
8.6.4 Characterization of a highly expressed full-length hemocyanin sequence...........103

8.7 Discussion....................................................................................................................105
8.7.1 Acknowledgements...............................................................................................109
8.7.2 Abbreviations........................................................................................................109
8.7.3 Availability of Data and Materials........................................................................109
8.7.4 Supplementary material........................................................................................109
8.7.5 Author contribution...............................................................................................109
8.7.6 Ethics approval.....................................................................................................110
8.7.7 Funding statement.................................................................................................110
8.7.8 Conflicts of interest...............................................................................................110

9 Acutuncus antarcticus...........................................................................................................111
9.1 Synopsis........................................................................................................................111
9.2 Introduction..................................................................................................................112
9.3 Material and methods...................................................................................................113

9.3.1 Experimental design and sampling.......................................................................113
9.3.2 Data analysis.........................................................................................................115

9.4 Results..........................................................................................................................115
9.4.1 Response to short term heat exposures.................................................................116
9.4.2 Response to long term heat exposure...................................................................118

9.5 Discussion.....................................................................................................................119
9.5.1 Response to short term heat exposure..................................................................121
9.5.2 Response to long term heat exposure...................................................................124

9.6 Conclusion....................................................................................................................124
10 Final regards.......................................................................................................................126
11 Bibliography.......................................................................................................................129
Appendix: other publications and research activities..............................................................151

7



– Riassunto –

1 Riassunto

Il  cambiamento  climatico  dovuto  alle  attività  umane  sta  trasformando  progressivamente  il
mondo sotto diversi aspetti. Uno deglii più evidenti e preoccupanti del cambiamento climatico è
il riscaldamento globale, che consisite nel generalizzato aumento delle temperature degli habitat
microscopici  e  macroscopici  su  una  scala  planetaria.  Ad  oggi  (anno  2022)  la  temperatura
globale è aumentata di circa 1°C rispetto ai livelli del periodo pre-industriale, un delta che è
destinato  ad  aumentare,  raggiungendo  1.5°C  in  questa  decade.  La  principale  causa  del
riscaldamento  globale  è  l’effetto  serra  atmosferico,  per  cui  gas  come  metano  o  anidride
carbonica  (ragionevolmente  chiamati  gas  serra)  giocano  un  ruolo  fondamentale.  La
concentrazione di CO₂ in atmosfera può essere usata per predire il riscaldamento globale, ed i
suoi livelli sono quasi raddoppiati rispetto all’era preindustriale, con un ritmo che non sembra
rallentare (sta accelerando).  Una conseguenza diretta degli  alti  livelli di  CO₂ in atmosfera è
l’acidificazione degli oceani, un fattore che, preso insieme alle temperature generalmente più
calde, preoccupa la comunità scientifica sui possibili effetti combinati sugli habitat terrestri e
marini, e sulla biodiverisità a molteplici livelli.

Il  continente antartico (Antartide) è uno degli ambienti più unici del pianeta, la regione più
fredda e ventosa della Terra. Nonostante le sue condizioni estreme è tutt’altro che privo di vita,
sia negli ecosistemi terrestri che in quelli marini. Le condizioni climatiche dell’Antartide sono
rimaste stabili negli ultimi quindici milioni di anni, dando il tempo alla vita di prosperare e
sviluppare  incredibili  adattamenti  alla  vita  sotto  zero.  Questa  stabilità  è  ora  a  rischio,  il
cambiamento climatico sta iniziando ad avere un serio impatto su oceano e terra emersa, con
picchi  regionali  di  +3°C  ed  una  variabilità  estrema  della  copertura  glaciale  stagionale.  I
cambiamenti  imposti  dal  riscaldamento  e  dall’acidificazione  dell’oceano  colpiranno
profondamente la vita adattata a questi ambienti estremi, e stabili, a diversi livelli, rischiando di
mettere  a  rischio  gli  elementi  più  delicati  della  catena  trofica  e  di  conseguenza  l’intero
ecosistema Antartico. 
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In questa tesi strumenti di sequenziamento di RNA sono applicati ad alcuni rappresentanti della
catena  trofica  antartica  esposti  ad  aumenti  di  temperatura  non  letali,  con  lo  scopo  di
comprendere e modellare la loro risposta al riscaldamento atteso in questa decade, per estendere
poi eventuali  conclusioni funzionali  ad altri  stenotermi temperati,  come quelli  che vivono a
profondità estreme. Il sequenziamento di RNA consiste in un insieme di strumenti molto potenti
e  sensibili,  che  permettono  misurazioni  qualitative  e  quantitative  dell’espressione  genica,
appaiando  le  analisi  molecolari  con  tecniche  statistiche  e  computazionali  d’avanguardia.  La
suddetta sensibilità, in sinergia con accurati disegni sperimentali, ha permesso lo studio non solo
della risposta all’aumento di temperatura, ma anche alle condizioni sperimentali stesse (vale ad
dire per esempio la stabulazione di animali selvatici in vasche).

Il pesce nototenioideo Trematomus bernacchii (da cui sono stati campionati tessuti di muscolo,
branchie e cervello), la capasanta Adamussium colbecki (da cui sono stati campionati tessuti di
branchie,  mantello  e  ghiandola  digestiva),  l’anfipode  Pseudorchomene  plebs ed  il  tardigrado
Acutuncus antarcticus sono i modelli d’elezione per questo lavoro. In particolare T. bernacchii si
è dimostrato il più responsivo del gruppo,  specialmente per quanto riguarda il cervello, in cui la
temperature (un amumento di 1.5°C) ha indotto l’espressione di geni coinvolti nella risposta
immunitaria ed infiammatoria dopo 7 giorni di esposizione.  Dopo 20 giorni l’esposizione al
calore, molte cascate di regolazione relative alla funzione e struttura delle sinapsi sono risultate
alterate, suggerendo profonde alterazioni nel tessuto, che possono essere anche prodotto degli
effetti combinati di calore e l’impossibilità di sottrarsi ad esso in condizioni di cattività. Effetti
ancora  più  drastici  sono  stati  osservati  nella  risposta  al  tempo  trascorso  nelle  vasche
sperimentali:  un importante cambiamento di espressione genica è stato osservato ancora una
volta  nel  cervello,  suggerendo  profondi  cambiamenti  nelle  reti  neuronali  e  nella  percezione
specifica dello stress.

La capasanta  A. colbecki non ha mostrato cambiamenti  significativi  di espressione genica in
risposta al calore. Una minima alterazione è stata osservata nella ghiandola digestiva dopo 20
giorni di cattività sperimentale, con cambiamenti di espressione di geni le cui funzioni principali
sono principalmente legate alla nutrizione. 
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I campioni di P. plebs hanno rappresentato una sfida, sia in fase di preparazione che di analisi, a
causa di episodi di scongelamento avvenuti durante il trasporto. Inoltre la cattura imprevista di
un giovane individuo di Eusirus cf. giganteus confuso con la specie di interesse ed alti livelli di
parassitismo da parte di un dinoflagellato del genere Hematodinium in tutti i campioni ha reso
impossibile  lo  studio programmato  della  risposta  allo stress termico.  Nonostante ciò  i  dati
trascrittomici hanno portato all’identificazione di alti livelli di espressione di emocianina in E.

giganteus, indicando un possibile tratto evolutivo di adattamento al freddo, la classificazione dei
nostri  campioni  come  una  specie  criptica  di  Orcomenidi  e  la  prima  documentazione  di
parassitismo attivo da parte di Hematodinium nell’Oceano Antartico.

Infine  il  tardigrado  A.  antarcticus ha  mostrato  una  inattesa  variabilità  tra  i  campioni,  che
potrebbe  essere  il  prodotto  di  una  mai  descritta  variabilità  genomica  e/o  di  alti  livelli  di
eterozigosi.  Questa  caratteristica  ha  ridotto  di  molto  il  numero  di  campioni  confrontabili
nell’analisi di espressione differenziale, che ha comunque mostrato una risposta all’esposizione a
breve  termine  a  calore,  con  un  andamento  proporzionale  alla  temperatura.  I  geni
differenzialmente  espressi  hanno  suggerito  un  aumento  del  metabolismo  ossidativo
mitocondriale  e  l’attivazione  di  meccanismi  di  forme  di  resistenza  tipiche  del  phylum  dei
tardigradi.  Tale  risposta  non è  stata  osservata  dopo esposizioni  a  lungo termine,  pertanto  i
cambiamenti osservati a breve termine possono essere considerati compensatori.

Gli strumenti e le tecniche applicate per questa tesi si sono dimostrati estremamente validi e
potenti,  portando  anche  a  risultati  a  volte  inattesi.  Applicarli  in  studi  futuri,  con  disegni
sperimentali basati sulle osservazioni qui descritte, sarà sicuramente una risorsa importante per
capire come la vita antartica si sia adattata a un così singolare ambiente e come reagirà ai danni
che le nostre azioni comportano su di esso.
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2 Global Abstract

Climate  change due to  human activity  is  shaping  our  world  more  and  more  under  several
different aspects. One of the most impactful and concerning effects of climate change is global
warming, which consists in a generalized increase in temperatures of macro and micro habitats
on a planetary scale. To date (year 2022) global temperature has increased of about 1°C in
comparison to pre-industrial levels, a delta that is bound to reach 1.5°C in this decade. The main
cause for this warming is atmospheric greenhouse effect, in which gases like methane or carbon
dioxide  (aptly  named  greenhouse  gases)  play  a  fundamental  role.  CO₂  concentration  in
atmosphere can be used to predict global warming and its  levels have almost doubled since pre-
industrial era, with a pace doesn’t seem to be slowing (it’s getting faster). A direct consequence
of high atmospheric CO₂ is ocean acidification, a factor that, together with the generally warmer
temperatures,  is  concerning the scientific community about the possible  combine effects on
terrestrial and marine habitats and the impacts on biodiversity at different levels. 

Antarctica is one of the most unique environments, the coldest and windiest region of the Earth.
Despite its extreme conditions it is far from devoid of life, in both land and marine ecosystems.
The climatic conditions of Antarctica have been stable over the latest  fifteen million years,
allowing life to thrive and develop astounding adaptations to life below 0°C. This stability is now
at risk, as climate change is starting to seriously impact both Antarctic land and ocean, with
regional peaks of +3°C and extreme variability of seasonal ice coverage. The changes imposed
by warming and acidification of the ocean are bound to profoundly affect life adapted to this
extreme,  but  stable,  environment  at  many  levels,  possibly  putting  at  risk  the  most  delicate
elements of the trophic chain and consequently the entirety of the Antarctic ecosystem. 

In this thesis RNA-sequencing tools are applied on some representatives of the antarctic trophic
chain exposed to a non lethal temperature increase, as to understand and model their response to
the increase in temperature expected to  happen in this  decade,  in order to extend eventual
functional conclusions to other temperate stenotherm organisms such as those living at extreme
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depths. RNA-sequencing consists in a set of powerful and sensible tools that allow qualitative
and quantitative measurements in gene expression, pairing molecular analyses with state-of-the-
art statistics and computer science. The aforementioned sensitivity, in synergy with a proper
experimental design, allowed studying not only the response to a temperature increase, but also
to the experimental condition itself (i.e. stabling of wild animals in tanks).

The  notothenioid  fish  Trematomus  bernacchii  (from  which  muscle,  gills  and  brain  were
sampled), the scallop Adamussium colbecki (from which gills, mantle and digestive gland were
sampled), the amphipod Pseudorchomene plebs and the tardigrade Acutuncus antarcticus are the
models of choice of this work. In particular T. bernacchii was the most responsive of the bunch,
specially in the brain tissues, where the temperature (+1.5°C increase) induced upregulation of
genes involved in immune response and inflammatory state after 7 days of exposure. After 20
days of heat exposure many pathways related to synapse function and structure were altered,
suggesting an on-going profound alterations in the tissue, which may also be the result of the
combined effect  of  heat and the impossibility  to  avoid it  in  captivity.  Even more profound
effects were observed in the response to time in experimental tanks, as an important shift in
gene expression was observed in the brain, suggesting profound changes in the neural pathways,
including those involved in specific stress perception.

The scallop A. colbecki did not show significant change in gene expression patterns in response
to heat, but a small change was observed in the digestive gland after 20 days of experimental
captivity, showing alterations in genes whose functions are mainly involved in feeding ability. 

Samples from the amphipod P. plebs were challenging to prepare and to analyze, as many were
lost  due to  unfreezing during transport.  Moreover  the  presence  of  a  bycatch of  Eusirus  cf.
giganteus juvenile  and  an  high  degree  of  parasitism  from  a  dinoflagellate  of  the  genus
Hematodinium  in all samples made it impossible to study the response of the amphipod to a
warmer environment. Nevertheless, the transcriptomic data allowed the identification of an high
expression  of  hemocyanin  in  E.  giganteus suggesting  a  possible  cold  adaptation  trait,  the
classification of our samples as a Orchomenid cryptic species,  and the first  identification of
active Hematodinium parasitism in the antarctic ocean.
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Finally the tardigrade A. antarcticus displayed a striking sample variability, that may underlie an
never described genomic variability and/or an high level of heterozygosity. This fact reduced the
number of  samples in the differential expression analysis, which nevertheless showed a response
to short  term exposure to  heat with a  pattern  proportional  to temperature in terms of  fold
changes  of  gene  expression  levels.  The  differentially  expressed  genes  suggested  that
mitochondrial oxidative metabolism increased and hinted the activation of pathways related to
resistance forms typical of the Tardigrada phylum. Such a response was not observed in a long
term exposure to the higher temperatures, suggesting that the changes observed in short term are
compensatory.

The  tools  and  techniques  applied  for  this  thesis  proved  to  be  extremely  valid  and  potent,
sometimes allowing unexpected results to be observed. Applying them in further studies, with
designs based on the present observation will surely help us in understanding how Antarctic life
adapted to such a unique environment and how it will cope with the damage we are doing to it. 
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3 Introduction

3.1 Climate change
Thanks to the growing concern of the public opinion and media, the alarms raised by many
scientists  and  non-governmental  organizations  (NGOs)  have  pushed the  political  spheres  to
begin  to  make  a  stand  on  the  global  warming  issue.  In  1988,  the  World  Meteorological
Organization  (WMO)  and  the  United  Nation  Environment  Program  (UNEP)  created  the
Intergovernmental Panel on Climate Change (IPCC), which in 1990 produced its first report on
climate science, depicting the possible impacts of climate change on human activities, biosphere
and delineating possible mitigation strategies. The second IPCC report recognized for the first
time the influence of human activities on global warming. Industrial, agricultural and livestock
activities were identified as drivers of the change in atmosphere composition, due to their ability
to affect atmospheric heat dynamics. During the 21st century remarkable changes are expected,
unless serious actions will  be undertaken, as human activities are estimated to have already
caused a global warming of approximately 1.0°C compared to the pre-industrial levels, with a
confidence interval between 0.8°C and 1.2°C. Global warming is predicted to reach an average
of 1.5°C worldwide between 2030 and 2050 (Figure 1), with several regions having already
reached such point, to a scale that the latest IPCC reports describe a possible scenarios of a
world warmer by 1.5°C to 2.0°C [1].

CO₂ represents the most significant long-lived greenhouse gas, and its atmospheric concentration
has been continuously rising from 278ppm in the pre-industrial era to the present 410ppm. As
one of the key drivers of global climate change [2], it is a good predictor of atmospheric global
temperatures.  The  most  recent  available  measurements  (May  2022)  from  the  Mauna  Loa
Atmospheric Baseline Observatory peaked at 421 ppm, a concentration that Earth's atmosphere
has  likely  not  seen  for  million  years,  and  the  upward  overall  trend  of  this  greenhouse  gas
currently does not seem to be slowing down (Figure 2) [3], [4].
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Both the surface and sea temperatures have been rising, although at a different pace, as can be
expected from the thermodynamics of the two systems, when taken separately (Figure 3). The
impact of increasing CO₂ levels on the oceans are not only limited to the temperature,  but
include acidification and deoxygenation [5], exerting a strong pressure on the most susceptible
life forms and heavily impacting habitats in unpredictable ways, both locally and globally.

Figure 1: measured and projected global warming trend 
according to IPCC in the 21st century (IPCC 2022) 
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Figure 2: Monthly mean atmospheric carbon dioxide 
measured at Mauna Loa Observatory. Measurements 
started in 1958 (NOAA Global Monitoring Laboratory, 
Scripps Institute of Oceanography at the University of 
California San Diego.)

Figure 3: Annual (thin lines) and five-year lowess smooth (thick lines)
for the temperature anomalies (vs. 1951-1980) averaged over the 
Earth’s land area and sea surface temperature anomalies (vs. 1951-
1980) averaged over the part of the ocean that is free of ice at all 
times (open ocean). Obtained from data.giss.nasa.gov
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3.1.1 Climate change in Antarctica
Surface temperature has not been rising homogeneously in different geographic areas (Figure 4),
and has indeed increased more dramatically in the polar and sub-polar areas in the northern
hemisphere.

Climate change is nevertheless happening also in Antarctica, although with different rates and
trends  depending  on  the  region,  impacting  surface  temperatures  and  consequently  sea  ice
coverage [6]–[9]. As a matter of fact, in the northernmost region, the Antarctic Peninsula, sea
and land surface temperatures have been raising rapidly since the 1970s, effectively reaching the
1.5°C increase [10]. On the other hand, the temperatures in the region of the Ross Sea have
remained stable over the same period of time [11], making this region and its inhabiting species
ideal for controlled studies aimed at modelling the possible impacts of the upcomig warming.

Despite strong seasonal fluctuations in ice coverage and light time, the general conditions of the
Antarctic Ocean have been stable for more than 15 million years  [12], [13], this extreme but
stable  condition  has  been  altered  in  the  latest  half  century,  with  the  average  sea  surface
temperatures increasing by nearly 3°C [14], [15].

The direct  consequences of such warming are made evident by the reduction in the annual
extent and coverage of sea ice  [16]: marine sediments cores show that ice shelves have never
been at a similar minimum for at least ten thousand years  [15], [17]. This suggests that the
current  ice  retreat  observed  in  Antarctica  is  not  part  of  a  variation  that  happens  in  short
temporal cycles, but rather represents a unique event in the past ten millennia  [18]. A direct
effect of this uncompensated melting of sea ice is the reduction of water salinity, which is
especially evident in the upper layers  [19], [20], and can affect both the stratification of the
water column and the depth of the mixed layer.

The combined effects of all the physical and chemical alterations of the Antarctic habitats due to
climate change are unpredictable, but the main concern is most certainly the loss of balance in a
trophic  chain  that  has  been  almost  completely  isolated  and  stable  for  millions  of  years.
Understanding  the  responses  of  antarctic  metazoans,  which  are  mostly  stenotherms,   to  a
warmer environment, will be a useful resource in predicting the fate of endemic fauna, and
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possibly contribute to model the response of temperate stenotherms too, many of which are also
barophiles impossible to keep in experimental conditions.

Figure 4: Surface annual temperature trend from 1950 to 2021 in polar 
regions. Grey areas represent regions fr which data are missing. Obtained 
from data.giss.nasa.gov
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3.2 Definition of “stress”
Since one of the keywords of this work of thesis is  stress, it is important to find a common
ground on the proper definition of this term, as it  may have different meanings in different
scientific  fields  (e.g.  biology,  physics,  psychology,  etc.)  or  even subfields,  which are further
exacerbated by the frequent informal use of this term in everyday's life beyond its etymology.

The word stress in physiological terms was defined for the first time by Hans Selye in 1976 as
“the nonspecific response of the body to any demand made upon it” [21] ans has ever since been
widely adopted.  At the present day,  the American Psychological  Association (APA) defines
stress  as  "the  physiological  or  psychological  response  to  internal  or  external  stressors",  a
definition that can be extended in general to all the living beings that respond to the conditions
superimposed by the environment they live in. The obvious consequence of this definition is the
requirement of a shared definition of the word stressor, which the APA defines as "any event,
force, or condition that results in physical or emotional stress". The two definitions therefore
require each other in order to be interpreted, but nevertheless both imply a physiological change
in a subject that endures an external stimulation.

In this thesis, the words "stress" and "stressors" will be often used colloquially to indicate, in a
general meaning, any alteration from the natural conditions in which an organisms is adapted to
live in.

3.3 Scope
The  main  aim of  this  thesis  is  to  investigate  the  responses  that,  at  a  transcriptomic  level,
different  members  of  the  Antarctic  trophic  chain  would  put  in  place  in  a  realistic  future
warming scenario.

All the presented work is based on bioinformatic analyses conducted on datasets which differ
from  each  other  under  both  qualitative  and  quantitative  aspects.  Each  dataset  presented
therefore its own challenges, which required optimization and adaptation of the workflow in
order  to  solve  specific  issues  and  to  consequently  attain  the  best  possible  solution.  The
dissertation  will  be  divided  in  chapters,  each  one  pertaining  to  a  specific  organism  and
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experiment,  either  reporting  the  full  text  of  articles  published  during  my  PhD  (whenever
available), draft version of the manuscripts or summaries of the preliminary findings obtained in
all the cases where no peer-review publication has been produced yet.

3.4 Disclaimer about the biological samples
The biological samples analyzed in the following chapters (with the exception of tardigrades),
were  directly  collected  in  Antarctica  during  the  XXXIII  PNRA italian  expedition.  Due  to
unknown technical issues, all samples were exposed to temperatures higher than 0°C on at least
one occasion, for prolonged times, during the transport to Italy for RNA extraction and analysis.
Even though the samples had been stored in RNAlater solution, these events caused serious
damage to the some samples, drastically reducing the quality and quantity of usable RNA to the
point that  several  of them unfortunately had to be discarded in the early stages of wet lab
processing  (i.e.  RNA extraction,  quantification  and  quality  evaluation).  Additional  samples,
which were originally selected for library preparation and sequencing despite their significant
degradation, had to be discarded during the bioinformatic analyses due to the low quality of the
sequencing data produced. The best efforts were nevertheless put in the analyses to mitigate the
impact of these issues and obtain reliable data.

3.5 Data availability
All raw sequencing reads have been uploaded to SRA (refer to each chapter for BioProject ID),
supplementary data for published work is available at the publisher’s websites. For easier access
to unpublished data produced for this work many of the results have been uploaded to a public
repository available at https://gitlab.com/54mu/phd-thesis-supplementary-material. At that page,
the README file schematically explains the directory structure and directory contents.
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4 Tools for transcriptomic analysis

Since the work described in this thesis strongly relies on the use of bioinformatic approaches for
transcriptomic studies, a general overview of the techniques will be given in this section.

The process of  de-novo assembly from short reads has been an important matter in the latest
years,  as  next  generation  sequencing  technologies  such  as  those  developed  by  Illumina,
IonTorrent,  PacBio,  Oxford  Nanopore  and  others  have  become  more  accessible  and  less
expensive.  In  particular,  the use of  paired-end Illumina  sequencing,  which provides  a  good
trade-off between throughput, accuracy and read length, has progressively allowed the scientific
community to extend the focus of -omic studies from a few model organisms of broad interest
to non-model  species,  without the need of any prior  knowledge.  This  has  been particularly
evident for transcriptomic studies, as their cost became affordable even in the context of small-
scale studies with limited budget, as opposed to whole-genome investigations, which are still
partly hampered by technical limitations (in particular for eukaryotic genomes) and require the
use of third generation sequencing technologies, often paired with chromosome-conformation
capture libraries, to build a full, high-quality reference, with higher costs.

All the libraries analyzed in this thesis were sequenced with the Illumina technology, either
using a paired-end or a single-end strategy, depending on whether the main objective was to
obtain a  reference transcriptome or to simply analyze differential  gene expression data in a
comparison among samples.

The  construction  of  libraries  compatible  with  Illumina  sequencing  in  the  context  of
transcriptomic  studies  relies  on  recovering  as  much  mRNA  as  possible,  discarding  the
sovrabbundant rRNA (which can account for over 98% of the total extracted RNA from a
sample).  The most  frequently  used  technique  to  achieve  this  is  poly-A selection,  in  which
transcripts  with  polyadenilated  tails  are  enriched.  An alternative  rRNA depletion  approach,
which relies on the use of probes conjugated to magnetic beads for the elimination of most
rRNA, is often used for mammalians and other model species, but is often not appropriate for
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other organisms due to the poor efficiency of the depletion process caused by the divergence
between the sequences of the probes and target rRNAs. Hence, all the libraries analyzed in this
study were obtained though a poly-A selection protocol, which has the obvious limitation of not
allowing an accurate characterization and quantification of other classes of non-coding and non-
polyadenylated RNAs.

Depending on the manufacturer's  library preparation protocol,  extracted RNAs can be then
processed  in  different  ways.  Nevertheless,  all  library  preparation  protocols  include  a
retrotranscription step, which converts mRNAs, highly susceptible to degradation by RNases, to
cDNA.  The  resulting  molecules  are  then  fragmented  to  a  given  target  length  and  adaptor
sequences are added to such fragments upon end repair. The addition of adaptor sequences
allows for several advantageous features: the immobilization of the fragments on the flowcell
thanks to the pairing with complementary oligonucleotides coated on the flowcell itself;  the
bridge amplification process thanks to the presence of primer binding sites; and the sequencing
of multiple samples in parallel. thanks to the presence of barcodes, which will be subsequently
used to carry out demultiplexing.

As anticipated, libraries can be then sequenced on NGS platforms using either a paired-end
protocol (i.e. obtaining two reads for each fragment, derived from the two ends) or a single-end
protocol. The choice is usually driven by the objective of the study, with a paired-end strategy
being preferred whenever a new reference assembly needs to be generates,  and a single-end
strategy being mostly compatible with a reference-based gene expression approach.

When proceeding to assembly, it is important to polish raw sequencing reads in order to remove
low-quality  sequences,  as  well  as  sequencing  adapters.  This  step,  called  trimming  or
preprocessing,  allows to reduce the complexity of the assembly process,  removing potential
sources  of  error  and  preventing  the  assembly  of  chimeric  or  completely  uninformative
sequences.

Most  modern  de-novo  transcriptome  assemblers  like  Trinity  [22],  RNASpades  [23],  and
TransABySS  [24] use  different  approaches  for  parallel  implementation  of  De  Bruijn  graph
traversing.  A De  Bruijn  graph  is,  simply  put,  a  directed  graph  that  represents  overlaps  of
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sequences, by using subsequences as nodes, and information about consecutive subsequences as
edges [25]. Such an approach is bound to encounter areas where one graph cannot be resolved
to an unique sequence, called "bubbles". These areas are dealt with by creating two separate
versions of the contig (i.e. the assembled contiguous sequence) or by selection of the best path
by heuristics depending on the assembler. To deal with the redundancy created by bubbles and
work around the disadvantages of each assembler, combined approaches such as Oyster River
Protocol (ORP) have been developed [26].

After the assembly, each transcript can be quantified by mapping back the assembly reads, as
the number of reads is expected to be directly proportional to the expression level (as well to the
length of the mRNA). This can be achieved by using either alignment-based or alignment-free
approaches. Examples of alignment-based mappers are BWA  [27], STAR  [28] and HISAT2
[29] that, as the name of the approach suggests, are based on the alignment of reads to the
reference that had been previously indexed in order to increase speed. Alignment-free mappers
(or quantifiers), like kallisto [30] and salmon [31] first preprocess the reference by building an
hash table that associates fragments of constant lengths (named k-mers) to the transcript of
origin, then proceed to quantification by querying  k-mers generated from the reads of a given
sample to the hash table. This approach is much faster and memory efficient than the alignment-
based one, and provides comparably accurate measurements  [32]. However, an alignment-free
approach does not work well when genomes are used as reference.

It is worth mentioning that when a high quality reference is already available, transcriptome
sequencing  can  be  performed  for  quantification  purposes  with  single-end  protocols.  One
particularly advantageous single-end protocol is called quant-seq or 3'-tag-seq, which is based
on the idea that short reads as short as less than 100nt (tags) can be used to uniquely identify
genes and transcripts,  therefore eliminating the need to obtain longer fragments.  By tagging
mRNAs on  their  3'  end  (usually  exploiting  their  polyA tail)  it  is  possible  to  also  simplify
quantification, as the length of the transcripts is no longer a variable since all reads map to the
same region, and the longer mRNAs produce less background noise [33]. Since this method is
based on the sequencing of only one small fragment of the mRNAs, it is also intrinsically less
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subjected to the detrimental effects of sample degradation than the classic library preparation
methods.

Annotation is defined as the process of assigning a name and functional or structural information
to  sequences.  Annotating  de-novo transcriptomes  for  non-model  organisms  has  been,  and
currently still is, a challenge, especially in the absence of high quality reference genomes from
closely related organisms, as the functional annotation of sequences heavily relies on primary
sequence similarity with known genes and proteins.

The  two  main  available  tools  for  de-novo transcriptome annotation  are  Trinotate  [34] and
dammit!  [35], which are pipelines that run several tools on the dataset and produce a human
readable output with all the gathered information.

Trinotate is built to work downstream of Trinity  [22], which has the advantage of keeping a
track of genes and alternative splicing isoforms inferred from the graph at assembly runtime. It
leverages on homology search with blast+  [36] against the UniProt/SwissProt database  [37],
domain  identification  with  HMMER  [38] on  the  pfam  database  [39],  signal  peptide  and
transmembrane region identification with signalp [40] and TMHMM [41], [42], and finally uses
eggNOG [43], GO [44] and KEGG [45] for ontology and pathway annotation. It also includes a
simple user interface to easily explore transcriptome annotations (TrinotateWeb).

Dammit!  tries  to simplify the installation of all  required software as  a  conda package,  and
basically uses the same software, excluding signalp and THMM, and includes interproscan [46]
in the pipeline for multi-database domain annotation.

In order to gain control over the annotation process and produce outputs in the most appropriate
form for my analyses I took inspiration from both pipelines and created my own: annot.aM
(gitlab.com/54mu/annotaM) [47], on which I am still working, but has been very useful for the
analyses  described in  the following chapters.  It  uses  snakemake  [48] as  workflow manager,
which makes it  completely  scalable,  with  the same basic  usage on home computers  or  big
computing clusters. It is based on basically the same software as Trinotate and dammit!, but
uses diamond  [49] on both UniProt/SwissProt  [37] and OrthoDBv10 for sequence homology
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annotation, adds pfam clan information to the domain annotations and uses reactome [50] for
pathway annotation. All results are merged and produced as a tabular output, but single separate
files  from each  annotation  are  saved  as  well.  The  usage  of  snakemake  makes  it  easier  to
implement new steps of analysis in the future. The annotated features produced by annot.aM
can be easily fed in a script that performs enrichment analysis with an hypergeometric test [51].
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5 Trematomus bernacchii 

Figure 5: A specimen of T. bernacchii in one of the experimental tanks. More specimens 
in the background. 

5.1 Synopsis
Many stenotherm marine species live in the cold and stable environment of the Antarctic Ocean
which could be impacted by climate change in the upcoming years. To investigate how antarctic
fish  would  cope  with  this  issue,  gene  expression  analysis  was  carried  out  on  Trematomus

bernacchii specimens caught near Mario Zucchelli Station. Brain, gill and muscle tissues were
sampled from naïve (right after catch) animals and from those kept in control (-0.9°C) and
experimental (+0.6°C) tanks for six hours, seven and twenty days post acclimation.

The brain was the most affected in terms of gene expression, showing a time dependent pattern.
Immune response was up-regulated at seven days of exposure, as the 114 up-regulated genes
(over a total of 117 differentially expressed genes) were significantly enriched in gene ontology
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terms such as: endopeptidase inhibitor activity, complement activation, inflammatory response.
In the same tissue the response to a 20 days heat stress consisted in 519 up-regulated and 490
down-regulated genes.  The up-regulated set  was enriched in  terms related to  cell  adhesion,
synapse and glutamate receptor activity, while the down-regulated genes were enriched in terms
related  to  ribosome,  mitochondrion,  energy  management,  protein  folding/turnover  and
cytoskeleton.  Interestingly,  consistent  reduction  in  expression  levels  of  hspa9,  hsp90aa1.2,
hsp90ab1, hspa14 and hspa8b was observed.

Gill tissue showed a mild response after 20 days, with 17 up-regulated and 7 down-regulated
genes: the enrichment test suggested that DNA replication and negative regulation of apoptosis
processes were perturbed in this tissue.

A notable early-starting response to stabling was also observed across the entire experiment in
brain (2879 DEGs) and gills (239 DEGs). Expression pattern clustering analysis was performed,
allowing the identification of trends in gene expression and a more thorough enrichment analysis
of the identified clusters. In the brain many synapse-related genes were down-regulated and
energy-related genes  were up-regulated early  after  transfer  to  the experimental  tanks,  while
several binding processes were up-regulated at the latest time point. The response in gills was
milder and mostly involved cytoskeleton and glycolysis related genes in the early experimental
phases. No significant change was observed in muscle.

These  results  show  that  the  brain  is  the  tissue  most  affected  by  heat  and  confinement,
demonstrating how sensitive it is to the smallest environmental changes and the importance of
careful experimental design when working with captive wild organisms.

5.2 Introduction
Within the 320 species composing the antarctic ichthyofauna, the most represented taxonomic
group is the suborder Notothenioidei  [52], [53], in which the genus  Trematomus  is included.
This genus currently counts eleven recognized species  [54], including Trematomus bernacchii

(Boulenger, 1902), which is the model organism selected for this work. This species, commonly
named emerald rockcod,  is  distributed  all  around the  coasts  of  Antarctica,  living from sea
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surface level, to depths up to more than 200m [55], [56]. Like many other fishes of the southern
ocean, T. bernacchii has acquired several adaptations that allow it to thrive in such an extreme
environment.

5.2.1 Cold adaptation in antarctic fish
The  extreme and  stable  environmental  conditions  of  Antarctica,  together  with  reproductive
isolation,  allowed  the  development  of  several  adaptations  that  allow  fish  to  thrive  in  the
Antarctic  Ocean.  Such  adaptations  involve  resistance  to  physical  freezing  and  to  the
physiological effects  of a sub-zero environment at a cellular and organismal levels.

5.2.1.1 Antifreeze Glycoproteins 
Notothenioid  fishes  are  physiologically  adapted  to  live  in  cold  waters,  and  one  of  the  key
innovations enabling these species to survive and diversify in Antarctica was most likely the
acquisition during evolution of antifreeze glycoproteins (AFGPs) [57], [58]. First discovered in
the blood serum of Antarctic notothenioids in the late 1960s,  AFGPs are one of the most
significant adaptations to extremely cold environments  [59]–[61]. AFGPs are produced by the
pancreas and stomach of notothenioid fishes [62] and provide a highly efficient protection from
freezing of hypoosmotic (compared to seawater) body fluids by adhering to ice crystal seeds and
preventing their expansion . These crystals are not eliminated, thereby potentially promoting
inflammatory responses and the occlusion of vessels. This accumulation of ‘superheated ice’ was
supposed to be a paradoxical cost that accompanies the benefit of freezing prevention  [63].
AFGPs synthesis is most likely regulated by ambient water temperature [59] and these proteins
have a highly conserved primary chemical structure in all notothenioids studied to date.

5.2.1.2 Inducibility of Heat Shock Response
Antarctic  Notothenoids  are  unique  among  teleosts  not  only  due  to  the  gain  of  essential
adaptations useful to face low temperatures, but also for the loss of traits that would be essential
in warmer and more thermally variable environments. It has been hypothesized that the release
of the selective pressure of environmental temperature variation may have led to the loss of an
inducible  heat  shock  response  (HSR)  in  Antarctic  notothenioids  [64]–[66].  This  inducible
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molecular  machinery  is  usually  involved  in  increasing  heat  tolerance  or  in  facilitating
acclimatization to short term changes of temperature. In particular, the HSR is a cellular process
by which  organisms subjected  to  a  heat  stress  increase  the  synthesis  of  a  set  of  molecular
chaperones called heat shock proteins (HSPs). Under normal non-stressful conditions, molecular
chaperones perform both the folding and compartmentalization of newly synthesized proteins
[67]–[69]. During thermal stress the HSPs are involved in multiple processes, which include de
novo  protein  folding,  refolding  of  proteins  denatured  by  stress,  protein  trafficking  and
proteolytic  degradation,  preventing  the  development  of  cytotoxic  aggregates  [70].  The heat
shock  response  is  thought  to  be  nearly  universally  conserved  among  organisms  and  the
sequences of HSPs themselves are highly evolutionary conserved across  phyla [71]–[73]. The
most  studied  HSPs  are  the  members  of  the  HSP70  family,  that  include constitutive  forms
(HSC70),  stress-induced forms  (HSP70)  and  glucose-regulated  forms (GRP78).  A classical
response  to  stress  is  the  upregulation  of  HSP70s,  a  phenomenon  found  in  all  organisms
examined to date, except for Antarctic Notothenioidei fishes and the antarctic ciliate  Euplotes

focardii [74]. This led researchers to assume that this once inducible molecular chaperone had
been co-opted into constitutive expression as an adaptation to the denaturing stress from the
constantly freezing marine temperatures [75]. Genome sequencing showed that the promoters of
such  chaperones  are  undergoing  accelerated  evolution  and  are  subject  to  relaxed  purifying
selection [76], and HSP genes were subject to gene duplication events, possibly in response to
the  selective  pressure  posed  by  the  continued  protein  denaturation  imposed  by  sub-zero
temperatures [77], [78]. 

5.2.1.3 Blood dynamics and gas exchange
Beside the risk of freezing, ectotherm organisms living at sub-zero temperatures have to deal
with the temperature dependence of the viscosity of body fluids. Viscosity and temperature are
strongly, negatively correlated: body liquids become more viscous with cold temperature, and
this affects membrane fluidity, blood circulation, enzyme kinetics and gas diffusion  [79]. Cell
membranes may also be altered and their fluidity is therefore maintained at cold temperatures by
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homeoviscous adaptation  [80], which involves an increased content of unsaturated fatty acids
and specific membrane phospholipids which decrease the melting point [81], [82].

An increased blood viscosity is counteracted in notothenioid fishes by reducing hematocrit and
hemoglobin concentrations  [83]–[86].  Moreover,  the higher solubility  of oxygen in sub-zero
water led to the selection of a hemoglobin with lower affinity for this gas  [87], and species
belonging to the Channichthyidae family (Notothenioidei) completely lack respiratory pigments
(hemoglobin) and functional erythrocytes: they lost the adult β-globin gene and possess only a
partial remnant of the α-globin gene [88]–[90]. This gene loss, in order to be viable, required
some adjustments of the cardiovascular system, such as the development of larger vessels, heart,
and  an  increase  of  blood  volume  [62].  All  gases  have  increased  solubility  in  cold  water,
including Carbon Dioxide: its excretion also required adaptations in terms of the expression of
carbonic anhydrase enzymes and other physiological adaptations of gills, which have been also
recently studied with molecular approaches [91], [92].

5.2.2 Response to heat stress in antarctic fish
A warmer environment would be particularly detrimental for stenotherm cold-adapted fishes,
which have acquired several  strict  adaptations  to an environment which has  been stable for
millions of years.  It  has been shown that  a temperature of +6°C is lethal  for at least three
species of the Trematomus genus, as the brain tissue completely loses structural and functional
viability possibly due to loss of cell membrane integrity [93].

Recent studies found that thermal stress affects lipids and fatty acid composition in gills and
muscle of T. bernacchii. These effects are suggested to contribute in maintaining branchial and
muscular  function,  and  may  be  associated  with  an  acclimation  response,  rather  than  with
pathological changes [94], [95].

In  2019  Garofalo  and  colleagues  [96] evaluated  the  effects  of  acute  stress  on  gills  of  T.

bernacchii and Chionodraco hamatus in term of morphology, heat shock response, antioxidant
defense and Nitric Oxide Synthase/Nitric Oxide (NOS/NO) system. High temperature (4°C)
induced different  responses  between the two species  in  terms of  HSP90,  HSP70,  Xanthine
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Oxidase, Heme Oxygenase and NOS concentration levels. Following exposure to temperature
increase  their  expression  is  reduced  in  T.  bernacchii and  increased  in  C.  hamatus.  Their
conclusion on this matter is that the two species put in place different morpho-physiological
acclimation  strategies.  Wether  this  difference  is  imputable  to  the  presence  of  a  respiratory
pigment cannot be determined with the current knowledge,  but it  has been determined that
hemoglobin  absence  does  not  significantly  alter  the  presence  of  oxidative  damage  nor  the
response to it  [97]. Alterations in oxidative metabolism have also been observed in different
tissues of the icefish Notothenia rossi when exposed to gradients of increasing temperature over
time [98]. Nevertheless high plasticity and resistance of T. bernacchii and other antarctic fish to
thermal stress have been documented by many studies [99]–[102]. 

Other than physiological responses, a heat stress also induces species-specific behavioral changes
in different species of antarctic fish, opening to higher levels of direct adaptation to a warming
environment  [103].  A clear  transcriptomic view on this matter  is  still  lacking,  especially  in
regards of small temperature rises which are far from lethal, but likely to happen in the near
future.

5.3 Methods

5.3.1 Sampling and housing
About 50 individuals of T. bernacchii were caught with fish traps under the pack near the Mario
Zucchelli Station (MZS) at Terra Nova Bay, in the Ross Sea (Ross Sea 74° 41' 42''S, 164° 07'
23'' E) at ~25m depth through the use of fishing pots baited with Argentine lobsters. Three
individuals  were  then sacrificed right  after  the  catch,  defining  the hereafter  named "naïve"
control group. 

The remaining fish were transferred to MZS and acclimated for 5 to 11 days in a tank with
stable physical and chemical conditions, in an open system with seawater at -0.9°C, directly fed
from the sea. After acclimation in a 2000l tank three specimens were sampled (T0 group) and
18 specimens were randomly split in two experimental 180l tanks with running water at two
different temperatures: -0.9°C for the  control  group and +0.6°C for the  stress  group (delta
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+1.5°C). Three specimens from each tank were sampled after 6 hours (6h), 7 days (7d) and 20
days (20d).

All the animals were euthanized with tricaine, and gill, muscle, brain, head kidney and liver
tissues were dissected and placed in RNAlater (Thermo Fisher Scientific, Waltham, USA) and
stored at -20°C. The samples were then shipped to Italy in refrigerated tanks at -20°C. Upon
arrival at the Applied and Comparative Genomics lab at the University of Trieste samples were
stored in 1.5ml tubes containing RNAlater at -80°C until extraction.

5.3.2 RNA extraction, library preparation and sequencing
Total RNA was isolated using the DirectZol™ RNA MiniPrep kit (Cat R2052, Zymo Research
Corporation, Irvine, CA USA) and was quantified with NanoDrop™ 2000 Spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE) and the total RNA concentration (ng/mL) of the
samples was accurately estimated according to the RNA: High Sensitivity assay on Qubit™ 2.0
Fluorometer (Life Technologies, Foster City, CA).

Due to severe degradation, RNA could not be extracted from head kidney and liver samples to
perform Differential Expression Analysis.  The two tissues were therefore excluded from the
experiment.

Following  a  control  of  the  integrity  of  RNA  samples  with  a  denaturing  agarose  gel
electophoresis in combination with an evaluation of RNA Integrity Number (RIN) of selected
samples on an Agilent 2100 Bioanalyzer instrument (Agilent Technologies, Palo Alto, CA USA)
, Illumina-compatible libraries were prepared according to the QuantSeq™ 3’ mRNA-Seq Kit
(Lexogen  GmbH,  Vienna,  Austria)  forward  (FWD)  protocol.  Qualitative  and  quantitative
analysis of the libraries was also performed with the Agilent 2100 Bioanalyzer. After being
pooled according to the Illumina Pooling Calculator  [104], the libraries were sequenced on a
NovaSeq 6000 platform (Illumina, San Diego, CA, USA) with a 150bp single end sequencing
strategy by CBM - CONSORZIO PER IL CENTRO DI BIOMEDICINA MOLECOLARE
S.C.AR.L. (Area Science Park, Trieste, Italy).
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5.3.3 Bioinformatic analysis

5.3.3.1 Data preparation
Raw sequencing reads (Bioproject ID PRJNA600926) were quality checked with fastqc v0.11.9
plus MultiQC [105] and trimmed with fastp v.0.20.9 [106], by setting the trimming of the first
15 nt, removal of heading and trailing homopolymers, allowing zero undetermined nucleotides
(N) and keeping all trimmed reads longer than 35nt. All the other settings were left as default.
The  reference  genome,  transcriptome  and  relative  annotations  (v.  fTreBer1.1)  [107] were
downloaded from NCBI.

The trimmed reads and the reference genome with annotations were imported in CLC genomics
workbench v.20 (https://digitalinsights.qiagen.com) in order to obtain preliminary information
about  the  quality  of  the  mapping.  Reads  were  mapped  to  the  reference  genome  with  the
following  parameters:  length  fraction=0.95,  similarity  fraction=0.95.  A mapping  report  was
generated and used for identification of potential outliers, by marking as such all samples with
"reads % mapped to gene regions" lower than the average of all samples by at least one standard
deviation unit.

5.3.3.2 Quantification and analysis
Trimmed reads were mapped on the reference transcriptome using salmon v1.2.1  [31], [108]
with default parameters and by explicitating the --validateMappings flag.

The expression data in form of counts was imported in an R v4.0.2 [109] environment with the
tximport  [110] package and Differential  Gene Expression analysis  was carried out  with  the
edgeR v3.32.0 package [111], [112].

A first exploratory analysis was performed on the expression data in order to assess the global
overall  quality  of  samples.  Such  data  was  normalized  and  processed  with  dimensionality
reduction with Multi Dimensional Scaling (MDS) provided by the edgeR package in order to
verify coherence of samples by visual assessment of the emerging clusters. This step was also
useful to check the placement of the implied outlier samples.
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In order to compare tissue-bound transcriptional effort, saturation curves of expression values
were computed: the expression values (in Counts Per Million, CPM) were sorted in descending
order and the cumulative sum was calculated and divided by the total amount of CPMs obtained
from all genes in each sample.

A filtering step was performed on the expression data with the filterByExpr function, separately
for each tissue, in order to remove poorly-expressed genes.

To minimize the influence of stabling effect in the thermal stress vs. control tests, the control
samples from all the experimental time points were grouped together in the contrasts of the
different time point heat stressed samples (see Listing 1 for a practical example).

contrast_t1 =  t1_Stressed – (t0 + t1_Control + t2_Control + 
t3_Control)/4
contrast_t2 =  t2_Stressed – (t0 + t1_Control + t2_Control + 
t3_Control)/4
contrast_t3 =  t3_Stressed – (t0 + t1_Control + t2_Control + 
t3_Control)/4

Listing 1: Example of contrast used in the differential expression analysis between heat 
stressed samples and controls. This listing shows the contrasts for the three time points of 
experimental heat exposure

The effect of the time spent by fishes in the tanks itself was evaluated by contrasting each
individual control time point against the Naïve samples in pairwise comparisons and combining
the results.

All the differential expression tests were performed with the the GLM functionality built  in
edgeR by the glmQLfit and glmQLFTest functions. Genes with FDR corrected p-value < 0.05
and absolute value of the base 2 logarithm of fold change > 1 were deemed as Differentially
Expressed Genes (DEGs) and were retrieved by calling the topTags function.

34



– Trematomus bernacchii  –

Expression profile clustering analysis  was performed for  the DEGS obtained in response to
stabling effect as follows: per gene CPM expression values were standardized and clustered with
K-means clustering with the scikit-learn [113] python package. The optimal number of clusters
was estimated with a combination of the elbow and silhouette methods.

Protein sequences extracted from the genome were further annotated with diamond [49] against
the UniProt-SwissProt [37] database and a complete interproscan analysis against the interPro
database [46], [114] was performed in order to link Gene Ontology (GO) [44], [115] terms to
each gene.

The DEGs resulting from all the comparisons were used for a Gene Set Enrichment Analysis
(GSEA)  [116],  by  performing  an  hypergeometric  test  on  GO terms.  Enriched  terms  were
considered statistically significant when the FDR-corrected p-value was below the 0.05 threshold
and at the same time the observed-expected value was higher than 3.

Only the expressed genes identified in the initial steps of the analysis for each tissue were used
as "universe" for the hypergeometric test in order to minimize false positives [117] (i.e. genes
showing no detectable expression were discarded) and the test was carried out on up- and down-
regulated DEGs both separately and conjunctly. This enrichment test was also performed on the
clusters of genes showing the same expression pattern established for the stabling stress analysis.

The differential gene expression and enrichment analysis were performed on the three tissues
independently.

All figures in this work were generated with ggplot2 [118] and seaborn [119].

5.4 Results

5.4.1 Quality control and trimming of raw reads
The sequencing facility provided us with a total of 406.6 million reads, unevenly distributed
among samples, with the lowest count of 1.5 million reads for a muscle sample and the highest
count of 15.8 million reads in another muscle sample. More base statistics are available in Table
1. Composition wise the GC content varied from 36% to 45% with average value of 40.2%,
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median of 40% and standard deviation of 1.96%. The read length was on average 95.95nt, with
a median of 96nt, a minimum of 84nt and a maximum of 99nt (values referring to the average
sequence lengths of each sample). All samples presented a compositional bias at the first 15nt at
5', which was removed in the trimming step.

Table 1: base statistics of the raw reads as received from the sequencing facility

Parameter Value

average read number 6.56E+06

median read number 5.25E+06

standard deviation 1.86E+06

Minimum read number 1.50E+06

Maximum read number 1.58E+07

Total reads 4.06E+08

The quality of the sequences was high, with only one sample having the 35th base call with an
average quality of 29.97. All the other samples had mean PHRED quality score > 30 in all
positions. The trimming process reduced the amount of sequencing reads in most samples, with
a mean read survival rate of 74%, ranging from 63.4% to 79.9%.

5.4.2 Read mapping and expression data quality assessment
The mean mapping rate of trimmed reads was 60.1%, widely ranging from 19.2% to 82.0%,
with median of 62.5%. On average, 85% of reads mapped on genic regions, and four samples
were discarded due to the low percentage of reads mapped to genic regions, as described in
section 5.3.3.1. 

The MDS plot (Figure 6) evidenced a marked clustering of samples based on the tissue of
origin.  This  analysis  also  confirmed  the  previously  identified  outliers.  Moreover  this  plot
suggested that, in general terms, the gill tissue was the most variable in terms of gene expression
profile, while brain and muscle samples showed a higher degree of similarity among samples.
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Figure 6: MDS plot from expression data of all samples. Markers are colored by tissue of 
origin, the red circle evidences the four outliers inferred from the mapping rate on gene 
regions of the reference genome.

The  saturation  curves  reported  in  Figure  7 highlight  the  transcriptional  effort  of  the  three
tissues. The muscle tissue resulted to be focused on the expression of fewer highly-expressed
genes compared to the other two tissues, consistently with the expected strong production of
structural proteins of muscle fibers. On the contrary, the brain was the tissue displaying the most
uniform  distribution  of  mapped  reads,  possibly  reflecting  the  wide  spectrum  of  activities
performed by the variety of specialized cells present in this macrotissue. The gills followed a
similar trend, which is consistent with the inclusion of several different cell types.
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Figure 7: Saturation curves of expression profiles from all samples in this 
experiment. This plots the rank of each transcript (in decreasing order of 
expression) on the x axis and the respective cumulative sum of expression on the y 
axis. The three tissue types appear clustered, and the muscle tissue is the most 
specialized one, while gills and brain show the expression of a broader range of 
transcripts.

MDS plots for gill and brain samples only allowed to identify the stabling time as a source of
diversity already from this preliminary step. This effect is apparent in the plot of gills samples ,
and more evident in that of brain samples (Figure 8 and 9).
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Figure 8: MDS plot of expression data from brain 
samples. Color of markers codes for experimental time,
shape of markers codes for experimental condition

Figure 9: MDS plot of expression data from gill 
samples. Color of markers codes for experimental 
time, shape of markers codes for experimental 
condition
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5.4.3 Differential Gene Expression Analysis
As the greatest variability between all samples is explained by the tissue of origin, results are
here presented divided by stress source and by tissue.

5.4.3.1 Response to +1.5°C warming
Under a purely quantitative point of view, the most responsive tissue was the brain, which also
showed a time-dependent increase of the number of DEGs imputable to heat stress response. A
small but statistically significant difference in gene expression was observed for the gill samples
at  the  latest  time  point.  The muscle  tissue  was  the  least  perturbed,  lacking  any  significant
response at any time point. The number of DEGs obtained for all tissues at all time points is
reported in Table 2.

Table 2: Number of DEGs across all comparisons in the Heat Stress vs. Control experiment

muscle gills brain
up down up down up down

6h 1 0 0 0 0 0
7d 1 0 1 0 114 3
20d 0 0 17 7 519 490

Muscle
At the 6 hours time point the transcriptomic response of the muscle tissue consisted of only one
up-regulated gene, namely "LOC117470099", with a logFC of ~3.34 and FDR of ~0.0266. This
gene is annotated as "complement C1q and tumor necrosis factor-related protein 9-like" in the
reference genome. After 7 days of treatment only one significantly up-regulated gene was found
(LOC117473834), with a logFC of ~2.07 and an FDR of ~0.0115. This gene is annotated as
Histone H1.0 in the reference genome. No DEGs were observed at the latest time point.

Gills
At the 6 hours time point no significant DEGs were found. At the 7 days time point only one up-
regulated gene was found, i.e. LOC117496952, with logFC of ~2.07 and FDR ~0.036. This
gene  was  annotated  as  "up-regulator  of  cell  proliferation-like"  with  low  confidence.  Our
additional annotation steps marked it as containing a "Guanylate-binding protein, N-terminal"
Pfam domain, which displayed sequence similarity with "Interferon-induced very large GTPase
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1" in the UniProt SwissProt database. Finally, at the 20 days time point 17 up-regulated and 7
down-regulated genes were found. Enrichment analysis of the union of both sets returned only
"Hydrolase activity" (GO:0016787) as an enriched term. Surprisingly, the enrichment test on
the 17 up-regulated genes was more informative, as 7 GO terms were significantly enriched,
with  “DNA  replication”  and  “negative  regulation  of  apoptotic  process”  being  the  most
significantly enriched processes (Table 3). The GSEA on the 7 down-regulated genes did not
produce any significant result, which was expected due to the small size of this set.

Table 3: Enriched GO terms of up-regulated genes at the 20 Days time point in the gill tissue

GO ID FDR pvalue GO description

GO:0006260 0.000035 DNA replication

GO:0043066 0.00275 negative regulation of apoptotic process

GO:0005576 0.00789 extracellular region

GO:0005694 0.0116 chromosome

GO:0007049 0.0137 cell cycle

GO:0007155 0.0158 cell adhesion

GO:0003677 0.0237 DNA binding

Brain
The differential expression pattern of this tissue in response to heat suggested an increasing
neuronal response over time of exposure to the stressor. After 6 hours no DEGs were found.
The 7 days time point resulted in the differential expression of a total of 117 genes, 114 of
which were significantly up-regulated. The enrichment test of the up-regulated set was basically
overlapping with that of all DEGs (given the only 3 down-regulated DEGs), and it involved
several functions related to immune response (i.e. complement activation, acute phase response)
and  structural  remodeling  (i.e.  endopeptidase  inhibitors).  Table  4 reports  the  top  10  most
significant  enriched  GO  terms.  The  complete  table  of  enriched  GO  terms  is  available  as
supplementary material.
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Table 4: Top 10 most significantly enriched GO terms of up-regulated genes in Brain in 
response to 7 Days heat stress exposure

GO ID FDR pvalue GO description

GO:0005576 5.89E-34 extracellular region

GO:0010951 1.66E-33 negative regulation of endopeptidase activity

GO:0005615 8.58E-28 extracellular space

GO:0010466 1.03E-22 negative regulation of peptidase activity

GO:0030414 1.83E-22 peptidase inhibitor activity

GO:0004867 6.56E-19 serine-type endopeptidase inhibitor activity

GO:0004866 5.02E-17 endopeptidase inhibitor activity

GO:0007599 6.98E-16 hemostasis

GO:0007596 1.59E-14 blood coagulation

GO:0006956 1.78E-14 complement activation

The twenty days time point resulted in the highest change in gene expression: 519 up-regulated
genes  and  490  down-regulated  genes  were  indeed  identified.  In  the  complete  DEGs  set,
including  1,009  genes,  a  total  of  76  GO  terms  were  significantly  enriched,  with  marked
functional redundancy regarding ribosomal and mitochondrial functions, protein turnover and
signaling. The top 10 significantly enriched terms are reported in Table 5.

Table 5: top 10 enriched terms in the DEGs set comprising both up- and down-regulated 
genes

GO ID FDR pvalue GO description

GO:0005840 1.24E-18 ribosome

GO:0003735 2.78E-18 structural constituent of ribosome

GO:0022625 2.4E-14 cytosolic large ribosomal subunit

GO:0006412 1.5E-13 translation

GO:0022626 5.09E-11 cytosolic ribosome

GO:0002181 2.8E-10 cytoplasmic translation

GO:0005747 0.000000142 mitochondrial respiratory chain complex I

GO:0070469 0.000000438 respirasome

GO:0008137 0.00000176 NADH dehydrogenase (ubiquinone) activity

GO:0007156 0.00000333 homophilic cell adhesion via plasma membrane adhesion
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molecules

When the  enrichment  test  was performed separately  for  the two subsets  of  down- and up-
regulated genes, the following results were obtained: the down-regulated genes resulted to be
enriched in 30 GO terms related to ribosomal activity and structure, mitochondrial respiration,
protein  folding  and  turnover,  cytoskeleton  organization  (Table  6).  The  enrichment  of  up-
regulated genes resulted in 44 enriched GO terms, many of which were related to structures and
functions  peculiar  of the brain  tissue (i.e.  calcium ion binding,  synapse,  glutamate receptor
activity, axon guidance, dendrite), together with other terms, such as cell adhesion and DNA
binding (Table 7).

Table 6: Top 10 enriched GO terms from the down-regulated gene set

GO ID FDR GO description

GO:0002181 1.88E-07 cytoplasmic translation

GO:0003735 8.60E-07 structural constituent of ribosome

GO:0006412 9.71E-07 translation

GO:0005747 3.77E-06 mitochondrial respiratory chain complex I

GO:0005840 4.98E-06 ribosome

GO:0022626 1.75E-05 cytosolic ribosome

GO:0022625 4.54E-05 cytosolic large ribosomal subunit

GO:0070469 4.58E-05 respirasome

GO:0008137 6.58E-05 NADH dehydrogenase (ubiquinone) activity

GO:0016887 8.84E-05 ATPase activity

Table 7: Top 10 enriched GO terms from the up-regulated gene set

GO ID FDR GO description

GO:0007156 1.92E-09 homophilic cell adhesion via plasma membrane adhesion molecules

GO:0000786 1.38E-07 nucleosome

GO:0005887 1.44E-05 integral component of plasma membrane

GO:0007155 1.13E-04 cell adhesion

GO:0005509 1.37E-04 calcium ion binding

GO:0045202 3.34E-04 synapse

GO:0007268 3.87E-04 chemical synaptic transmission

GO:0008066 4.43E-04 glutamate receptor activity

GO:0030261 6.38E-04 chromosome condensation
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GO:0038023 1.07E-03 signaling receptor activity

While many enriched GO terms from the down-regulated set are were enriched in the full DEGs
set, many of the synapse-related terms seemed to emerge only when the up-regulated DEGs
were analyzed separately.

Five Heat Shock Protein-coding genes were found among the DEGs, all significatively down-
regulated  by  the  heat  stress  at  20  days:  hspa9,  hsp90aa1.2,  hsp90ab1,  hspa14  and  hspa8b
(Figure 10). The greatest change in expression was observed for hspa9, with a logFC of -1.65.

Figure 10: Expression levels in log(CPM) of the 5 differentially expressed HSPs 
across the entire experiment

5.4.3.2 Response to stabling
This stressor induced a strong response in terms of differential gene expression in gills and brain
tissues.

Muscle
Only  one  gene  (LOC117495933)  was  statistically  significantly  altered  in  response  to  the
confinement in tanks in the muscle tissue, with a significant up-regulation (logFC = 3.09) at 7d.
This gene was annotated as “elongation factor 2-like” and its expression was not significantly
altered at other time points (Table 8).
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Table 8: results of the test for differential expression due to stabling time in the muscle tissue

gene logFC.T0vsNaive logFC.6HvsNaive logFC.7DvsNaive logFC.20DvsNaive

LOC117495933 -0.25 0.23 3.09 0.66

Gills
A total  of  84 DEGs were found in  response to  the time spent  in  experimental  tanks.  The
clustering analysis performed on this subset of genes resulted in an optimal number of clusters
equal to 5, which represent five different time-dependent transcriptomic response patterns. Such
cluster of DEGs were therefore named using progressive numbers, from 0 to 4 (Figure 11).
Most DEGs (66) were placed into cluster 0, which represents an acute response to confinement
in the smaller experimental tank. The GSEA performed on cluster 0 identified 16 significantly
enriched terms, which surprisingly were mainly linked with muscle function and cytoskeleton,
along with others related with catalytic and phosphorylation processes (Table 9).
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Figure 11: Spaghetti plots of gene expression patterns 
identified by the K-means clustering of DEGs obtained from 
the stabling stress test in gills. The x axis reports experimental
time, whereas the y axis reports gene expression, shown as 
log(CPM). The thick black line represents average, the grey 
area represents the bootstrap confidence interval
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Table 9: Enriched terms for acute (cluster 0) gill gene expression up-regulation in response to
time in experimental tanks

GO ID FDR GO description

GO:0030018 1.06E-15 Z disc

GO:0031430 1.30E-09 M band

GO:0016529 6.45E-09 sarcoplasmic reticulum

GO:0045214 7.49E-09 sarcomere organization

GO:0033017 5.31E-08 sarcoplasmic reticulum membrane

GO:0008307 1.72E-06 structural constituent of muscle

GO:0007517 3.55E-05 muscle organ development

GO:0003824 6.34E-04 catalytic activity

GO:0003779 6.34E-04 actin binding

GO:0030036 1.01E-03 actin cytoskeleton organization

GO:0051015 2.52E-03 actin filament binding

GO:0016310 1.77E-02 phosphorylation

GO:0016301 2.55E-02 kinase activity

GO:0030054 3.15E-02 cell junction

GO:0005856 3.77E-02 cytoskeleton

Cluster 1 included of 4 genes which were down-regulated at T0 (acclimation tank) and whose
expression then continuously raised, recovering normal levels at 7D and even showing a slight
up-regulation at 20 days. Cluster 2 consisted of 6 DEGs, up-regulated at the latest time point.
Cluster  3  included 4 DEGs,  generally  up-regulated in the experimental  phase (6H, 7D and
20D). Cluster 4 comprised 4 genes, which were up-regulated only at T0.

It was not possible to obtain any significant enrichment in GO from these smaller clusters as the
number of DEGs was too small to get above the observed-expected threshold.

Brain
This  was  the  most  responsive  tissue,  with  1,840 DEGs found in  response  to  stabling.  The
optimal number of clusters was estimated to be 4, describing four different expression patterns
rendered in Figure 12.
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Cluster 0 could be identified as the "late response" one, containing 195 DEGs consistently up-
regulated at 20 days which were significantly enriched in 14 GO terms, reported in  Table 10.
Cluster 1 contains genes that were downregulated starting from 6 hours. The 968 genes in this
cluster  (the  largest  one  out  of  the  four)  were  enriched  in  synapse-related  terms,  such  as
glutamatergic synapse, cell junction and ion channel binding (Table 11). Cluster 2 contained
324 genes consistently up-regulated at 6H, pointing out an acute response to the transfer to the
experimental  tanks.  Genes in  this  cluster  were enriched in terms linked with mitochondrial
activity  and  protein  synthesis.  The  most  unexpected  entry  in  this  enrichment  analysis  was
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certainly  “acrosin  binding”,  which  was  the  annotation  for  4  “zona  pellucida  sperm-binding
protein” genes, whose presence in this tissue appears to be odd (Table 12), even though it cannot
be  excluded  that  this  family  in  fish  may  carry  out  distinct  functions  compared  with  those
previously described in model vertebrates (i.e. mammals, in most cases). Cluster 3 contains 353
DEGs, in a pattern of increasing expression at 6H and 7D, which at 20D goes back to levels
similar  to  those  observed  in  6H.  The  majority  of  enriched  terms  were  related  with
mitochondrial  respiration  and  ribosomal  structure  and  function,  suggesting  an  activation  of
cellular energetic metabolism in response to the transfer to the experimental tanks (Table 13).
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Table 10: GO terms significantly enriched in cluster 0 in the brain response to stabling

GO ID FDR GO description

GO:0016459 9.12E-05 myosin complex

GO:0006096 0.0001199832737 glycolytic process

GO:0008289 0.004636305034 lipid binding

GO:0005509 0.008855392716 calcium ion binding

GO:0008285 0.009288679028 negative regulation of cell population proliferation

GO:0046872 0.01443426653 metal ion binding

GO:0005925 0.01451644193 focal adhesion

GO:0005737 0.01669171589 cytoplasm

GO:0006915 0.03248990894 apoptotic process

GO:0008270 0.03507248985 zinc ion binding

GO:0004842 0.03700761253 ubiquitin-protein transferase activity

GO:0016567 0.03840225543 protein ubiquitination

GO:0006511 0.04602389386 ubiquitin-dependent protein catabolic process

GO:0003779 0.04611529973 actin binding

Table 11: GO terms significantly enriched in cluster 1 in the brain response to stabling

GO ID FDR GO description

GO:0045202 1.63E-10 synapse

GO:0098978 1.52E-06 glutamatergic synapse

GO:0098831 4.03E-06 presynaptic active zone cytoplasmic component

GO:0098982 9.04E-06 GABA-ergic synapse

GO:0030054 1.23E-05 cell junction

GO:0005516 5.88E-05 calmodulin binding

GO:0005216 5.88E-05 ion channel activity

GO:0007156 9.86E-05
homophilic cell adhesion via plasma membrane adhesion

molecules

GO:0016584 0.0001716102938 nucleosome positioning

GO:1990090 0.0001716102938 cellular response to nerve growth factor stimulus
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Table 12: GO terms significantly enriched in cluster 2 in the brain response to stabling

GO ID FDR GO description

GO:0005739 4.63E-06 mitochondrion

GO:0005751 5.83E-06 mitochondrial respiratory chain complex IV

GO:0035804 1.33E-05 structural constituent of egg coat

GO:0032190 1.33E-05 acrosin binding

GO:0006123 1.63E-05
"mitochondrial electron transport, cytochrome c to

oxygen"

GO:0006412 8.34E-05 translation

GO:0005743 0.0001155785076 mitochondrial inner membrane

GO:0005762 0.0001202874424 mitochondrial large ribosomal subunit

GO:0000398 0.00013099173 "mRNA splicing, via spliceosome"

GO:0006446 0.0001810390396 regulation of translational initiation

Table 13: GO terms significantly enriched in cluster 3 in the brain response to stabling

GO ID FDR GO description

GO:0005840 8.91E-14 ribosome

GO:0070469 6.68E-13 respirasome

GO:0006412 2.54E-12 translation

GO:0005739 8.44E-12 mitochondrion

GO:0003735 1.46E-11 structural constituent of ribosome

GO:0005743 2.96E-10 mitochondrial inner membrane

GO:0005747 6.79E-10 mitochondrial respiratory chain complex I

GO:0051537 3.10E-08 "2 iron, 2 sulfur cluster binding"

GO:0015986 5.79E-08 ATP synthesis coupled proton transport

GO:0006099 1.19E-07 tricarboxylic acid cycle
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5.5 Discussion
Samples from head kidney and liver had to be discarded upstream of the sequencing due to
heavy  degradation  most  likely  from  bad  transportation  conditions.  The  prolonged  loss  of
refrigeration may have reactivated enzymes present in large quantity in these tissues that may
have accelerated the degradation processes when compared to gills, brain and muscle.

As expected, the observed response to heat and stabling stresses differed from tissue to tissue,
both under a quantitative and a qualitative point of view. Moreover, stabling ended up being a
greater stressor than the 1.5°C water temperature increase, and therefore its effect had to be
considered in order to design a good comparison and obtain reliable results on the temperature
increase effect. 

With the exception of the brain tissue, the transcriptomic response to the +1.5°C heat stress was
barely  measurable.  This  apparent  absence  of  a  response  is  quite  possibly  explained  by  the
thermal palsticity of T. bernacchii , able to acclimate to warmer temperatures, even higher than
the one applied (but still non lethal). For example it has been shown that even a relatively short
4°C acclimation increased by about 1~1.5°C the critical thermal maximum of  T. bernacchii

[100]  as well as the heat tolerance in terms of time of survival at 14°C [99]. The response was
nevertheless  intense  in  the  brain  tissue,  and  other  tissues  like  cardiac  muscle  would  be  an
interesting target for future studies as it also showed a lower acclimation ability [102]. 

Following,  a  more  in-depth  discussion  of  the  results  of  the  differential  expression  analysis
results.  Since a high number of DEGs was identified in several comparisons,  only the most
relevant ones will be discussed in this section.

5.5.1 Muscle
The muscle tissue was by far the most transcriptionally stable, as its gene expression pattern did
not  significantly  change  during  the  whole  experiment.  In  response  to  heat  stress,  only
complement  C1q and tumor  necrosis  factor-related  protein  9-like was  significantly  up-
regulated after 6 hours of exposure, by a factor of around 10. It needs to be noted that the
expression of this gene increased in only one of the two samples of the 6h stressed group, so it
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may represent a false positive and any interpretation of this particular result  would be pure
speculation. The Histone H1.0 gene was up-regulated after 7 days of exposure, by a factor of
around 6.5. This gene belongs to the H1 linker histone family and codes for the linker Histone
which regulates the formation of higher order structures in chromatin by linking DNA between
nucleosomes,  and it  is known to positively and negatively regulate the expression of several
genes  by  different  means  [120].  Nevertheless,  no  further  alteration  in  gene  expression  was
observed in the following time point, leading to two possible alternative hypotheses: the first one
is that the up-regulation of this gene could represent a transient response, only activated at this
time point and terminated soon after, leading to no detectable changes at 20 days. The second
one is that this alteration was only observed by chance (i.e. due to random factors, combined
with  the  low number  of  available  biological  replicates).  In  any  case,  the  practically  absent
transcriptomic response to thermal stress does not exclude other kinds of alterations in this
tissue: it has in fact been shown that fatty acid composition of muscle cells of  T. bernacchii

changes during acclimation to warmer temperatures  [95], a process that may be regulated at
other post-transcriptional levels (and therefore not detectable with the RNA-seq technique) or
that is not triggered at all given the small applied temperature increase. Or a combination of the
two.

This tissue also did not display any significant change under a transcriptomic point of view in
response to the confinement of the fish to experimental tanks, as only a gene coding for an
elongation  factor  2-like  protein  was  up-regulated  at  7D.  This  may suggest  an  increment  in
protein synthesis, but no other gene was significantly up-regulated in terms of expression. 

In summary, the muscle tissue was not responsive, neither to stabling nor to heat stress and the
fact that all the very few DEGs identified only displayed significant alterations of expression at a
single time point hints that these should be taken with caution and considered as likely to be
false positives until further experimental confirmation.
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5.5.2 Gills
This  tissue,  given its  nature of  interface  with  the external  environment,  can be of  extreme
interest in studies regarding even the presence of the slightest environmental changes, as any
physical or chemical alteration of the water would immediately impact the gas exchange surface.

In contrast with this idea,  the present study highlighted a poor transcriptional response to a
change in  temperature,  which  substantially  occurred  only  at  the  latest  time  point.  The up-
regulation of up-regulator of cell proliferation-like that was detected at the 7D time point did
not persist at the 20D time point. This gene is orthologous to human URGCP (also known as
URG4) and it has been found expressed in gills in  Danio rerio  [121]. In human, this gene is
known to be upregulated in several cancer types and is thought to be involved in cell  cycle
progression [122], [123]. Nevertheless, the enrichment test performed on the latest time point
may evidence some delayed consequences of this early up-regulation, as the up-regulated genes
were found to be involved in cell cycle and DNA replication. It is plausible that at least some of
the up-regulated genes at 20D are placed downstream of URGCP in the fish response to heat
stress. Experiments carried out on T. bernacchii have shown that a brief sublethal heat exposure
transiently increases  cell  proliferation in  samples  from the whole body within  72h,  while it
triggers apoptosis in hepatocytes by means of PCNA overexpression  [124]. The PCNA gene
was not among the DEGs we observed in our experiment, but one of its interactors, i.e. pclaf
(PCNA-associated factor), was significantly up-regulated at 20D; its expression and interaction
with PCNA are fundamental  for DNA damage repair  [125]. Other up-regulated DEGs that
suggest the activation of DNA replication and damage repair mechanisms at D20 are  banf1
[126], mcm4 [127], LOC117480017 (ortholog to  EMP2  which also regulates angiogenesis)
[128],  [129] and  ranbp1 .  An  exception  to  this  trend  is  Neil1,  which  was  significantly
downregulated at 20D and promotes DNA damage repair [130].

Caspa and LOC117500516 (Apoptosis-associated speck-like protein containing a CARD)
were up-regulated and allow the activation of IL1B, releasing it and activating inflammatory
responses,  also  mediating  apoptosis  in  zebrafish  [131],  [132].  The  instauration  of  an
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inflammatory  state  was  also  suggested  by  the  up-regulation  of  LOC117472831,  which  is
homologous to human C-C motif chemokine 21.

Cct3,  a down-regulated gene, is a molecular chaperone  [133], like LOC117491065 (SGTA
homolog), which interacts with HSP70 and HSC70 [134], [135].

Overall,  the transcriptional  response of gills  to heat stress suggests the activation of several
pathways that involve cell replication and DNA repair. Traces of immune response were also
detected, as well as the de-regulation of a couple of important molecular chaperones. Although
being supported by a relatively low number of DEGs, this results add information to the known
role of gills in the response and the acclimation to temperature increase in T. bernacchii, in fact
the observed changes in expression of genes involved in cell proliferation, DNA damage control
and   molecular  chaperoning  may,  at  least  partially,  overlap  and  explain  the  physical  and
functional changes observed at 4°C by Garofalo and colleagues [96]. Moreover, in another work
involving the same temperature stress, a larger transcriptomic response was found, which also
partially overlaps the results presented in this work [136]. More studies would be necessary to
better  understand  the  pathways  involved,  possibly  with  longer  exposures  to  heat  and  more
frequent sampling. Finally, in concordance with the known response of muscle [95], a warmer
environment is expected to induce changes in lipid content also in this tissue [94]. As for the
muscle tissue, such changes could not be inferred from the differential gene expression in this
tissue. 

The  gill  tissue  also  showed  altered  gene  expression  in  response  to  the  transfer  to  the
experimental tanks (cluster 0). The GSEA identified several genes expected to be involved in
muscle function being enriched. While at a first glance these results may seem unexpected, they
may be explained by an increased contractile activity of gills and of the blood vessels traversing
them. Moreover, the enriched structural terms such as “Actin cytoskeleton organization” could
explain the structural alterations observed in the erythrocytes of T. bernacchii individuals from
the same experiment [137], as the gill tissue is rich in this kind of cells.

The other 4 clusters of DEGs contained just a few genes each. If taken together, cluster 1 and 2
show an overall increased gene expression at 20D of genes linked with vesicle trafficking and
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immune response, possibly to viral infection or, more likely, to the activation of transposable
elements,  which  can  occur  under  stressful  conditions  [138].  For  example,  LOC117477012
(myo1e) an unconventional myosin, is involved in endocytosis and vesicular trafficking  [139],
[140] and  snx21  associates with septins, which are linked with membranes and cytoskeleton
[141], [142]; on the other hand, LOC117492943 (ifi44) is involved in innate immune response
by negatively regulating ifn with a negative feedback loop and has been also shown to promote
viral activity when up-regulated [143]; lgals17 codes for a member of the galectin family, which
may act as pattern-recognition receptors in the innate immune response to viral infections [144],
[145]. LOC117474783 and LOC117474784 were annotated as gimap8, which is a member of
the  gimap family,  a  group of  genes  encoding  for  small  GTPases  involved  in  regulation  of
lymphocytes  [146]. In particular, this protein appears to be able to increase the lifespan of T
lymphocytes  [147].  Finally,  LOC117481753  (trim69-like)  is  an  E3  ubiquitin  ligase  [148]
which is activated by ifn and has been found to possess antiviral activity  [149]–[151]. In any
case, ifn itself was not found in any et of DEGs. LOC117492690 (usp22) which is part of the
TFTC/STAGA module which deubiquitinates histone H2B and acts as a regulator for expression
of several genes involved in cell cycle progression [152], [153], also showed similar expression
pattern,  and the effects of its  regulation may be visible in future studies considering longer
experimental times.

Cluster 3 contained four genes and in particular ap5z1 may be involved in the selection of cargo
molecules  of  vesicles  from and  to  lysosomes  [154],  which  may  be  possibly  related  to  the
observations listed in the previous paragraph along with  gspt1,  which is  homologous to the
GST1 yeast gene that regulates cell growth  [155]. Since this gene is involved in translational
termination, it may be also involved in viral response [156], [157].

Cluster 4 was particularly interesting, as it appeared to contain genes that were up-regulated
early after the capture. An interesting gene in this cluster was LOC117488042, which codes for
a integumentary mucin C.1-like. Mucins act as a physical barrier to pathogens in the mucus
that covers fish mucosal barriers. An increment in the thickness of mucus may suggest a quick
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response to the spatial and environmental changes experienced by the fish when transferred from
its habitat to a tank.

5.5.3 Brain
The brain tissue was the most responsive to both type of stresses analyzed in this work. Its
transcriptional response to the temperature increase started at 7D, mainly consisting in the up-
regulation of the expression of several genes. The enrichment test results highlighted a negative
regulation of endopeptidases and an activation of the innate immune response via complement
activation.  The  two down-regulated  genes  were  fkbp5 and  LOC117493886.  fkb5 is  a  co-
chaperone  immunophilin  with  peptidyl-prolyl-(cis/trans)-isomerase  activity  that  specifically
interacts  with HSP90  [158] and has  been shown in  mammals to inhibit  the Glucocorticoid
Receptor  (GR)complex  [159].  An increase  in  GR activity  could  contrast  the  inflammatory
response denoted by several up-regulated genes, and is compatible with a stress condition [160].
Overall these changes in gene expression were in accordance with an early acute inflammatory
state that was possibly being induced in response to a stressor  [161], [162], such as heat. We
hypothesize that we are observing such a response at 7D and not at the earlier time point at 6H
because  T. bernacchii can encounter  warmer temperatures  during the Antarctic summer for
short time frames in the order of magnitude of a few hours, but the brain is very sensitive and
possibly not fitted to endure longer exposure to heat.

After 20 days of exposure the enrichment test showed a down-regulation in the expression of
genes involved in the structure and function of ribosomes and mitochondria. It is plausible that
this was a response targeted to balance the metabolic changes induced by the prolonged heat
stress.  Autophagy-related  genes  were  also  enriched in  the  down-regulated  gene  set,  further
suggesting a metabolic rate reduction. Moreover a de-regulation of several HSPs and protein-
folding related genes was also observed. At first, this may seem counterintuitive, as it has been
shown in multiple experiments that antarctic Notothenioids have lost inducibility of HSPs genes
[64], [66], [75]. However, the down-regulation of HSP70 was already observed in response to a
more drastic heat shock in gills of T. bernacchii [96], in liver of Pagothenia borchgrevinki [163]
and in Harpagifer antarcticus, which also lack HSP70 inducibility [164]. Based on the data we
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collected,  we  propose  that  this  unexpected  trend  of  expression  may  occur  because  protein
structure is overall more stable at the warmer experimental temperature, and the organism is
therefore dedicating more resources in enacting the tissue specific response suggested by the up-
regulated  genes,  also  reducing  metabolism  and  protein  synthesis.  Other  enriched  terms
associated with down-regulated genes, like microtubule-based process, structural constituent of
cytoskeleton, microtubule, cytoskeleton organization may suggest a structural change in neurons.
The enriched terms associated with the up-regulated genes further strongly support alterations in
synapse  formation  and  functionality.  An  hypothesis,  supported  by  the  enrichment  of
glutamatergic  synapse  related  terms,  may  be  that  the  specimens  kept  in  tanks  were  being
stressed by the inability to move to areas with a water temperature close to the optimal one, as
behavioral changes in absence of an efficient thermal regulation are expected [103]. This may
therefore be a synergistic effect of the combination of heat stress and confinement. The greater
sensitivity of the brain tissue compared to the other tissues is most probably unnderlying its
physiological sensitivity observed in early thermal lethality experiments [93], as the combination
and the increase in magnitude of changes such as innate immune response activation, loss of
proper protein folding and oxidative damage from altered mitochodrial  activity  could easily
result in cellular damage and death. 

The brain was extremely sensitive to the stabling stress, as the 1,840 overall DEGs clearly point
out. If looked at in the 1,2,3,0 order, the obtained clusters seem to represent a time progression
that starts with the de-activation of genes in cluster 1, concurrent with the activation of genes in
cluster 2 (6H), followed by the activation of genes in cluster 3 (7D) and the activation of genes
in cluster 0 (20D).

The genes belonging to cluster 1 were strongly downregulated following the transfer of the fish
to the smaller experimental tank. Enriched GO terms in this DEGs set included glutamatergic /
GABA-ergic synapse related processes and functions,  along with many terms related to ion
channels. This is in apparent contrast with the up-regulation of similar terms in response to the
heat stress, but can be explained as a stressor-dependent response, as only a fraction of DEGs
display an overlap between the two sets. This case may represent a response to a broader set of
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factors implicated by stabling, such as population density, human presence, confinement and
territorial attitudes.

The GO enrichment of cluster 2 (acute response to transfer to experimental tank) points toward
the activation of processes  and functions  related to metabolism and protein synthesis.  Such
alterations may be the short-term consequences of the human manipulation and confinement in
smaller tanks. The condition was partially recovered in the following time points, even though it
did not return to the normal levels by the end of the experiment.

Cluster 3 was once again enriched in GO terms related to ribosomal and mitochondrial function.
The main difference with cluster 2 resides in the greater prevalence of mitochondrial respiration
processes and functions, and the peak of expression observed at 7 Days for this cluster may be a
functional extension of the observations obtained from cluster 2. The activation of mitochondrial
respiration represents a source of oxidative stress.

Within Cluster 0, the two most enriched terms (by observed - expected value) were cytoplasm
and  metal  ion  binding.  The  first  one  was  not  particularly  informative,  as  it  is  likely
consequential to the many cytoplasmic proteins present in the set, but may be strictly related to
metal  binding  proteins  (mainly  zinc  and  calcium  binding).  The  disregulation  of  metal
homeostasis in the brain is known to be related to many neuro-degenerative conditions in model
organisms [165]. In particular, Zinc and Calcium binding terms were enriched in the set. Zinc is
crucial for synapse function, as it is found in high concentrations in vesicles of many neuron
types  [166].  Calcium, on the other hand, has been found to regulate mitochondrial  activity
[167], thus reducing oxidative stress in neurons. All these observations are in line with a strong
effect of stabling on the brain and its many specialized cell types such as glial cells and neurons,
strongly  altering  their  metabolism,  and  consequently  resulting  in  oxidative  damage  and
alterations of specific functions related to synapse activity. 

As the samples consisted in whole brains (therefore comprising a large collections of cell types),
future studies would largely benefit from sampling of separate,  specific brain areas in order
further identify the  physiological implications of the observations presented here. 
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5.6 Conclusion
In conclusion, our results show that the muscle tissue was not disturbed by neither the applied
thermal nor by the stabling stress, while gills and brain were. Gills did not respond rapidly to
temperatures  close  to  zero  degrees,  but  a  chronic  exposure  to  these  increase  temperatures
seemed to trigger an immune response and to induce DNA damage. The effects of temperature
are more striking in the brain, where it promotes innate immune response and induces changes
at the synaptic level. Protein folding was also probably altered in later time points due to the
longer exposure to heat. 

Moreover, captivity and manipulation of specimens were powerful stressors for gills and brain,
altering many functions and possibly being a source of damage to the brain of the fish. This last
observation is fundamental for future studies on captured wild animals in Antarctica, as the
response to housing has to be kept in consideration in designing experiments and in interpreting
experimental results.
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6 Adamussium colbecki

Figure 13: a specimen of Adamussium colbecki in one of the 
experimental tanks.

6.1 Synopsis
Adamussium colbecki is a scallop endemic of Antarctic Ocean which is the only modern survivor
of the Adamussiini tribe. Its only known physiological cold adaptations reside in lower cellular
metabolic  rates  and  cold-stable  proteins.  Its  abundance,  fragility  and  sensitivity  to  hostile
environmental  conditions  make  A. colbecki an  interesting model  for  studying the  effects  of
pollution and climate change in the Antarctic Ocean. In this chapter transcriptomic tools are
applied to the study of the effects on three tissues of a short-to-medium term exposure to a
+1.5°C increase in water temperature, while also evaluating the effects of captivity in controlled
experimental  conditions in tanks. Our results show no transcriptomic change induced from the
warmer  water,  while  evidencing alterations  in  energetic  metabolism and nutrient  adsorption
caused by stabling in the digestive gland.
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6.2 Introduction
The scallop Adamussium colbecki  (Smith 1902 [168]) is abundantly found in Antarctic shores
and ocean in fairly dense populations, with depth that range from 0 to 1300m, but reaching
exceptional densities around 70m, where it can completely cover the sea floor [169]–[171]. The
overall distribution of the species is nevertheless gapped, with some areas completely lacking
any  individual.  The  cause  of  this  fragmented  distribution  has  been  proposed  to  lay  in  its
requirement of extremely stable environments or in the presence of predators that may feed on
its larvae  [172]; a low dispersal ability that is also reflected by the high genetic isolation of
populations [173].

A. colbecki is considered to be the sole survivor of a more diversified population of Pectinidae
after  the  early  quaternary  [174],  [175],  i.e.  the  Adamussiini  tribe,  which also included the
extinct  genera  Antarctipecten,  Duplipecten,  Lentipecten,  Leoclunipecten and  Ruthipecten.  The
most closely extant scallop species belong to the Palliolinae subfamily, which has been recently
supported by phylotranscriptomic analyses [176].

Differently from Antarctic notothenioids, A. colbecki appears to lack any particular whole-body
cold adaptation, only presenting adaptations at cellular and molecular levels in the form of lower
metabolic  rates  and  higher  protein  stability  [177],  [178].  Nevertheless,  a  striking  form  of
physical freezing resistance has been recently described, as the nano-structure of the shell itself
appears to passively prevent ice crystal growth, when clean [179].

Given its abundance and sensitivity to environmental alterations, A. colbecki has been proposed
and used as sentinel organism in works aimed at studying the impact of pollution and climate
change  [180]–[182]. However, to date molecular studies of the responses to thermal stresses
determined by climate change in this species are still lacking, although some studies have been
carried out on another antarctic bivalve  Lanternula elliptica,  evidencing changes in control of
protein folding, oxidative processes, and several other cellular processes [183], with no sign of
acclimation on the longer period [184]. However, to date molecular studies of the responses to
thermal stresses determined by climate change in A. colbecki are still lacking.
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A fairly good transcriptome for  A. colbecki was  de-novo assembled by Moro and colleagues
[176] with paired-end Illumina reads obtained during the XXIV Antarctic campaign. In the
published form, this transcriptome contains traces of contamination that couldn't be identified at
the time and did not include information about contigs-to-gene relationships. The lack of such
information is a common issue for non-model organisms lacking a reference genome, as it is
often impossible to discriminate between transcriptional isoforms derived from allelic variants
of the same gene and transcript encoded by multiple nearly-identical paralogous genomic copies
of a gene.

In this chapter the transcriptomic response of this organism to a short-to medium term +1.5°C
increase will be analyzed and discussed. The analyses were carried out with an experimental
design identical to that previously described for the notothenioid  Trematomus bernacchii, but
using a slightly different approach, considering the lack of a reference genome for A. colbecki.

6.3 Methods

6.3.1 Sampling and experimental setup
A  total  of  45  specimens  of  A.  colbecki were  sampled  by  divers  from  the  seafloor.  Five
specimens were sacrificed on spot, dissected and their tissues were placed in RNAlater (Thermo
Fisher  Scientific,  USA),  defining  the  Naïve group.  The  remaining  40  specimens  were
acclimated at stable conditions for 4 to 6 days in a tank with with a direct feed of circulated
seawater without applying any temperature alteration (-0.9°C). After acclimation 5 specimens
were sampled, defining the  T0  (acclimation) group, whereas the remaining individuals were
randomly split in two 180l tanks: one was kept at ambient seawater temperature (-0.9°C, control
tank) and the other was warmed by 1.5°C (+0.6°C, experimental tank). Both tanks had seawater
continuously circulated directly from the sea and temperatures were logged with a TinyTag
Aquatic  data logger.  Five individuals were then sampled from each tank after  6  hours  (T1
group),  7 days (T2  group) and 19 days (T3  group).  During the sampling process, the gills,
hepatopancreas and mantle tissues were collected, stored in 1.5ml tubes in RNAlater at -20°C
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and shipped in -20°C refrigerated tanks to Italy, where they were stored at -80°C until further
processing.

6.3.2 RNA extraction and library preparation
Total  RNA  was  isolated  from  all  samples  with  the  Direct-zol™  RNA  MiniPrep  kit  and
quantified with NanoDrop™ 2000 Spectrophotometer. The total RNA concentration (ng/ml) of
the samples was accurately estimated according to the RNA: High Sensitivity Assay on Qubit™
2.0 Fluorometer. The quality of the extracted RNAs was further evaluated using an Agilent
2100 Bioanalyzer instrument, to ensure that the RNA Integrity Number (RIN) was adequate to
proceed with library preparation.

Libraries compatible with Illumina sequencing were prepared according to the QuantSeq™ 3'
mRNA-Seq Kit forward (FWD) protocol. Qualitative and Quantitative analysis of the libraries
was performed with an Agilent 2100 Bioanalyzer. The libraries were pooled according to the
Illumina Pooling Calculator  [104] and sequenced on a NovaSeq 6000 platform with a 150bp
single end sequencing strategy by CBM - CONSORZIO PER IL CENTRO DI BIOMEDICINA
MOLECOLARE S.C.A.R.L. (Area Science Park, Trieste, Italy).

6.3.3 Transcriptome assembly
The raw paired-end read dataset from a previous study were downloaded from SRA (bioproject
id PRJNA379393) [176].

Raw reads were quality checked with fastqc v.0.11.9 and multiqc v.1.6  [105], then trimmed
accordingly with fastp v0.20.1 [106], removing any leading or trailing homopolymer stretches,
removing any adapter,  allowing 0 unidentified nucleotides  (i.e.  "N"),  discarding low quality
reads (PHRED > 30, default in fastp) and setting a minimum length for the trimmed sequences
at 75 nucleotides. Trimming reports were saved for each tissue for evaluation.

The  trimmed  reads  were  then  assembled  with  ORP  v.2.3.3  [26],  setting  the  TPM_FILT
parameter to 1 and the raw assembly was evaluated for completeness with BUSCO v.5.3.2 [185]
against the Mollusca database from OrthoDBv10 [186].
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6.3.4 Transcriptome refinement
As a first filtering step all the reads used to carry out the assembly were mapped back to the
transcriptome assembly with salmon v.1.8.0  [31], and results were used to exclude sequences
showing poor coverage from the transcriptome. Specifically, any contig with effective length <
150 nucleotides and TPM < 1 was discarded.

As the obtained transcriptome contained several contigs from exogenous contaminants, most
likely  derived  from  the  handling  of  biological  material  belonging  to  other  species  in  the
laboratory  at  the  time  when  libraries  were  originally  prepared,  a  recursive  similarity-based
decontamination process was applied.

As  a  first  exploratory  step,  the  human  COX1  protein  sequence  (YP_003024028.1)  was
downloaded  and  used  as  a  query  in  a  tblastn  search  against  the  assembled  transcriptome,
producing a table of candidate COX1 sequences from potential contaminants. All hits were then
used  as  blastn  and  blastx  queries  against  the  entire  non  redundant  NCBI  database  for
identification.

The  identified  species  or  taxonomic  groups  were  then  noted  and  representative  genomes
(whenever  available)  and  transcriptomes  were  downloaded.  In  cases  where  neither  type  of
reference was available, all available nucleotide sequences from the taxonomic group of interest
were  downloaded  from  the  NCBI  nucleotide  database.  All  genomes  and  transcriptomes,
recovered in fasta format, were merged together and used as a blastn database by querying the
entire assembled transcriptome. Only the best scoring hit per contig was retained based on the
highest score and most significant E-value. A threshold was also applied on E-values (i.e. 1e-10)
to avoid hits showing poor similarity that may have led to misclassification. The sequences with
no hits were considered as unidentified and retained as likely to belong to A. colbecki.

The filtered transcriptome was then subjected to a process of redundancy removal with the aim
of grouping all the different transcriptional isoforms under the same "gene" annotation. This
step  was  performed  on  the  lines  of  the  "homology  based  method"  proposed  by  Ono  and
colleagues  for  A.  thaliana  [187].  Briefly,  a  fasta  file  was  created  by  merging  the  protein
sequences  from  the  genomes  of  Pecten  maximus  (xPecMax1.1)  [188] and  Mizuhopecten
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yessoensis  (ASM211388v2)  [189],  i.e.  two  scallop  species  with  a  fully-sequenced  genome
available, and the UniProt-SwissProt [37] database; such fasta file was then clustered with CD-
HIT v4.8.1 [190] with a similarity threshold of 0.5 and used to create a database for diamond
v.0.9.14 searches  [49]. The transcriptome was then queried on the aforementioned database
with diamond blastx with default settings and only the best scoring hit for each transcript was
kept. The contig-hit pairs defined the "annotated set". The remaining contig collection was then
blasted on itself with blastn by using a query coverage threshold of 50%; here, clusters were
formed with sequences sharing the best hits, and queries hitting on sequences already assigned
to  a  cluster  were  assigned  to  the  same  cluster,  defining  the  "unannotated  set".  The  main
limitation for this process is that it is unable to discern between transcriptional isoforms and
transcripts encoded by multiple paralogous gene copies, but this limitation is marginal, as no
information is lost in the process and the analysis can be performed on both the grouped and
ungrouped transcriptomes for comparison.  Finally the obtained transcriptome was annotated
with the annot.aM [47].

6.3.5 Transcript quantification
3' prime tag sequencing reads were obtained from the sequencing center (uploaded to SRA with
bioproject id PRJNA588994) and quality checked with fastqc v.0.11.9 and multiqc v.1.6 [105],
then trimmed with fastp v.0.20.1 [106] with the same settings reported above for the trimming
performed on the paired-end reads used for the transcriptome assembly.

An index for salmon v.1.8.0 [31] was created from the filtered transcriptome, and all samples
were mapped onto it with the --validateMappings flag and by passing the transcript-to-gene table
derived from the final part of the refinement step. The mapping was also performed without the
gene annotation for transcript-level resolution. All mapping results were then merged in a single
file in the form of read counts.
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6.3.6 Differential Expression Analysis
This step was performed with the edgeR  [111], [112], [191] package, by performing quasi-
likelyhood F test on a generalized linear model. Since most of the variation in the samples was
explained by the tissue of origin the three tissues were analysed independently.

Batch effect removal was performed with the RUVseq  [192] package, a first pass of edgeR
differential  expression  analysis  was  performed,  potential  outliers  were  marked  from  visual
inspection of MDS clustering of samples and the 500 genes displaying the lowest amount of
variation  across  samples  were  selected  as  empirical  controls  for  the  RUVg  function.  The
preprocessed counts were then used for a second pass of differential expression analysis, which
allowed the identification of DEGs.

The contrasts used in the analysis were aimed to investigate the effects of exposure to heat and
to  time  spent  in  experimental  tanks  (stabling).  The  temperature  contrasts  were  defined  as
pairwise  contrasts  between  stressed  and  control  groups  at  each  experimental  time,  and  as
stressed  samples  at  each  time  against  all  the  controls  groups  regardless  of  the  time  (only
excluding  Naïve  samples  to  account  for  catch-related  stress).  The  stabling  contrasts  were
defined  as  pairwise  comparisons  of  the  control  samples  at  each  time point  and  the  Naïve
samples. An anova-like test (searching for difference between any group) was also performed on
the Naïve plus the control samples. Genes with an FDR adjusted p-value < 0.05 and |logFC| > 1
were selected as DEGs. In an effort to separate the effects of stabling and the weak effects of
thermal stress, all the DEGs whose expression was altered in response to both conditions were
excluded from the list of thermal stress-specific responsive DEGs.

As very few DEGs were identified, no further analysis was performed besides their functional
annotation.

6.4 Results
The downloaded assembly reads were of high quality, so the impact of the trimming process
was minor, with all the trimming rate parameters being very close to 1. It is possible that the
reads from the work by Moro and colleagues were trimmed before being uploaded to SRA.
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The raw assembled transcriptome counted 702,884 sequences, of lengths ranging from 201nt to
41,257nt and accounted for 498M bases in total, with a predicted number of unique genes of
about 12k in all the four intermediate assemblies created by ORP.

The  filtering  step  allowed  the  removal  of  poorly  covered  contigs  and  the  elimination  of
contaminating sequences from Trematomus bernacchii, Chionodraco hamatus, Emiliana huxleyi

and  Mesophyllum  vancouverense. This  step  reduced  the  total  amount  of  contigs  in  the
transcriptome to 44,475. The most plausible source of these exogenous contaminations in the
samples were the library preparation and the subsequent sequencing steps. Indeed, two out of
the four aforementioned species (i.e.  T. bernacchii  and  C. hamatus) are Antarctic fishes and
their biological samples have been processed in the lab in parallel with those from A. colbecki.
Despite not being an Antarctic species, the coccolithophore Pleurochrysis pseudoroscoffensis had
been also processed for the preparation of RNA-seq libraries in the laboratory with a similar
time frame to  the  A. colbecki experiment.  While  no genomic or  transcriptomic  resource is
presently available for this species in public sequence repositories, the genome of the closely
related species  E. huxleyi has been fully sequenced and was therefore detected as the possible
source of contamination. On the other hand, M. vancouverense does not fall among the species
that  had  been  studied  by  the  Laboratory  of  Applied  and  Comparative  Genomics  of  the
University of Trieste. Therefore, the source of this exogenous contamination needs to be sought
in a possible cross-contamination among libraries which may have occurred at the sequencing
facilities. 

In  regards  of  completeness,  the  BUSCO  score  of  the  filtered  transcriptome  against  the
OrthoDBv10 Mollusca database was not optimal, with 68.2% complete BUSCOs (56.6% single
copy and 11.6% duplicated),  4.4% fragmented BUSCOs and 27.4% missing BUSCOs. The
incompleteness  of  the  filtered  assembly,  given  the  high  quality  of  the  sequencing  reads,  is
probably due to the fact that the sequencing reads originated from only three tissues and not the
whole body of A. colbecki. Consequently, several transcripts displaying marked tissue-specificity
or whose expression is strictly regulated throughout development were expected to be missing.
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For comparison,  the assembly (GGIA00000000 on TSA) originally published by Moro and
colleagues  scored  C:93.3%[S:45.3%,  D:48.0%],F:5.8%,M:0.9% on  the  Metazoa  database
[176],  while  the  new  polished  assembly  presented  here  scored  C:89.9%

[S:76.0%,D:13.9%],F:4.4%,M:5.7%,n:954 on the same database. The slight increase in the rate
of missing BUSCOs is most likely ascribable to the removal of a few contigs originated from
non-target metazoan species, such as the two aforementioned Antarctic fishes.

6.4.1 Expression reads trimming and mapping 
Of the starting 5 replicate samples obtained in Antarctica, only three samples for each replica
were used for RNA extraction and sequencing. Their selection was performed on the basis of
the quality (i.e. lack of carbohydrate and/or protein contamination, high integrity) and quantity
of available extracted RNA.

Raw sequencing reads amounted to 490 millions, unequally distributed among the samples. The
sample showing the highest coverage consisted of 14.86 million reads, while the smallest only
included 1.66 million reads, with a median value of 6.76 million reads and a standard deviation
of 2.28 million reads. The overall quality of the reads was good, with a Q30 rate ranging from
83.33 % to 93.75% with a median of 92.69%. The trimming process reduced the total number
of reads to 415 million; the lowest-quality sample was reduced to about 45% of its original size
(from 8.8M to 4.1M reads). Overall all samples retained more than 1M trimmed reads. The
general quality of reads remained very high, without relevant changes. All samples were mapped
to the reference transcriptome.

The mean mapping rate was ~54.21%, with standard deviation of 10.77%. Samples with low
mapping rate (threshold 40%) were marked as potential outliers. The first step of the analysis
carried out with edgeR allowed to confirm the outlier status for the samples previously marked
as such, also enabling the identification of a few others. Such outlier samples (Table 14) were
discarded, leaving therefore a few samples with just two biological replicates available. Outlier
samples most likely derive from extracted RNAs which were borderline either in terms of the
quantity  required  for  library  preparation,  or  in  terms  of  the  integrity  and/or  lack  of
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contamination, but whose preparation was attempted in any case in order to obtain RNA-seq
data from at least 3 biological samples.

Table 14: sample name and metadata of outliers

sample tissue Condition Time

s_4_B_Ad gills Ctrl Naive

s_9_B_Ad gills Ctrl T0 

s_22_B_Ad gills Stress T1 (6 hours)

s_31_B_Ad gills Stress T2 (7 days)

s_27_GD_Ad digestive gland Ctrl T2 (7 days)

s_3_MSO_Ad mantle Ctrl Naive

s_10_MSO_Ad mantle Ctrl T0

s_27_MSO_Ad mantle Ctrl T2 (7 days)

s_31_MSO_Ad mantle Stress T2 (7 days)

6.4.2 Differential Gene Expression Analysis
The  first  step  of  the  Gene  Expression  Analysis  evidenced,  as  expected,  a  strong  diversity
between the samples derived from the 3 different tissues analyzed in this experiment. The MDS
plot in Figure 14 shows how most of inter-sample distance is explained by the tissue of origin. 
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After batch effect removal, the second step of differential expression analysis did not evidence
significant changes in gene expression in response to thermal stress in any of the tissues of
interest, while the only significant changes in gene expression were found in the digestive gland
in response to stabling. This response consists in 31 DEGs, 19 of which are annotated. The
differential expression response can be divided in three different patterns, which are highlighted
in  Figure 15. Out of these three, those indicated in violet and yellow are the most interesting
ones, as they include the genes that were up-regulated and down-regulated after 20 days in the
experimental  tanks.  The result  table  of  this  test  is  available  at  the repository  linked in  the
introduction.
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Figure 14: Multi Dimensional Scaling scatter plot from all 
samples. Each marker represents a sample, color of the markers 
codes for the tissue of origin. A clear tissue based clustering is 
evident, except for one mantle sample which was considered an 
outlier.
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Figure 15: heatmap of z-scores of log(cpm) of DEGs from stabling stress. The dendrogram 
on the right evidences the main gene expression patterns: violet for up-regulated genes at 
20D, yellow for down-regulated genes at 20D and green for more a noisy pattern (three 
DEGs).

6.5 Discussion
The digestive gland appears to be the only responsive tissue, even though it did not display any
significant response to heat stress and only showed a very low number of genes whose expression
was  altered  due  to  stabling  stress.  Nevertheless,  the  low  number  of  DEGs  hindered  the
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possibility of running any gene set enrichment analysis to gain in-depth functional insights on
the biological relevance of such transcriptomic alterations.

Two main patterns of DEGs emerge from the analysis of the clusters analysis highlighted in
Figure 15: the first one includes the genes characterized by up-regulation at 20 days (violet),
whereas the second one includes those showing down-regulation at 20 days (yellow). The violet
cluster includes several genes involved directly in metabolism and mitochondrial respiration (i.e.
ATP-Citrate synthase, D-3-phosphoglycerate dehydrogenase, Succinate-CoA ligase), fatty acid
metabolism  (i.e.  long-chain-fatty-acid--CoA  ligase  1-like,  3-oxoacyl-[acyl-carrier-protein]
reductase  FabG-like).  Protein  phosphatase  1  regulatory  subunit  3B  is  involved  in  glycogen
metabolism  and  is  associated  with  glycogen  storage  in  liver  in  mouse  models  [193].
Sodium/potassium-transporting ATPase subunit alpha is the catalytic part of several transport
channels. It belongs to the P-Type ATPase family, which provide different functions depending
on the cell type and tissue, including absorption of nutrients [194]. Reticulon-1-A is part of the
reticulon protein family, mainly involved in shaping Endoplasmic Reticulum membranes and
consequently in vesicle trafficking [195]. 

Interferon-related developmental regulator 1 is an immediate response gene that codes for an
interferon-gamma related protein, which has many downstream effects [196]. And is known to
be involved in immune response [197], but our data does not indicate presence of infection in
our samples, and it is plausible that the downstream effects of such an up-regulations might be
observable with longer experimental times.

The  down-regulated  genes  (yellow  cluster)  include  Chromobox  protein  homolog  7  and
CCAAT/enhancer-binding  protein  beta,  which  both  code  for  proteins  that  regulate  gene
expression of multiple targets by interacting with DNA [198]–[200], while the down-regulation
of the UBA-like protein suggests an alteration in the ubuquitin-dependent protein degradation
mechanisms,  although  it  may  exert  also  different  roles,  as  the  annotation  was  linked  with
structural similarity and the primary sequence is not highly conserved [201].

Overall, many of the DEGs are poorly studied outside human or vertebrates, and any conclusion
or functional  inference  should  be  treated  with  caution.  In  any  case,  the  up-regulated genes

73



– Adamussium colbecki –

support  an  activation  of  mitochondrial  energetic  metabolism  and  alterations  in  nutrient
adsorption. Even though the specimens were kept in an open system with fresh seawater directly
fed from the ocean it is possible that these DEGs indicate a change in their feeding ability, as
they couldn't actively re suspend the sediment by clapping their valves [202] since no sediment
was present in the tanks.

6.6 Conclusion
The general lack of a significant transcriptomic changes in response to both stresses in the three
tissues  of  interest  is  a  matter  of  difficult  biological  interpretation,  as  it  can  lead  to  two
diametrically opposite conclusions: a possible explanation is that A. colbecki is fairly resilient to
the applied stresses (it should be considered that this was the lowest temperature increase used
in an experimental setting on this species in literature to date). An alternative explanation is that
this species lacks any molecular system to modulate gene expression to cope with even the
slightest rise in temperature or a stabling condition. At the present time, the first hypothesis
holds stronger, as signs of oxidative stress have been observed in heat stressed A. colbecki with
greater  temperature  increases  and  in  combination  with  other  stresses  [182].  This  would  be
supported by small changes in morphological parameters that are being currently carried out on
fixed  samples  from  the  same  experiment,  that  seem  to  show  some  alterations  (Piero  G.
Giulianini, personal communication).
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7 Pseudorchomene sp.

Figure 16: 3D render of the X-ray micro tomography of one of the 
Pseudorchomene sp. described in this chapter

7.1 Synopsis
Lysianassoidea is the most successful superfamily of antarctic amphipods, with a key role of
scavenger in the trophic chain, feeding on dead biomass sinking to the sea floor. Taxonomic
classification of members of this group has historically been challenging, and in the latest years
molecular data is uncovering the existence of many cryptic species forming species complexes
that  share  almost  identical  morphologies.  One  member  of  the  Orchomenids  complex,
Pseudorchomene plebs, was chosen as a model for the transcriptomic analysis of the response of
antarctic amphipods to the on-going ocean warming, but unfortunate coincidences hindered our
ability to perform such analysis. Such events nevertheless allowed us to identify evidence of a
never  described  presence  of  Hematodinium dinoflagellate  parasites  in  antarctic  amphipods,
suggesting that such organisms may also infest other arthropods as they do in temperate waters.
Moreover phylogenetic analysis of our samples suggest that they originated from an unknown
species of the Orchomenid species complex.
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7.2 Introduction
Antarctic ocean is plenty of diversity when it comes to arthropods, with the order Amphipoda
dominating the scene with more than 500 species described to date (the second most species-
rich  group of  metazoans  after  gastropods)  and  incredibly  diversified  habitats,  lifestyles  and
trophisms  [203].  In  Antarctica  they  occupy  six  different  habitats:  endobenthic,  epibenthic,
hyperbenthic, benthopelagic, pelagic and cryopelagic [204], [205].

The most successful group of Amphipods is the superfamily Lysianassoidea, which is found, in
addition to the aforementioned habitats, in deep sea [206]. Members of this superfamily feed on
the  dead  biomass  that  sinks  to  the  ocean  floor,  representing  a  fundamental  element  in  the
biomass and energy recycling and flow of the Antarctic food web [207].

Taxonomic  classification  of  Lysianassoids  has  always  been  burdened  with  uncertainty,  as
morphologic and molecular classifications have often been incongruent [208], [209]. Moreover
molecular data has evidenced the existence of many cryptic species, practically indistinguishable
by morphological descriptors, that therefore define species complexes of very similar organisms
[210], [211]. One example of species complex is the so-called "Orchomenids", consisting in the
amphipods belonging to the Orchomene sensu lato group of genera. This complex includes three
cosmopolitan  genera  (Orchomenella  and  Abyssorchomene)  and  three  genera  endemic  to  the
Southern ocean (Orchomenyx, Falklandia and Pseudorchomene) [212], [213].

The reasons for the striking morphological similarity between species so genetically different are
complex,  and may be explained by the convergent acquisition of the scavenging lifestyle  in
response to the seasonal availability of food, evolving similar features independently in multiple
lineages, often in absence of any form of competition, but rather specialization on body part or
scavenging strategy [207].

Given all this debate on the diversity of antarctic Amphipods, there is abundance of molecular
data on the NCBI nucleotide database about the most common markers used in phylogenetic
analysis, namely COX1 gene and 28S ribosomal subunit, although most sequences are extremely
fragmented and incomplete.
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For its  key role in the antarctic  trophic web  Pseudorchomene plebs was chosen as a  model
organism to study the response of scavenger amphipods to global warming. A combination of
events hindered our ability to perform such an analysis, but opened to unexpected chances of
identifying a cryptic Orchomenid species and its dinoflagellate parasite.

7.3 Methods
Several individuals of the supposed species  Pseudorchomene plebs were caught under the ice
pack  near  the  Mario  Zucchelli  Station  in  Antarctica  during  summer  2017  by  the  group
coordinated  by  Simone  Canese  and  Erica  Carling,  who  kindly  donated  the  specimens.  An
experimental setup was prepared with floating flasks using the same experimental tanks of the
experiments  involving  Adamussium  colbecki and  described  in  detail  in  section   6.3.  A
combination of sub-optimal conditions during the transport of the samples from Antarctica, the
presence of unexpected parasitism from an unknown Hematodinium species and the bycatch of
a  Eusirus  giganteus  juvenile  made  it  impossible  to  follow  on  the  original  plan.  Moreover,
molecular phylogenesis suggested that the specimens belonged to an unidentified species of the
genus  Pseudorchomene  or  to  another  genus  within  its  species  complex,  and  not  to
Pseudorchomene plebs as originally thought based on morphological analysis.

7.3.1 Sampling and RNA extraction
The whole-body samples were stored at -20°C in RNAlater and shipped to Italy in refrigerated
containers at -20°C. Unfortunately, these failed and warmed above 0°C at least once during
transport. Upon arrival to italian facilities samples were stored at -80°C until RNA extraction.

Samples were washed two times with PBS, then transferred to fresh 1.5ml tubes. Total RNA
was extracted with Invitrogen™ TRIzol™ Reagent (Thermo Fisher Scientific, Massachussets,
US) following the manufacturer's  protocol and precipitated using a LiCl (Lithium Chloride)
RNA  clean-up  protocol  to  remove  carbohydrate  contamination,  a  well-known  issue  in  the
extraction of nucleic acids from crustacean samples. The integrity of the extracted RNA was
evaluated by running a denaturing 1.2% agarose gel in Tris-acetate-EDTA (TAE) buffer. This
step evidenced an high level of RNA degradation, and only 10 samples could be used for library
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construction.  Libraries  of  cDNA were built  using the Lexogen SENSE mRNA-Seq Kit  V2
(Lexogen GmbH, Vienna, Austria) and quality checked with Agilent 2100 BioAnalyzer (Agilent
Technologies Inc).  Libraries  were then pooled according to  the Illumina Pooling Calculator
[104] and sent to AREA Science Park (Trieste, Italy) for sequencing on an Illumina NovaSeq
6000 platform with a 2x150bp paired-end strategy.

7.3.2 RNA-seq data processing and transcriptome assembly
Raw sequencing reads (available on SRA with the project ID PRJNA851942) were quality-
checked  with  fastQC  plus  multiQC  [105] and  trimmed  accordingly  with  fastp  [106],  by
removing 11nt at the 5’ and 5 nt at the 3’ ends, trimming heading and trailing homopolymers,
allowing a maximum of two failed calls (‘N’ characters)  per read and a minimum length of
trimmed reads of 75nt.

The first reference transcriptome was built using all the available samples in a run of Oyster
River  Protocol  (ORP)  v2.3.1  [26],  by  setting  the  STRAND  parameter  to  RF  and  the
TPM_FILT parameter to 1. The completeness of the assembly was checked with BUSCO v3
[214], using both the Metazoa and Arthropoda databases as a reference [215].

The  validation  of  the  reliability  of  biological  replicates  was  performed  by  pairwise  scatter
plotting the log(TPM) of all genes and checking the clustering of the resulting cloud of genes
close to the bisector line of the graph.

Contamination in the assembled transcriptome was evaluated by retrieving all COX1 sequences,
using the human COX1 protein sequence (YP_003024028.1 on NCBI) as a query for tblastn
[36], [216]. The best scoring hits were used for a blastn similarity search against the nr database
on NCBI [216]. Species imputation of the resulting hits was determined by sequence identity
thresholds,  where  a  percentage  of  99% or  more  means  species-level  identification,  while  a
percentage  higher  than  93%  means  genus  identification  [217].  The  quantification  of  each
candidate contaminant COX1 was carried out by mapping  trimmed reads separately for each
sample with salmon [31]. As a result of this process, one sample was excluded at this step, as it
belonged to a Eusirus cf. giganteus clade g3 juvenile (see next chapter). The other best hits of
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the  COX1 blast  search  were  used  to  determine  the  putative  origin  of  contaminations  and
consequently extend the search to other contaminant contigs.

7.3.3 Removal of contamination from the reference transcriptomes
After the exclusion of the  E. giganteus  sample, the transcriptome was reassembled using the
same mode described above. Since the transcriptome maintained a level of contamination from
an unknown Hematodinium sp. dinoflagellate parasite, a cleaning step was performed, inspired
by the methods described by Foox and colleagues  [218]. First the CDS sequences from the
reference genome of Hyalella azteca [219] were downloaded from NCBI, then RNA-sequencing
reads  from  Hematodinium sp.  were  downloaded  from SRA  [220],  trimmed  with  fastp  and
assembled with ORP. A blast database was created form our assembled  Pseudorchomene  sp.
transcriptome,  against  which  the  CDS sequences  from  H.  azteca and  the  contigs  from the
Hematodinium assembly were queried, with an evalue threshold of 2, a word size of 7 and the
maximum number of of high-scoring segment pairs (HSPs) of 1. Hits from the resulting dataset
were then compared and split between those with only hits on H. azteca (set A), those with only
hits on Hematodinium (set B) and those with hits on both. This last group of hits was then split
on the basis of the e-value: hits that had an evalue three orders of magnitude lower for H. azteca

than  Hematodinium  were  added  to  set  A (and  vice-versa  to  set  B),  defining  the  new "de-
contaminated"  reference  transcriptome.  All  remaining  sequences  were  not  deemed  to  be
assignable with sufficient certainty neither to  Pseudorchomene, nor to  Hematodinium and were
therefore  discarded.  Quantification  of  the  parasitic  presence  was  inferred  by  mapping  the
sequencing reads back to the original transcriptome with salmon and by summing the TPM
values of the transcripts of set B. The filtered transcriptome was finally annotated with annot.aM
[47].

7.3.4 Phylogenetic analysis of samples
Since the COX1 similarity search evidenced a striking genetic distance between the samples
collected in Antarctica and the expected target species  Pseudorchomene plebs,  a phylogenetic
analysis was performed using two molecular markers:  COX1 and 28S. To better define the
species composition of our samples, transcriptome assemblies were obtained independently for
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each  individual  with  Trinity  v.2.8.5  [22],  COX1  and  28S  contigs  were  identified  in  each
assembly  by  similarity  search  using  sequences  from NCBI  (KX497016.1  and  FJ422965.1,
respectively) as queries against a database created by merging all the assembled transcriptomes
in order to maintain comparability among e-values. Hits with e-value < 1e-50 were extracted to
create a new fasta file, on which reads from each sample were mapped, to identify the most
represented sequence for each sample, by ranking their expression values. Only the sequence
with highest expression value was then kept for downstream analysis (i.e. those showing low
coverage were considered as likely to derive from library cross-contamination).

First, COX1 CDS and 28S nucleotide sequences from several Lysianassoidea and Alicelloidea
species (as outgroup for tree radication) were downloaded from NCBI. Sequences were de-
duplicated with cd-hit-est v.4.8.1 [221] with the similarity threshold (-c parameter) set at 0.99
(see  Figure 20 and  Figure 21 for  ids  of  representative sequences),  then aligned with  mafft
v7.505  [222] including the candidate COX1 and 28S obtained from our transcriptomes. The
best  fitting  evolutionary  model  for  the  multiple  sequence  alignments  was  estimated  with
modeltest-ng v.0.1.7  [223] and the phylogenetic tree was inferred with iqtree v2.2.0.3  [224]
evaluating its robustness with 1000 bootstrap replicates, setting the --keep-ident flag to keep
identical entries in the final tree.

In order to evaluate genetic distances between the samples, a BUSCO v.5 [185] run against the
Arthropoda database was performed on the individual transcriptomes, then the CDS regions
from shared complete and single copy BUSCOs  were retrieved with transdecoder v.5 [225] and
separately aligned (including the Eusirus sample for comparison) codon-wise with macse v.1.02
[226]. All alignments were then concatenated. Pairwise distances were finally calculated with
the  proper  tool  within  mega v.11  [227],  using the  Maximum Composite  Likelihood model
[228]. The rate variation among sites was modeled with gamma distribution (shape parameter
=1),  all  positions  containing  gaps  were  eliminated.  Tree  visualizations  were  generated  with
Interactive Tree Of Life [229].
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7.4 Results
During library preparation, many samples had to be discarded due to a low quality of RNA,
which can be attributed to its heavy degradation that occurred during transport, as the samples
were accidentally warmed above 0°C for prolonged time. 

7.4.1 Transcriptome assembly and decontamination
The first assembled transcriptome was of good quality and completeness, with 247,997 contigs
and  an  E90N50  of  1808.  The  BUSCO  score  against  Metazoa  was  C:77.3%

[S:58.2%,D:19.1%],F:15.8%,M:6.9%,n:978 and  against  Arthropoda  was  C:70.2%

[S:55.8%,D:14.4%],F:19.9%,M:9.9%,n:1066.

The  pairwise  comparisons  of  samples  belonging  to  the  same  biological  replicates  strongly
indicated the presence of contamination within the samples (see Figure 17 for an example). The
search for contaminants revealed a fair amount of cross contamination from samples sequenced
in the same run, and the quantification of the hits revealed that one samples was really a Eusirus

cf. giganteus clade g3 juvenile, misidentified as P. plebs, as the most abundant COX1 sequence
showed a 100% similarity with that deposited on NCBI [230]. For all other samples the most
abundant COX1 sequence had about 79.9% similarity with COX1 from  Hirondellea gigas in
NCBI,  placing  them in  the  Lysianassoidea  superfamily,  but  inconclusively  determining  any
species or genus due to the lack of sequences showing higher levels of identity within public
sequence  repositories.  Finally,  all  samples  contained  a  COX1  sequence  with  about  98%
similarity  with  Hematodinium sp.  entries.  The  samples  are  therefore  likely  under  active
parasitism from this dinoflagellate, at stages and levels that cannot be determined.
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Figure 17: Example of signs of contamination in the 
pairwise comparison between two samples of the same 
biological replicate. In a good case scenario each dot 
(representing a transcript) should roughly cluster in a cloud
around the bisector. Here two tails are visible, suggesting 
high inter-sample variability

After the removal of the Eusirus sample, the transcriptome was re-assembled and filtered to only
contain sequences that could be assigned with high confidence to the target amphipod species.
This filtering stage evidenced  the prevalence of sequences from the parasite, with more than
65% of  the  contigs  having  a  better  hit  against  the  separately  assembled  Hematodinium  sp.
transcriptome than on the H. azteca genome. The BUSCO score against Arthropoda database of
the  obtained  transcriptome  was  C:50.2%[S:44.0%,D:6.2%],F:27.3%,M:22.5%,n:1066,
indicating that about 20% of the expected sequences was lost in the filtering step, in spite of
discarding more than half of the original contigs (Figure 18).
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Figure 18: Pie chart of the results of the separation of the transcriptomes of 
Hematodinium sp. and Pseudorchomene sp. from the first version of tthe 
assembly. The numbers in the slices indicate the number of transcripts 
belonging to each category. The blue area contains transcripts that 
exclusively aligned to the Hyalella azteca genome, the red area contains 
those exclusively aligning to Hematodinium sp. transcriptome, the green and
orange areas contain transcript that were assigned to H. azteca and 
Hematodinium sp. respectively based on evalues, the dark gray area 
contains ambiguous hits and the light grey area contains contigs with no hit.

Quantification of the Hematodinium transcripts revealed that, in all samples, at least more than
20% of the RNA originated from the parasite. In contrast with the results obtained from the
mapping approach that used the COX1 sequence as a reference, the results also suggest that all
individuals suffered by approximately the same level of parasitism (Figure 19).
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Figure 19: Column chart of total TPM of transcripts belonging to set B in each 
sample from the mapping of reads on the first version of the assembled 
transcriptome.

Several  factors  ultimately  prevented  the  programmed  analysis  of  response  to  heat  stress.
Namely, only two samples could be retained from the Naïve, 6 hours control, 6 hours exposure,
7  days  control  and  7  days  exposure  due  to  serious  degradation  of  RNA;  as  previously
mentioned, one of the Naïve samples was in reality a  Eusirus  cf.  giganteus  clade g3 juvenile
individual; finally, heavy parasitism from Hematodinium was found in all samples, and the effect
of  this  strong  contamination  on  the  transcriptomic  profile  of  each  individual  could  not  be
ascertained in absence of pathological observations. Facing the aforementioned challenges, we
took the chance to perform phylogenetic analyses on our samples.

7.4.2 COX1 phylogeny of samples
The best model inferred by modeltest-ng for the COX1 CDS alignment was TIM2+I+G4, based
on the Bayesian Information Criterion (BIC),  the inferred phylogenetic  tree for this marker
placed with high confidence all  samples in the same clade as other sequences belonging to
Abyssorchomene sp., but in a different subclade than Pseudorchomene plebs  (reported with the
synonym Abyssorchomene plebs in the tree shown in Figure 20). Hence, COX1-bases phylogeny
suggests  that  all  the  sampled  individuals  (with  the  aforementioned  exception  of  the  single
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Eusirus  cf.  giganteus  clade g3 juvenile individual) belong to the same species, which however
does not match with any of the other species of the  Pseudorchomene  genus for which COX1
sequences have been previously deposited in NCBI and most certainly does not matches with P.

plebs, as it would have been expected based on morphological evaluation.
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Figure 20: Bootstrap tree inferred by iqtree on the COX 1 CDS alignment. Branch 
color indicates boostrap support. The yellow background on the tip label highlights 
the position of Abyssorchomene plebs, homonym of Pseudorchomene plebs. The cyan 
background highlights the position of the CDS of COX1 of our samples (excluding the 
one belonging to E. cf. giganteus clade g3)
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7.4.3 28S phylogeny of samples
The best evolutionary model for this marker inferred by modeltest-ng was TrN+G4, based on
the  Bayesian  Information  Criterion.  The  obtained  phylogenetic  tree  is  shown  in  Figure  21
displays a similar topology to the one observed in the previous section; additionally, the clade
containing our samples appears to be split in two sub-clades.

It has to be noted that the available sequences for the outgroup were very short and the tree is
therefore based on a very short alignment and it would definitely gain resolution with longer
sequences  that  may  become  available  in  the  future.  Nevertheless,  the  monophyly  of  the
sequences belonging to all sampled individuals was highly supported and the distinction between
this  clade  and  P.  plebs  was  evident,  in  full  agreement  with  the  COX1-based  phylogenetic
inference data reported in the previous section.
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Figure 21: Bootstrap tree inferred by iqtree on the 28S alignment. Branch color indicates 
boostrap support. The yellow background on the tip label highlights the position of 
Abyssorchomene plebs, homonym of Pseudorchomene plebs. The cyan background 
highlights the position of our samples (excluding the one belonging to E. cf. giganteus 
clade g3)
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7.4.4 Genetic diversity of samples
As the result of the 28S phylogeny described in the previous section hinted the presence of sub-
clades among our samples, while the COX1 analysis did not, genetic distances were evaluated
on the CDS of the conserved nuclear genes evidenced by common complete and single copy
BUSCO hits. In total 21 BUSCOs were aligned (Listing 2), the estimated pairwise divergences
between samples are reported in Table 15.

Listing 2: list of orthoDB IDs of common complete and single copy BUSCOs used for genetic 
diversity estimation

106639at6656

107139at6656

111236at6656

115229at6656

118527at6656

120958at6656

134708at6656

135702at6656

138271at6656

140403at6656

144836at6656

144853at6656

150667at6656

151658at6656

153155at6656

69742at6656

80067at6656

84097at6656

90931at6656

96592at6656

97492at6656
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Table 15: Estimate of evolutionary divergence between samples as a half matrix. First column
identifies samples.

Eusirus
37 5.48E-01
27 5.48E-01 2.45E-03

Rif_4 5.47E-01 2.03E-03 2.09E-03
31 5.49E-01 2.52E-03 2.45E-03 2.45E-03
40 5.47E-01 2.24E-03 2.59E-03 1.88E-03 2.24E-03
22 5.47E-01 2.24E-03 2.02E-03 1.88E-03 1.96E-03 1.95E-03
34 5.48E-01 2.10E-03 2.09E-03 1.60E-03 2.10E-03 1.67E-03 1.60E-03
21 5.46E-01 2.02E-03 1.81E-03 1.81E-03 2.03E-03 1.88E-03 1.75E-03 1.74E-03
28 5.47E-01 2.16E-03 2.23E-03 2.23E-03 2.16E-03 2.03E-03 1.74E-03 1.61E-03 1.67E-03

7.5 Discussion

7.5.1 Parasitism from Hematodinium sp.
Besides the presence of one sample from one misclassified E. cf. giganteus clade g3 specimen
the presented results highlight two main interesting features of the dataset: the presence of a
parasitic  Hematodinium  species  in  our  samples  and  the  confirmation  of  the  taxonomical
controversy briefly described in the introduction. 

Hematodinium is a genus of parasitic dinoflagellates that is found marine crustaceans [231] and
is of particular relevance in fisheries, where it can damage entire batches of product starting
from one singe infected individual [232]. The main known host organisms are crabs and other
commercially relevant crustaceans such as shrimp and lobsters. Hematodinium sp. has been also
rarely  observed  in  amphipods,  which  have  been  proposed  to  act  as  reservoir  host,  as  they
represent an important part of the diet of several bigger arthropods [233]. 

Studying Hematodinium has historically been challenging, and only two studies have been able
to culture it and trace its life cycle in the decapods Nephrops norvegicus [234] and Callinectes

sapidus [235]. As of today, little is known about this parasite and its interaction with amphipods
and its impact on their life, and no data is available for the antarctic ocean [236]. Our findings
are therefore a first report of the presence of dinoflagellates of the genus Hematodinium in the
antarctic  ocean,  and  although  we  cannot  determine  wether  this  is  a  species  endemic  to
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Antarctica, it is a strong evidence for an occuring infestation in our samples. Since amphipods
have been proposed to act as reservoir host, it seems plausible that infestations from this parasite
may be found in other antarctic arthropods at different levels of the trophic chain. Such events
would be easy to identify in transcriptomic data from already available and future datasets. A
more polished transcriptome from this parasite would be a priceless resource for understanding
parasite-host relationship in the warming Antarctic ocean.

7.5.2 Phylogeny of samples
Both  COX1  and  28S  phylogenetic  analyses  placed  our  samples  in  their  own  sub-clade,
suggesting that the source organisms  are not of the expected species  Pseudorchomene plebs

(synonym to Abyssorchomene plebs), but another orchomenid species, most likely belonging the
Abyssorchomene genus,  which  may  represent  an  new  unknown  species,  or  one  for  which
molecular  data  is  currently  unavailable  (i.e.  Pseudorchomene lophorachis).  The 28S analysis
hints  the  presence  of  two sub-clades  in  our  samples,  but  this  cannot  be  confirmed by  the
phylogeny of COX1 nor by the distances of the complete and single copy BUSCO hits, which
suggest that all individuals belong to the same species. The overall lower confidence of some
nodes in the inferred 28S tree is imputable to the lower quality and completeness data available
in public  databases.  This phylogenetic  analysis  further shows how the Orchomenid group is
complex and rich in cryptic species [210], [212]. Morphological analysis on one individual from
the  same  experimental  batch  is  currently  being  carried  out,  also  thanks  to  X-ray  micro
tomography and will be helpful to elucidate the taxonomy of our samples. 
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8 RNA-sequencing indicates high hemocyanin
expression as a key strategy for cold adaptation
in the Antarctic amphipod Eusirus cf. giganteus

clade g3

This chapter will show the results of the analysis of the single juvenile sampled by mistake and
introduced in chapter 7. A paper has been published on this data and will therefore be reported
here.

8.1 Bibliographic reference
Samuele Greco et al., “RNA-sequencing indicates high hemocyanin expression as a key 

strategy for cold adaptation in the Antarctic amphipod Eusirus cf. giganteus clade g3,” 
Biocell, vol. 45, no. 6, pp. 1611–1619, Jan. 2021, doi: 10.32604/biocell.2021.016121.

8.2 Authors
Samuele Greco, Elisa D’Agostino, Chiara Manfrin, Anastasia Serena Gaetano, Gael Furlanis,
Francesca Capanni, Gianfranco Santovito, Paolo Edomi, Piero Giulio Giulianini, Marco Gerdol

8.3 Abstract
We here report the de novo transcriptome assembly and functional annotation of  Eusirus cf.

giganteus clade g3, providing the first database of expressed sequences from this giant Antarctic
amphipod. RNA-sequencing, carried out on the whole body of a single juvenile individual likely
undergoing molting, revealed the dominant expression of hemocyanins. The mRNAs encoding
these oxygen-binding proteins cumulatively accounted for about 40% of the total transcriptional
effort,  highlighting  the  key  biological  importance  of  high  hemocyanin  production  in  this
Antarctic amphipod species. We speculate that this observation may mirror a strategy previously
described in  Antarctic  cephalopods,  which compensates  for  the decreased ability  to  release
oxygen  to  peripheral  tissues  at  sub-zero  temperatures  by  massively  increasing  total  blood
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hemocyanin  content  compared  with  temperate  species.  These  preliminary  results  will
undoubtedly  require  confirmation  through  proteomic  and  biochemical  analyses  aimed  at
characterizing the oxygen-binding properties of  E. cf. giganteus clade g3 hemocyanins and at
investigating whether other Antarctic arthropod species exploit similar adaptations to cope with
the challenges posed by the extreme conditions of the polar environment.

8.4 Introduction
Crustaceans are the most species-rich group of metazoans in Antarctic benthic communities
[237] and amphipods largely contribute to this biodiversity,  with over 800 different  species
described  to  date  [238],  [239].  Moreover,  several  Antarctic  cryptic  species  are  believed  to
comprise complexes of cryptic species that still remain to be formally described [240]–[243].
Thanks to  the  high oxygen availability  of  Antarctic  waters,  amphipods occupy all  available
microhabitats of the Southern Hemisphere and can therefore be considered among the most
successful colonizers of these marine environments  [244]. Even though Antarctic amphipods
most certainly occupy a key position in polar trophic chains  [245], [246], studies focused on
these widespread metazoans are still relatively scarce, and molecular or genetic data are nearly
entirely missing for several relevant genera commonly found in polar waters.

Amphipods  belonging  to  the  genus  Eusirus  (Krøyer,1845),  and  part  of  the  the  suborder
Amphilochidea,  superfamily  Eusiroidea,  have  been  long  known  to  have  a  broad  circum-
Antarctic distribution. According to the Register of Antarctic Marine Species, eight different
species belonging to the Eusirus genus have been described to date in the Antarctic continent:
Eusirus antarcticus Thomson, 1880, Eusirus bouvieri Chevreux, 1911, Eusirus giganteus Andres,
Lörz & Brandt, 2002, Eusirus laevis Walker, 1903, Eusirus laticarpus Chevreux, 1906, Eusirus

microps Walker,  1906,  Eusirus  perdentatus Chevreux,  1912  and  Eusirus  propeperdentatus

Andres, 1979. E. perdentatus, the most widespread and the largest among these species, shows
typical features of Antarctic gigantism, with adult individuals reaching and often exceeding the
size of 70 mm [247]. However, the marginal morphological differences between E. perdentatus

and the congeneric  E. giganteus, first described in 1972, have been the source of taxonomical
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uncertainties over the years [248], until 2011, when molecular approaches were appllied for the
first time to study Antarctic giant amphipod populations. The results provided by these studies
have challenged previously  accepted  taxonomy,  strongly  hinting at  the presence  of  multiple
cryptic species with limited gene flow among each other. In particular, the authors found that E.

perdentatus harbored two previously undetected cryptic species and E. giganteus at least three,
defined as clade g1, g2, and g3, some of which occur in sympatry [249]. 

Therefore, although specimens collected in several different locations across all Antarctica have
been  previously  classified  as  belonging  to  E.  giganteus  [250]–[252],  it  is  likely  that  these
represent multiple cryptic species. Hence, all data collected for this organism should be referred
to E. cf. giganteus.

Despite the prevalence of Eusiridae in Antarctic high latitude waters, molecular data are nearly
not existing for this taxon, with a total of 220 nucleotide sequences deposited in GenBank (as of
March 9th, 2021). At the same time, studies on  Eusirus  spp. remain very limited, and, to the
best of our knowledge, the molecular and genetic bases of its adaptation to cold have not been
explored in detail. This aspect may be of particular interest due to the possible threats giant
amphipod species could face due to climate change along with the progressive decline of ocean
oxygen availability expected to occur in the next few decades [253].

With  this  work,  we  tried  to  fill  this  knowledge  gap,  providing  a  reference  annotated
transcriptome assembly for  E.  cf.  giganteus clade  g3 (the  first  resource  of  this  kind  in  the
infraorder Amphilochida), which may serve as a reference for future studies and could provide a
useful resource to investigate molecular strategies of cold adaptation in Antarctic amphipods.
Due to the difficult sampling of these organisms in the Antarctic environment and the current
lack of transcriptome data from adult individuals, the gene expression data here reported should
be taken with caution. Similarly, the collection of expressed sequences obtained in this study
should be considered as a preliminary overview of the transcriptomic landscape of the species,
with a focus on biologically relevant transcripts in the juvenile life stages.
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8.5 Materials and methods

8.5.1 Sample collection and RNA-sequencing
A single E. giganteus specimen was collected as bycatch during the sampling campaign of the
intended target species, the amphipod  Pseudorchomene plebs  (Hurley, 1965)  [254]. Sampling
occurred close to the Italian Mario Zucchelli Antarctic Base (Ross Sea 74° 38’ 402” S, 164° 39’
281” E), in November 2017, within the frame of the activities of the Italian XXXIII PNRA
expedition. The specimen was a juvenile, approximately 15.8 mm long (from the tip of the head
to the base of the telson along the dorsal side), of undetermined sex.

The animal was transferred to the facilities of the base,  in a tank with oxygenated running
seawater at the same temperature recorded in the natural external environment(−0.9°C). After
one week of acclimatization to the recovery from the stress of sampling, the specimen was
sacrificed  by  immersion  in  RNAlater  (Thermo  Fisher  Scientific,Waltham,  USA)  and
immediately stored at −80°C.

Following its transportation to the laboratories of the University of Trieste, the specimen was
moved  into  Trizol(Thermo  Fisher  Scientific,  Waltham,  USA)  and  homogenized.  RNA
extraction  was  carried  out  following  the  manufacturer’s  instructions,  yielding  material  of
sufficient  quality  and  quantity  to  prepare  an  mRNA-seq  library  with  the  Lexogen  SENSE
mRNA-seq library prep kit v2 (Lexogen, Wien, Austria), as evaluated by the use of an Agilent
2100 Bioanalyzer  instrument  (Agilent  Technologies,Santa  Clara,  USA).  Briefly,  following  a
poly(A) selection step used to remove non-polyadenylated RNAs, the sequencing library was
prepared  with  the  proprietary  strand  displacement  stop/ligation  technology  developed  by
Lexogen. 

RNA-sequencing  was  performed  at  the  Genomics  and  Epigenomics  Platform  of  the  Area
Science Park (Trieste,  Italy), on an Illumina NovaSeq 6000 instrument,  with a 2 × 150 bp
paired-end strategy.
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8.5.2 Ethical statement
The  sample  collection  complied  with  the  regulations  provided  by  the  Italian  Ministry  of
Education,  University  and  Research  concerning  activities  and  environmental  protection  in
Antarctica and with the Protocol on Environmental  Protection to the 137 Antarctic  Treaty,
Annex II, Art. 3. All the activities on animals performed during the Italian Antarctic Expedition
were under the control of a PNRA Ethics Referent, which acts on behalf of the Italian Ministry
of  Foreign  Affairs.  In  particular,  the  required  data  for  the  project  PNRA16_00099 are  as
follows. Name of the ethics committee or institutional review board: Italian Ministry of Foreign
Affairs. Name of PNRA Ethics Referent: Dr. Carla Ubaldi, ENEA Antarctica, Technical Unit
(UTA).

8.5.3 Sequencing data processing, de-novo transcriptome assembly
and annotations
Raw reads were subjected to base-calling and sequencing quality trimming according to the
output of FastQC v.0.11.9  [255] with fastp v.0.20.0  [106]. Trimmed reads were used as an
input for a de novo  transcriptome assembly using the Oyster River Protocol (ORP) v.2.3.1 [26],
a tool that generates a unique, non-redundant assembly by joining the outputs of Trinity [22],
SPAdes  [23] and  TransABySS  [24].  The  k-mer  setting  used  for  the  different  assembly
algorithms were as follows: with kmer sizes for the four assemblies of 25 (Trinity), 32 , 55
(SPAdes),  and  75  (TransABySS).  The  minimum contig  length  was  set  to  200 nucleotides.
Poorly  expressed contigs,  which may either  derive from exogenous contamination (e.g.,  gut
content) or from transcripts with little biological relevance were excluded from the assembly
using the TPM_FILT=1 parameter.

The completeness of the transcriptome was evaluated with an analysis carried out with BUSCO
v.4.1.4 [214] using the default settings, against the OrthoDB v.10 Database [186], checking the
presence of a set of conserved single-copy orthologs shared by all arthropods.

The transcriptome was functionally annotated with annot.aM  [47], associating each contig to
Gene Ontology terms [256] and Pfam conserved protein domains  [39]. Annotation was based
on  BLASTx  matches  against  the  UniProtKB/Swiss-Prot  database  (e-value  threshold  =  1×
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10−5), which were used to extract GO terms, and HMMer v.3.1b2 [38] matches of the proteins
inferred by computational prediction (using TransDecoder v.5.5.0,  [225]) from the assembled
contigs against the Pfam-A 34.0 database with default settings.

Gene expression levels were calculated as Transcript Per Million (TPM) [257], based on read
mapping  using  the  CLC Genomics  Workbench  v.20  (Qiagen,  Hilden,  Germany)  RNA-seq
mapping tool, with stringent parameters (length fraction = 0.75, similarity fraction = 0.98). A
schematic workflow of the bioinformatics approach outlined above is reported in Figure 22.
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Figure 22: Schematic workflow of the bioinformatics strategy used to obtain 
and analyze the de novo transcriptome assembly

8.5.4 Hemocyanin sequence characterization and phylogenetic 
analysis
We recovered a single Hc-encoding contig bearing a complete Open Reading Frame thanks to
the inspection of the preliminary assemblies produced by ORP. This was virtually translated
into an amino acid sequence with the Expasy translate tool  [258], and the presence of the six
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histidine residues expected to be involved in copper binding in arthropod Hcs was evaluated
based on the literature data [259].

The sequences of  C. magistrus  Hc and cryptocyanins  [260], as well as other phylogenetically
informative crustacean sequences from UniProtKB and nr were also included in the creation of
a  multiple  sequence  alignment  (MSA)  with  MUSCLE  [261].  Namely,  P.  vulgaris Hc
(P80888.2), P. interruptus Hc chain A (P04254.2), B (P10787.1) and C (P80096.1), Homarus

americanus pseudocyanin-1 (Q6KF82.1) and -2 (Q6KF81.1),  Carcinus aestuarii  Hc subunit 2
(P84293.1) and Pontastacus leptodactylus Hc chain B (P83180.1) were used, along with the Hc
sequences obtained from the genome of the amphipod H. azteca (Poynton et al., 2018). The Hc
sequenced from  Limulus polyphemus (P04253.2),  Schistocerca americana (AAC16760.1) and
Androctonus australis (P80476.1) were used as outgroups for tree rooting purposes.

The  MSA  was  processed  with  Gblocks  [262] to  remove  phylogenetically  non-informative
positions. The resulting file was analyzed with Mofeltest-ng [223] to assess the best-fitting model
of molecular evolution,  which was identified as  the Le and Gascuel  model,  with a gamma-
distributed  rate  of  variation  across  sites  and  a  fixed  (empirical)  prior  on  state  frequencies
(LG+G+F) [263]. The model choice was based on the corrected Akaike Information Criterion
[264].

Phylogenetic inference analysis was carried out with mrBayes v. 3.2.7a [265], with two mcmc
analyses run in parallel for 200000 generations,  until  all  estimated parameters of the model
reached and ESS >= 200, as estimated with Tracer v.1.7 [266].

8.6 Results

8.6.1 Species identification
The aforementioned presence  of  multiple  Eusirus  spp.  cryptic  species  in  Antarctica,  whose
recognition  is  not  possible  by  morphological  examination,  implies  the  need  to  use  genetic
markers  for  proper taxonomical  identification.  The general  external  morphology of  an adult
Eusirus cf. giganteus  individual, sampled in the same geographical location where the juvenile

99



– RNA-sequencing indicates high hemocyanin expression as a key strategy for
cold adaptation in the Antarctic amphipod Eusirus cf. giganteus clade g3 –

specimen used for RNA-sequencing was collected (see the Material and Methods section), is
exemplified in Figure 23. Although molecular data available for this genus are very scarce, the
screening  of  the  transcriptomes  for  previously  studied  molecular  markers  allowed  us  to
unequivocally place the specimen of this study in the clade g3 of Eusirus cf. giganteus identified
by Baird and colleagues [249]. Indeed, the sequences of cytochrome oxidase 1 (JN001762.1),
cytochrome B (JN001729.1),  and the Internal  Transcribed Spacer 2 (JN001807.1) perfectly
matched,  without  gaps  and  mismatches,  those  reported  in  this  study.  Clade  g3  has  been
previously linked with primary distribution in the Ross Sea along with another E. cf. giganteus

clade (i. e., clade g2) and two E. cf. perdentatus clades (i.e., p1 and p3), which is consistent with
the placement of the Mario Zucchelli Antarctic Base.

Figure 23: External morphology of an adult Eusirus cf. giganteus 
individual, collected close to the Italian Mario Zucchelli Antarctic 
Base (Ross Sea 74° 38' 402'' S, 164° 39' 281'' E), in November 2017

8.6.2 Transcriptome assembly and annotation
The de novo transcriptome assembly, generated starting from a total of 101,310,170 trimmed
paired-end Illumina reads, comprised 57,607 contigs, 4,369 of which exceeded 1kb in length
Table 16. 11,217 contigs (19.47%) were annotated based on significant BLASTx matiches in
UniProtKB, leading to the association of 10,247, 10,239, 10,343 contigs with Gene Ontology
Biological  Process,  Molecular  Function  and  Cell  Component  terms,  respectively.  Moreover,
10,420  contigs  (18.09%  of  the  total)  were  associated  with  one  or  more  Pfam  conserved
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domains. The observed mapping rate was 78.26%. The complete list of annotated contigs, along
with associated functional annotations and gene expression levels, are listed in Suppl. Tab. S1
(see original publication).

Table 16: Assembly and read mapping statistics for the de novo transcriptome assembly of 
Eusirus cf. giganteus clade g3

Parameter Value
Number of contigs 57607

GC 0.41
Contig N50 519

Total annotated contigs 13874
BLASTx annotated contigs 11217

Contigs with GO biological process annotations 10247
Contigs with GO molecular function annotations 10239
Contigs with GO cellular component annotations 10343

Contigs with Pfam annotations 10420

The challenges posed by the collection of  biological  samples  in the Antarctic  environment,
unfortunately, prevented the possibility to retrieve additional juvenile individuals from the same
species in the Antarctic expedition that took place in November 2017, as all the other similarly
sized  sampled  arthropod  specimens  were  determined  to  belong  to  the  Pseudorchomene

(Schellenberg, 1926) genus. The lack of biological replicates in this study undoubtedly calls for
extreme caution in the interpretation of the gene expression data, and further analyses carried
out  on a  larger  number  of  samples  will  be  necessary  to  confirm,  in  the  future,  the results
outlined in the following sections.

Nevertheless, this transcriptome assembly, the first resource of this kind available for  Eusirus

spp., will most certainly represent a useful tool to pave the way for genetic and molecular studies
in this species complex in the years to come.
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8.6.3 High expression of hemocyanins
The  E. cf.  giganteus clade g3 transcriptome displayed an unusual skewed distribution of read
mapping, with nearly 30 million reads being captured by a relatively high number of fragmented
contigs  sharing  the  same functional  annotation  as  hemocyanins.  Cumulatively,  these  contigs
accounted for 411,000 Transcripts Per Million (TPM), indicating that an extraordinarily high
transcriptional effort (i.e., over 40% of the total) was employed in the synthesis of mRNAs
encoding these oxygen-transporting proteins (Figure 24).

Figure 24: Overview of the transcriptonal landscape of E. 
cf giganteus clade g3, with details about the relative 
contribution to global transcription of contigs encoding 
hemocyanins, trypsins, chymotripsins, and chitinases. The 
relative contribution of non-nuclear (i.e., mitochondrial) 
genes is shown in a separate category.

Several of the other contigs achieving TPM values >10,000 and expressed at levels higher than
housekeeping  genes  such  as  ribosomal  structural  proteins  and  components  of  the  mRNA
transcription  machinery,  shared  close  homology  with  trypsins,  chymotrypsins,  chitinases  or
brachyurins (Figure 24).

All these proteins play a fundamental role in the molting process in crustaceans  [267], [268],
and this is consistent with the developmental stage of the sample individual. Indeed, juvenile
amphipods  would  be  expected  to  undergo  frequent  molting  with  relatively  short  intermolt
periods [269]. Overall, these molting-related enzymes achieved a cumulative expression level of
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~110,000 TPMs. Mitochondrial RNAs accounted for an additional ~50,000 TPMs, implying
that less than 45% of the global transcriptional effort in E. cf. giganteus clade g3 was put in the
synthesis of other nuclear mRNAs.

In line with such an unbalanced transcript representation, the de novo assembly process led to a
collection of expressed transcripts characterized by a low level of completeness. This may be
also in part ascribable to the fact that just a limited set of the genes expected to be expressed in
adult individuals are transcribed at biologically relevant levels in amphipod juvenile individuals,
where several  tissues  may not  be fully  developed yet.  The impact  of  the extreme levels  of
expression of hemocyanins on the quality of the transcriptome assembly was clearly evidenced
by the presence of just 29.6% complete arthropod BUSCOs, accompanied by a high number of
fragmented (22.0%) and missing (48.4%) orthologs. The duplication rate, on the other hand,
was rather low, standing at just 2.5%. These results highlight that the E. cf. giganteus clade g3
transcriptome  assembly  obtained  in  this  study  should  be  considered  as  a  collection  of  the
transcripts  expressed  at  biologically  relevant  levels  in  the  juvenile  stages,  but  not  as  a
comprehensive catalog of all mRNAs encoded by the genome of this species.

8.6.4 Characterization of a highly expressed full-length hemocyanin 
sequence
Although 280 contigs could be linked with hemocyanins based on BLAST annotation, the vast
majority of them were small fragments, measuring just a few hundred nucleotides, whereas the
complete length of the coding sequence of arthropod hemocyanins was expected to be ~2 kb
long, with a complete Open Reading Frame of ~700 codons.

The  de novo sequencing strategy we applied,  which combined three different  transcriptome
assembly algorithms (Trinity, SPAdes, and TransABySS), allowed us to explore in-depth the
outputs  of every  single  process,  with the aim to recover the most  likely  full-length mRNA
precursors.  Significant  fragmentation of hemocyanin mRNAs was evidenced in all  assembly
methods, which could be indicative of the presence of several nearly identical paralogous genes
in this species. However, we recovered a single contig which included a complete Open Reading
Frame of 673 codons. This sequence, capturing ~27.5 million reads, reached an expression level
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equal to ~118,550 TPMs, thereby accounting for over 10% of the global transcriptional effort of
E. cf. giganteus clade g3.

This hemocyanin sequence found the best BLASTx match with the Hc A and B chains from the
decapods  Panulirus interruptus and  Panulirus vulgaris,  among those deposited in UniProtKB
(64% pairwise sequence identity)  [270]–[272],  and with  the Hc subunit  1 from  Gammarus

roeseli among those deposited in nr (82% pairwise sequence identity) [273].

The  E.  cf.  giganteus clade g3 Hc displayed the three expected canonical  domains  found in
arthropod hemocyanins, i.e., the all N-terminal all alpha domain (PF03722), the central copper-
containing domain (PF00372), and the C-terminal Ig-like domain (PF03723). Moreover, the
copper-containing domain presented all the six highly conserved histidine residues involved in
copper binding, confirming its identification as a bona fide Hc (Figure 25).

Figure 25: Schematic overview of the domain organization of Eusirus cf. 
giganteus clade g3 hemocyanin. A detail of the six histidine residues 
expected to be involved in copper binding is provided (His215, His219, 
His258, His379, His383, His417), along with the consesus sequence of the 
neighboring residues in crustacean hemocyanin sequences deposited in 
UniProtKB.
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8.7 Discussion
Hemocyanins,  found  only  in  Arthropoda  and  Mollusca,  are  only  second  in  abundance  to
hemoglobins as molecules capable of temporarily binding oxygen in organs devoted to gaseous
exchange, transporting it to peripheral tissues, and releasing it to these locations due to lower
partial pressure [274]. In polar regions, and in particular, in the Southern Ocean, where seawater
temperature is constantly below zero, the increased solubility of oxygen potentially offers the
opportunity for astounding adaptations that involve the circulatory system and oxygen-carrying
molecules, such as in the case of icefish [275]. However, this increased oxygen solubility may
paradoxically result in a lower bioavailability due to the difficulties linked with its release in
tissues.

The  few studies  carried  out  so  far  on  hemocyanins  in  Antarctica  have  revealed  that  some
invertebrates developed interesting molecular strategies to overcome this issue. For example, the
Antarctic octopus  Pareledone charcoti compensates a lower Hc oxygen-binding affinity with a
higher hemocyanin content in hemolymph compared with species living in temperate waters
[276]. Although no proteomic data are available for  E. cg.  giganteus clade g3 to evaluate the
actual  relative  abundance  of  hemocyanins  in  the  hemolymph,  we  here  provide  evidence
suggesting that a similar strategy might have been employed by this Antarctic amphipod.

We show that hemocyanin-encoding mRNAs cumulatively accounted for nearly 40% of the total
transcriptional effort of the juvenile individual subjected to RNA-sequencing, suggesting that
Hcs are by far the most abundant plasma proteins in this species. Transcriptome data strongly
suggest that multiple highly similar hemocyanin mRNAs are simultaneously expressed, which
would point  towards the existence of  several  co-regulated paralogous Hc gene copies.  This
would be in line with the organization of Hc genes found in other amphipods, such as Hyalella

azteca,  which  harbors  9  Hc  genes,  seven  of  which  display  very  high  pairwise  sequence
homology  [219]. Likewise, high sequence similarity between different crustacean hemocyanin
chains has also been previously shown in P. interruptus, where Hc A and B chains share 96%
primary sequence identity [271].
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In the absence of genomic data, this remains as a working hypothesis which would, however,
provide a reasonable explanation for the extremely high levels of expression of E. cf. giganteus

clade g3 Hcs and for the observed severe fragmentation of Hc-coding contigs. Indeed, the low
pairwise  sequence  divergence  among  paralogous  gene  copies  might  have  hampered  the
possibility to obtain a full-length assembly for the other isoforms.

The single complete Hc mRNA sequence we retrieved, which presumably represents the most
highly expressed isoform, encodes a full-length protein with all the expected structural features
of  functional  hemocyanins,  i.e.,  the  presence  of  the  three  characterizing  all  alpha,  copper-
containing, and Ig-like domains, as well as of the six conserved residues involved in copper
binding  (Figure  25).  Bayesian  phylogeny  placed  this  sequence  with  high  confidence  within
known members  of  the crustacean hemocyanin superfamily  and  close  to  a  cluster  of  seven
highly similar paralogous genes from the amphipod Hyalella azteca. At the same time, the E. cf.
giganteus clade  g3  sequence only  showed distant  homology  with  non-respiratory  crustacean
cryptocyanins  and  pseudohemocyanins,  which  lack  two  of  the  histidine  residues  in  the
aforementioned array [259], [260] (Figure 26).
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Figure 26: Bayesian phylogeny of crustacean hemocyanins. The placement of Eusirus
giganteus hemocyanin is highlighted with an orange background. The cluster of 
paralogous hemocyanin genes from the amphipod Hyalella azteca is highlighted with 
a blue background. Posterior probability values are shown close to each node. Hc: 
hemocyanin, Cc: cryptocyanin, pHc: pseudohemocyanin.

Altogether,  these  observations  suggest  that  E.  cf.  giganteus clade  g3,  and  possibly  other
Antarctic amphipods, may have evolved a strategy similar to that of cephalopods, maximizing
the expression of oxygen-carrying molecules to overcome the decreased ability to unload oxygen
in  peripheral  tissues  at  sub-zero  temperatures.  It  remains  to  be  determined  whether  this
increased expression is  linked with a decreased oxygen- binding affinity, as in cephalopods.
Curiously, our findings are in stark contrast with those reported for other Antarctic crustaceans,
such  as  Glyptonotus  antarcticus  [277],  for  which  very  low  hemocyanin  oxygen-binding
capacities  and  low  circulating  protein  levels  have  been  reported.  Further  transcriptomic,
proteomic, and biochemical studies targeting other Antarctic crustacean species may shed some
light on this issue.
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The  preliminary  indications  deriving  from  this  study  have  also  important  implications
concerning the proposed relationship between oxygen availability and gigantism in Antarctic
waters, which has been the subject of intense debate over the past few years [253]. Indeed, three
alternative hypotheses have been proposed to explain the relationship between body size and
oxygen bioavailability: (i) the “oxygen limitation hypothesis”, according to which gigantism is
allowed by the combination between a higher availability of oxygen in freezing waters and the
lowest metabolic rates observed in cold-adapted organisms [278]; (ii) the “respiratory advantage
hypothesis”, which is based on the idea that, in spite of a larger solubility, bioavailability in
Antarctic waters is lower, due to a decreased diffusion coefficient, leading organisms with scarce
respiratory  control  to  develop  gigantism  [279];  (iii)  the  “symmorphosis  hypothesis”,  which
postulates that Antarctic organisms have developed evolutionary adaptations to optimize oxygen
supply, regardless of their body size [280].

In light of the imminent climate changes, whose effects are already visible in some areas of
Antarctica, these alternative interpretations have profound effects on the predicted fate of giant
amphipods. Indeed, these animals might be either among the first or among the latest organisms
to face serious threats, depending on whether the oxygen limitation or the respiratory advantage
hypotheses are correct [253].

The exceptionally high expression of hemocyanins in  E. cf.  giganteus clade g3 seems to be in
contrast with the hypothesis proposed by Chapelle and Peck. In this case, it clearly mirrors the
strategy used by cephalopods to overcome the limited ability to unload oxygen in peripheral
tissues at low temperatures, which would be consistent with the premises of the “respiratory
advantage  hypothesis”.  However,  it  is  noteworthy  that,  according  to  the  latter  hypothesis,
gigantism would only be expected to occur in species lacking efficient respiratory pigments or
with scarce respiratory control. Moreover, it remains to be established whether our observations
also  apply  to  adult  individuals,  which  are  considerably  larger  than  the  juvenile  specimen
analyzed in this study. Therefore, we cannot exclude that the high hemocyanin expression we
described may fade to lower levels in adult individuals of larger size.
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Clearly, the collection of additional physiological, biochemical and molecular data from Eusirus

spp. and other giant Antarctic crustaceans that do not rely on high hemocyanin expression as a
strategy for cold adaptation (such as  G. antarcticus) would be needed to clarify the intricate
relationships that exist between oxygen bioavailability, oxygen- carrying molecules and body
size in these animals.
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9 Acutuncus antarcticus

Figure 27: A scanning electron microscopy image of A. antarcticus with an 
egg. Taken from Figure 6 of  [297]

9.1 Synopsis
Tardigrades are known for their ability to endure extreme environmental conditions for long
periods of time by entering the so called “cryptobiosis” state, a feature that allowed them to
colonize many habitats, including ones that are normally adverse to animal life such as inland
Antarctica. In this chapter we analyzed the transcriptomic responses of the antarctic tardigrade
Acutuncus  antarcticus to  short  (one  day)  and  long (fifteen  days)  term exposure  to  different
increases in temperature, while also assembling the first reference transcriptome for this species.
Our  samples  exhibited  a  great  variability  in  terms  of  gene  expression,  suggesting  that
phenomena such as gene presence-absence variation or high levels of heterozygosity underlie for
an high level of genomic diversity. This diversity represented a challenge during differential
expression analysis, reducing the number of comparable samples and therefore the statistical
power. An increased oxidative mitochondrial metabolism and signs of activations of pathways
specific  for  cryptobiosis  were  observed  in  the  short  term  exposures,  with  gene  expression
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changes linearly proportional to the applied temperature. Such an effect was not observed after
long term exposure, suggesting that the alterations in  gene expression observed in short term are
compensatory and A. antarcticus was able to withstand the thermal stresses in the long term.

9.2 Introduction
Tardigrades (also known as water bears) are a phylum of very small animals, about 0.1mm to
2mm in size that belong to the Ecdysozoa superphylum, which inhabit freshwater, land and
marine habitats. The name derives from the latin word tardigradus, that means “slow moving”.

The taxonomic placement of the Tardigrada phylum in respect to Onychophora and Arthropoda
is still a matter of discussion, with archaeological, morphological and molecular evidences often
pointing in different directions [281]. Nevertheless, the existence of two distinct classes within
this phylum, I.  e.  Eutardigrada and Heterotardigrada, is  widely accepted  [282]. In addition,
Tardigrada also include the discussed monotypic class Mesotardigrada [283].

Tardigrades are well known by scientist, together with rotifers and nematodes, for their ability to
resist extreme environmental conditions by entering a dormant stage called cryptobiosis [284].
This stage is triggered in tardigrades by desiccation, freezing and possibly hypoxia either in the
egg or in the adult stage. In this state tardigrades can endure the harsh environmental conditions
they are exposed to for several years, whereas in normal conditions their life expectancy is much
more limited [285]. The most extreme condition tardigrades have been shown to recover from,
is space vacuum  [286], a fact that hugely contributed to popularize these little extremophyle
animals in the general public.

The molecular mechanisms by which tardigrades perform cryptobiosis has remained a mystery
for  about  twenty-five  decades,  as  only  recently  the  upregulation  of  the  expression  of
(EU)Tardigrade  intrinsically  Disordered  Proteins  (TDPs)  [287] during  desiccation  has  been
found to have a key role for survival. TDPs consist of three main families of Abundant Heat
Soluble proteins, classified in three groups based on the compartment in which they are usually
found: Cytosolic (CAHS), Secretory (SAHS) and Mitochondrial (MAHS)  [288], [289]. The
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abundance and peculiar structure of these proteins make them a excellent mediators for the
vitrification process [287], by which tardigrades enter anhydrobiosis during desiccation [290].

With  this  great  innate  resistance  to  harsh  conditions,  it  does  not  come  as  a  surprise  that
tardigrades  also  successfully  thrive  in  Antarctica,  where  they  represent  the  main  terrestrial
component of meiofauna, together with rotifers  [291], to the point that they may be the only
fauna present  in  some inland habitats  [292].  One of the most common antarctic  tardigrade
species, and the protagonist of this chapter, is  Acutuncus antarcticus  (Richters 1904)  [293], a
parthenogenetic  [294] Eutardigrade that has been studied and cultured as a model for several
studies, in relation to its biology and its fare in a warmer future (see for example [294]–[297]).

To date,  only one very recent study has  tackled the response of a tardigrade (Ramazzottius

varieornatus) to a thermal stress under a transcriptomic point of view, evidencing a substantial
change  in  gene  expression  in  response  to  a  30°C  temperature  increase  [298].  This  study
evidenced the significant up-regulation of the expression of genes encoding for SAHS, MAHS,
and CAHS, but also evidenced that only two Heat Shock Protein (HSP) transcripts were up-
regulated in response to the heat stress, while several others were down-regulated. This piece of
information contributes to the complex landscape of regulation of different HSP families in
tardigrades in response to different stresses and in relation to cryptobiosis, from which they are
hypothesized  to  have  an  important  role  in  repairing  damage  after  recovery,  rather  than  in
preventing it [299]–[302].

More complete molecular resources such as high-quality reference genomes are lacking: as of
summer  2022  only  four  reference  genomes  are  available  for  tardigrades  (namely  Hypsibius

dujardini, Hypsibius exemplaris, Paramacrobiotus metropolitanus and Ramazzottius varieornatus)
and future studies will for sure benefit from such precious resources.

9.3 Material and methods

9.3.1 Experimental design and sampling
The experimental phase was carried out at university of Modena and Reggio Emilia, whose staff
kindly  provided  the  samples  for  this  transcriptomic  analysis.  The  original  specimens  of  A.
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antarcticus were collected from a freshwater pond at Victoria Land and nurtured with algae as
food source in flasks at 5°C (control conditions) for several generations. Animals were then split
in groups for the thermal exposure experiments at 10°C, 15°C, 20°C and at 20°C decreased to
5°C  linearly  over  the  two  times  of  exposure. Sampling  of  all  experimental  groups  was
performed after 1 day (short term) and after 15 days (long term) of exposure. Three pools of
around 100 individuals each were sampled from from each experimental condition.

RNA  extraction  was  performed  using  the  Invitrogen™  TRIzol™  Reagent  (Thermo  Fisher
Scientific, Massachussets, US) by the manufacturer's protocol, and Illumina compatible RNA-
seq libraries were prepared with the Lexogen SENSE mRNA-Seq Kit V2 (Lexogen GmbH,
Austria)  with the classical  pipeline of poly-A selection,  c-DNA synthesis  and amplification.
RNA-sequencing of the libraries  was performed on an Illumina NovaSeq 6000 with  a  2  ×
150bp strategy by the Genomics and Epigenomics Platform of the Area Science Park (Trieste,
Italy).

Raw reads (available on SRA with the BioProject id PRJNA851942) were trimmed with fastp

v0.20 [106] according to quality information obtained from analysis with fastqc [255], coupled
with multiqc [105] for easier visualization.

Trimmed reads were used together to assemble a reference transcriptome with the Oyster River
Protocol (ORP) pipeline [26], setting the TPM_FILT parameter to 1. The completeness of the
assembled transcriptome was assessed with BUSCO v.5 [185], [214] on the metazoa database
from  OrthoDB  v.10  [186].  As  the  high  intra-replica  expression  variability  suggested  the
presence of contaminations in the samples, the assembled transcriptome was refined by blastn
[36] against three tardigrade genomes of Hypsibius dujardini [303], Hypsibius exemplaris [304]

and Ramazzottius varieornatus [305] with a word size of 9 and retaining only contigs with hit e-
value  lower  than  1e-5.  The  resulting  assembly  was  then  re-evaluated  with  BUSCO  and
functionally annotated with annot.aM [47]. Proteomes derived from the reference genomes used
for de-contamination were clustered with cd-hit v.4.8.1  [221] with a similarity threshold (-c
parameter)  of  0.99 and,  together with  the UniProt-SwissProt  database  used as  target  for  a
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diamond [49] blastx of the contigs: those contigs sharing the same best hits (by bit-score) were
considered to be isoforms of the same gene.

Transcript quantification for each sample was carried out with salmon v1.8 [31] by passing the
transcript-to-gene information obtained at the previous step and the count data was loaded in an
R environment. Coherence of biological replicates was checked by pairwise scatter plotting the
logarithm of CPM (+1) of all transcripts of samples within the same replica.

9.3.2 Data analysis
Expression data was pre-treated for removal of batch effect with the RUVSeq [192] R package
by using an empirical control list of genes, consisting of the 1,000 genes showing the lowest
amount of variation in gene expression, obtained by a preliminary differential expression (DE)
analysis carried out among all groups with edgeR [111]. MDS and PCA plot visualizations were
used to identify and remove outlier samples. The obtained normalized data was then used as
input for  a second run of DE analysis  with edgeR. The two exposure times were analyzed
independently and together,  the contrasts  were built  by combining all  pairwise comparisons
against  the  control  group,  practically  obtaining  an  ANOVA-like  test  between  the  applied
temperatures.  Differentially  Expressed Genes (DEGs) were inferred by exploiting the GLM
functionality of edgeR, defined by a FDR corrected p-value threshold of 0.01. Such a stringent
threshold was chosen due to the high background noise present in the dataset. Gene Ontology
(GO) [115] enrichment analysis was performed by hypergeometric test [51] of the GO entries
of the DEGs compared to all other expressed genes. A significant enrichment was defined by
FDR corrected p-value lower than0.05 and an observed-expected value higher than 3.

9.4 Results
Overall quality of sequencing reads was high (refer to reports in supplementary data repository),
and the first assembly of the reference transcriptome was of high quality and completeness, with
79% complete, 7.7% fragmented and 13.3% missing BUSCOs against the Metazoa OrthoDB. A
high level  of duplication was evident,  as 362 of the 754 complete BUSCOs were found in
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multiple copies. The filtered transcriptome (after removal of putative contaminant sequences)
retained the exact same BUSCO score as the unfiltered one.

The pairwise comparison of the mapping data from samples  of the same biological  replica
showed a great  deal  of variability  among samples,  but the removal of putative contaminant
sequences did not change the situation. As an effect of this high variability, many samples were
considered outliers, hindering the results of the following DE analysis. In fact, samples from all
the 20°C to 5°C gradients and from the 15°C long term exposure had to be discarded.

The main issue with this dataset was the extreme discordance among the control samples, that
may hinder the results of the differential expression test. In fact, one of the control samples had
to be discarded because of its extreme diversity from the other two.

Overall, significant alterations of gene expression could be identified only in the independent
analyses of short and long term exposures.

9.4.1 Response to short term heat exposures
The short term exposures resulted in the differential expression of 67 genes (table of results in
supplementary  data  repository).  Two main patterns  of  expression emerged from this  list  of
DEGs, with genes being up- (23 DEGs) or down-regulated (44 DEGs) at at higher temperatures
(15°C and 20°C) (Figure 28).
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Figure 28: Heatmap of DEGs due to temperature in the short-term exposure. The 
color of cells codes for the z-scaled values of gene expression values, with black for 
lower expression and yellow for  higher expression, while color of the header of 
each column codes for temperature. The input expression values are log(CPM+1). 
Note that not all the names of the DEGs are shown as labels in this graph.

The GO enrichment test highlighted the up-regulation of mitochondrial related processes with
the increase of temperature (Table 17). No significant enrichment of GO terms was found for
the down-regulated set, and only one PFAM entry was significantly enriched in this set: Pupal
cuticle protein C1 (PF11018.8) with FDR corrected pvalue of 6.74e-12 and and and O/E value
of 182.79
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Table 17: The significantly enriched terms in the up-regulated DEGs cluster, sorted by FDR-
corrected pvalue of the hypergeometric test. The O/E value column indicates the proportion of
observed over expected counts of the features.

GO id FDR O/E value GO description class

GO:0070469 3.08E-12 51.38 respirasome cellular_component

GO:0004129 3.55E-09 68.42 cytochrome-c oxidase activity molecular_function

GO:0005743 1.03E-08 19.07 mitochondrial inner membrane cellular_component

GO:0045277 2.14E-08 83.92 respiratory chain complex IV cellular_component

GO:0055114 5.72E-08 12.28 oxidation-reduction process biological_process

GO:0005739 1.33E-07 9.45 mitochondrion cellular_component

GO:0022900 1.98E-07 49.37 electron transport chain biological_process

GO:0016491 1.54E-06 11.72 oxidoreductase activity molecular_function

GO:1902600 2.52E-06 27.82 proton transmembrane transport biological_process

GO:0016021 3.92E-05 4.55 integral component of membrane cellular_component

GO:0016020 0.000808 3.09 membrane cellular_component

GO:0046872 0.005284 3.09 metal ion binding molecular_function

9.4.2 Response to long term heat exposure
Although this group suffered the loss of all the three samples of the 15°C exposure, the two
remaining groups allowed the identification of 14 DEGs in response to thermal exposure (two
up-regulated and 12 down-regulated with the increment of heat). Out of these, only two genes
could be annotated: one was down-regulated, OQV21646.1, which encodes a von Willebrand
factor A domain-containing protein, and one was up-regulated, OQV17502.1, which encodes
for a F-box/WD repeat-containing protein (Table 18).
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Table 18: Results of the differential expression test on the long term group. Long gene ids 
were abbreviated for spacing.

gene_id logFC.LT10vs5 logFC.LT20vs5 FDR

NODE_40429_length_485 -9.10752692377286 -9.07113032091637 0.00010495566581251

NODE_48953_length_402 -6.01524828039012 -7.15301402584918 0.0028038652173148

OQV17502.1 4.59388547758512 5.11439271591157 0.0028038652173148

TRINITY_DN46246_c0_g1_i5 -7.70589836844356 -8.30547014887077 0.00351437415013081

NODE_41374_length_590 -2.20019058338241 -8.58932701994389 0.00351437415013081

NODE_60033_length_419 -6.65073945977287 -6.02859934650752 0.00604701709904983

TRINITY_DN48795_c0_g1_i1 -7.04695982407247 -7.47504709877431 0.00793814259783302

TRINITY_DN51046_c0_g1_i1 2.0062613422826 2.22956710643018 0.009156870432562

OQV21646.1 -5.32186447392048 -5.10384183854796 0.009156870432562

TRINITY_DN47495_c0_g1_i5 -6.22078358118254 -5.7535530193536 0.00940326453824441

NODE_80062_length_274 -8.89030516942712 -8.92361031299541 0.00940326453824441

TRINITY_DN7103_c0_g1_i1 -9.54593309887114 -9.0926417198373 0.00940326453824441

NODE_30375_length_646 -2.1702547370514 -3.74938157095068 0.00940326453824441

TRINITY_DN50844_c0_g1_i2 -6.43065031600007 -9.51663040119349 0.00940326453824441

9.5 Discussion
The expression data here presented show an high degree of inter sample diversity, which could
not be ascribed to any of the experimental or environmental variables. Such an effect could be
the result of an amplification of an underlying genomic diversity of individuals at levels similar,
if not higher, than those observed in  Mytilus galloprovincialis  [306]. Whichever the case, the
high duplication rate evidenced by the BUSCO results supports the presence of an high degree
of heterozygosity in this species and an overall significant degree of genetic diversity among the
individuals.

The high diversity  of  the control  groups  represents  the  greatest  weakness  of  this  study,  as
keeping  all  three  control  samples  resulted  in  completely  failed  analyses  with  no  significant
differential expression (data not shown) and the removal of one control sample can be deemed
arbitrary, even though the most diverse one was discarded (see Figure 29 for reference).
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Figure 29: MDS plot of the expression pattern of all samples showing the high 
background noise in the dataset. The red circles highlight the control samples, the 
dashed circle highlights the discarded control.

As anticipated in the results section, the only significant response was found when analyzing the
two exposure times separately, and in particular, functional effects can be hypothesized only for
the short term exposure to heat.

Such a minimal response to thermal stress is in apparent contrast with recently published results
of a similar experiment carried out in  R. Varieornatus  [298], but it has to be noted that the
applied heat increase was double that of this study (+30°C). Moreover, a reference genome is
not  available  for  A.  antarcticus,  and the  previously  mentioned background  noise  has  surely
reduced the statistical significance of many DEGs.

As a premise, is worth noting that no Heat Shock Protein was significantly expressed in any of
the analyzed groups.  HSPs were indeed found,  but  their  expression was too low to display
statistically significant changes and did not pass the filtering step of the edgeR analysis.
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9.5.1 Response to short term heat exposure
Sixty-seven DEGs were found in response to heat stresses in this group. The first impression
derived  from  an  initial  analyses  of  the  expression  patterns  shown  in  Figure  28 is  that,
independently from the direction of the change in gene expression, the absolute value of the fold
change is overall directly proportional to the applied temperature, reinforcing the idea that the
observed changes are indeed caused by temperature.  Moreover,  the 5°C and 10°C samples
appear very similar, suggesting that the latter temperature produces little significant changes in
the transcriptional landscape of A. antarcticus.  The changes become evident at 15°C and even
more dramatic at 20°C.

The 23 up-regulated genes were significantly enriched in GO terms suggestive of an alteration of
mitochondrial  activity  and  metabolism.  Namely,  the  genes  involved  in  these  processes  are:
NADH-ubiquinone  oxidoreductase  chain  4  and  5,  Cytochrome  b,  and  Cytochrome  c
oxidase subunit  1  and 2.  All  these genes  are part  of  the respiratory  chain,  and their  up-
regulation in response to heat may produce an increased amount of reactive oxygen species,
finally resulting in oxidative damage to cell structures and DNA [307].

Two peroxidases (OQV20556.1 and OQV21903.1) were found among the DEGs, and although
the clustering placed them in the down regulated set, they showed an increase in expression at
10°C (Figure 30), which was not found at higher temperatures. An increase in the expression of
peroxidases  is  coherent  with  an  increased  production  of  oxidants  such  as  H₂O₂  from  the
increased activity of the mitochondrial respiratory chain. The reason for the apparent absence of
such a response at higher temperature is unclear.
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Figure 30: Boxplot of the expression pattern (expressed as logarithm of cpm) of the two
DEGs annotated as peroxidases in the short term exposure experiment. The x axis 
represents the temperature in °C

The immune related gene Conserved regulator of innate immunity protein 3 was also up-
regulated. This gene is described in nematodes as homologous to the mammalian C1qbp [308],
which  has  several  functions  in  cell  activity,  and  has  a  key  role  in  the  activation  of  the
complement system, and therefore in innate immunity [309].

Notably, during the heat stress one SAHS1 and one CAHS1 genes were up-regulated (Figure
31), consistently with a stressed state. As a matter of fact, due to the absence of a reference
genome, the aforementioned genes refer to several assembled transcripts (40 and 8 respectively)
that were grouped under the same gene by best similarity, and may represent duplicated genes as
well.
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Figure 31: Box plot of the expression values of CAHS1 and SAHS1 genes in the short 
term heat exposure experiments in log(cpm). The x axis represents the temperature in °C

In accordance with these results, alterations in expression of NADH dehydrogenase and several
CAHS and SAHS proteins were reported in the previously mentioned transcriptomic analysis of
heat stressed Ramazzottius varieornatus [298].

The 44 DEGs that  were down-regulated with the increase in temperature were significantly
enriched in the PFAM term for pupal cuticle protein C1. This domain was found in 5 down-
regulated DEGs. Alterations in the maintenance or in the synthesis of the chitinous cuticle may
indicate that the heat exposure was inducing changes in the external structure of the tardigrades.
Together with the observations of increased expression in SAHS 1 and CAHS 1, this reinforces
the interpretation of the presence a signal of activation of encystment and diapause pathways as
suggested by the study on  R. Varieornatus [298], although this hypothesis remains to be fully
determined,  as  such an effect  was not  observed  in  the  long  term exposure  group and may
therefore  be  of  compensatory  nature.  It  is  nevertheless  important  to  note  that  the  gene
OWA50132.1, coding for Multidrug Resistance-associated Protein 1, was also significantly
down-regulated, and this molecule has a key role in regulation of stress response in resistance
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forms of nematodes [310], although it is currently not known wether this protein conserves this
function in tardigrades.

Another  down-regulated  DEG  was  the  Homeodomain-interacting  protein  kinase  2
(OWA52292.1), which is a member of a family of regulators of transcription and an inhibitor
of cell growth by apoptosis. In contrast with our observations, this gene was up-regulated in
response to heat stress in C. elegans [311]. It is nevertheless plausible that the expression of this
key regulator of cell death is being down-regulated specifically to prevent cell cell death by other
means in the presence of heat stress, which may be a key factor in response to distress.

9.5.2 Response to long term heat exposure
Of the few DEGs found in relation to the long term exposure group, which also suffered the
removal  of  all  three  15°C  samples,  only  two,  which  displayed  opposite  trends,  could  be
annotated.  The up-regulated gene was annotated due to  its  high similarity  with  F-box/WD
repeat-containing protein 7, which is well known in model vertebrates, where it is involved in
protein degradation by mediating the ubiquitination of target proteins directed to the proteasome
[312]. Among its targets there are many core clock genes that regulate the cell cycle progression
[313],  and  this  gene  also  has  a  function  in  DNA  double  strand  repair,  by  promoting  the
polyubiquitination of XRCC4 [314]. Since no other known interacting gene was differentially
expressed in this group, the up-regulation of this gene could be linked with an overall faster
protein  degradation,  or,  if  taken  together  with  the  short  term exposure  results,  may  be  an
indication of a response to DNA damage from the oxidative stress derived by the increased
mitochondrial respiratory activity. The down-regulated gene was annotated by similarity as von
Willebrand factor A (VWA) domain-containing protein. VWAs are multifunctional proteins
widespread across all metazoans, in which they exert several functions with their protein-protein
interaction capabilities [315]. 

9.6 Conclusion
Overall our results suggest that the short term heat exposure produced a significant change in the
transcriptomic  landscape  of  A.  antarcticus,  with  a  differential  expression  which  was  surely

124



– Acutuncus antarcticus –

underestimated  because  of  the  strong  inter-individual  background  noise.  Even  though  not
quantitatively, our results partially overlap those observed in R. varieornatus in functional terms
and suggest  that  a  form of  metabolic  response was activated and the heat  stressed  animals
required more energy and may have been undergoing changes related to resistance forms. 

The lack of annotation of the few identified DEGs for long term exposure, together with the
wide spectrum of effect of the two annotated DEGs, hinders any functional conclusion on the
observed difference, pointing to a practically absent long term transcriptomic response to heat
stress from A. antarcticus, suggesting that the effects observed in short term were compensatory
to the condition and that the tardigrades are able to cope with the increased temperature. Future
studies on this matter may rely on experimental designs with more frequent sampling during the
heat stress to better elucidate the patterns of gene expression regulation and pathway activation.
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RNA-seq has become a cheap, precise and sensitive technique that allows the identification of
the  smallest  changes  in  terms  of  gene  expression,  and  when  paired  with  the  appropriate
statistical tools it allows extremely reliable analyses. For this reason, it was the method of choice
for this work aimed to identify what would be the responses of four Antarctic organisms to the
expected warming of the ocean due to climate change. Interesting results were produced, even
in the presence of severely contaminated or degraded samples, although in one case the scope of
the experiment had to be changed in order to maximize the obtained information. 

Regarding the responses to the warming stress, the three organisms on which such analysis could
be applied showed a very diversified response, with a few points in common. The most evident
trait-d’union is the limited response to a 1.5°C temperature increase, which in the case of  A.

colbecki was  substantially  absent.  Negative  results  are  always  hard  to  be  supported  and
discussed,  and  finally  harder  to  be  published.  Nevertheless,  the  method  used  here  was
sufficiently sensible to support the hypothesis that the applied heat stress was too small to induce
dramatic changes in gene expression and that the organisms studied could be resilient enough to
withstand at least twenty subsequent days of exposure to the likely upcoming situation of oceans’
warming. Other studies are being carried out on the same samples under a morphological point
of view, and will be useful to better understand the big picture. 

Nonetheless, the results obtained from T. bernacchii have to be taken in consideration, especially
in  regards  of  the  brain  tissue,  where  a  consistent  shift  in  gene  expression  was  observed,
increasing in magnitude from seven to twenty days of warming exposure, possibly indicating
stress  from  the  combination  of  heat  and  the  impossibility  to  physically  escape  it  due  to
experimental confinement. Whether such changes could be compensated through acclimation or
changes in behavior in later time points would be determined by future studies on the matter,
but factually the increase in number of DEGs with time seems to suggest that the brain tissue is
unable to completely acclimate to even a small temperature increase. The possible contribution
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of spatial confinement to such a response may indicate that when T. bernacchii will be exposed
to a chronic thermal stress in its environment it may move to deeper and colder regions of the
Antarctic Ocean, and its areal distribution could be altered. Monitoring its spatial distribution in
the Ross Sea in the upcoming warmer years may provide a more certain answer. 

A relatively (compared to expectations) small set of DEGs in response to a bigger temperature
increase  was  observed  also  for  the  tardigrade  A.  antarcticus,  which  showed  limited,  but
significant, changes after a one-day exposure, that are in line with what has been recently shown
in another tardigrade species. Tardigrades are tough animals by nature, so it is not surprising
that their response to long term heat exposure was much more contained, and in this case we
can conclude that acclimation mechanisms are quickly put in place and are sufficient for the
establishment of a more normal transcriptional landscape. It still has to be noted that the source
animals were reared for several generations, therefore obtaining wild samples for this kind of
experiment  could  draw  a  much  more  ecologically  significant  picture.  Moreover,  obtaining
genomic data from single individuals will confirm or refute the hypothesis for high genomic
variability in this species. 

Although it was not possible to perform a differential gene expression analysis of the response of
P .plebs to the applied heat, the data was still very useful for other approaches. In fact, it allowed
the  identification  of  a  possible  adaptive  trait  of  E.  giganteus and  an  apparently  widespread
parasitism relationship between an unknown species of  Hematodinium sp.  dinoflagellate and
members of the Antarctic  Pseudorchomene species complex. This suggests that said parasite
genus may also be found in other Antarctic arthropods that feed on amphipods. Whether this is
the case or not will be the subject of a future study that I’m planning. If a reference genome was
available, removing the contaminating reads of the Hematodinium sp. parasite would have been
easier, and would have probably produced usable results. Luckily more and more high quality
genomes are becoming available so the raw data can be useful in further future works. 

Another main takeaway from our results, which is made evident by the results on T. bernacchii

and A. colbecki, is the clear presence of a stabling effect, which ended up causing transcriptomic
shifts more significant than the temperature increase in both species, and specially in the brain
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of the former. This matter is of great importance and is often underestimated in literature. It
should be seriously kept in mind when designing experiments, in particular when working with
wild non-model animals, sensitive tissues as the brain and sensitive techniques such as RNA-seq.

The limitations of this work majorly reside in the technical issues that resulted in the loss of
several samples that were unusable. The loss of refrigeration during transport is for sure the
main cause of RNA degradation in the samples. A better and quicker way of shipping samples
from Antarctica would be a major advantage for the future, even better would be equipping the
major Antarctic  bases  with  machinery and personnel  to perform advanced analyses such as
sequencing directly on spot. In such a way only the raw data would need to be shipped to the
labs  to  perform  downstream  analysis,  on  more  sturdy  mediums  that  do  not  need  strict
conditions. 

Taken  together,  this  thesis  represents  a  preliminary  study  of  the  effects  of  environmental
warming on different metazoans of the Antarctic trophic chain and it will be useful for future
works on the topic.  It  also helped highlighting the importance of  an accurate experimental
design and the fact that the simple stabling of wild animals can induce a great stress. It also
shows that biological data can always be useful, regardless of the quality: if information is there,
it is often possible to recover it, at the cost of a bit of mental stability. 
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