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Summary

Euphausia superba, Meganyctiphanes norvegica and Thysanoessa inermis are three Kkrill
species. The first one is typical of the Antarctic region while the other two are common in

the North Atlantic.

In their specific environment they all play crucial roles in the food web and are characterized
by a great abundance in terms of biomass. Their ecologically fundamental role makes it
crucial to increase the knowledge of their life cycle, adaptation strategies and responses to

environmental changes and human activities.

The aim of this dissertation is to create and annotate a de novo transcriptome assembly for
the three krill species, to explore their gene expression levels across different developmental
stages and their responses to different environmental conditions, allowing for a comparative
and physiological study. The present study can be subdivided into three main parts: i) a
preliminary investigation focusing on the efficiency and quality of already existing strategies
for de novo transcriptome assembly of non-model organisms; ii) a second part consisting in
the identification and application of the best transcriptome assembly strategy; iii) a final step
during which | analyze all the results and collect them in the first comparative analysis of the

species under study.

At first, | performed a separate transcriptome reconstruction using five different de novo
assembly programs: Trinity, BinPacker, rnaSPAdes, TransABySS and IDBA-tran. A
combination of two filtering steps was applied to the newly reconstructed transcriptomes to
discard artifacts and improve the assembly quality. First, | estimated the abundances of all
the transcripts reconstructed by each assembler retaining only those transcripts showing an
expression level of at least 1 transcript per million (TPM) within each of the three
experimental conditions. In a second step, | considered the results of all assemblers jointly:

| ran the “cd-hit-est” program to cluster similar sequences and to produce a set of non-



redundant representative transcripts. In order to group resulting transcripts into units
corresponding to genes | ran the “EvidentialGene” pipeline, followed by another round of
analyses to identify redundant or mis-assembled sequences still appearing in the
transcriptome. Through the combination of all these filters | produced a new transcriptome
for each krill species, retaining alternative and paralog transcripts with sufficient level of

uniqueness in their sequence.

The quality assessment of the reconstructed transcriptomes confirmed the reliability of the
strategy applied. Furthermore, the availability of these new references suggested the
possibility to perform a detailed investigation of differential expression patterns, which
highlighted the presence of genes that were already described in literature together with
new ones likely involved in crucial steps of the species life cycle. The comparison between
differential expression results across the different krill species highlighted the presence of
genes involved in the same functions and processes that appear to be differentially
expressed for each krill. Together with these analyses, an orthology inference was
performed, allowing the identification of transcripts showing an orthology relationship with
genes from other species. By cross-referencing all these results, | identified a series of
sequences showing an orthology relationship across all the three krill species, suggesting

that those transcripts derived from a common ancestor.

The new results produced for E. superba, then, allowed me to extend the KrillDB website,
now named KrillDB?, which provides the most complete source of information about the krill

transcriptome and will offer a reliable starting point development of novel ecological studies.

In conclusion, this work highlighted the importance of a precise transcriptome reconstruction
to maximize the potential to describe the expression profile and transcriptional phenotypes
of a species in the most accurate way; moreover, the results produced in terms of

computational approaches have improved our possibilities in the field of transcriptomic



studies and represent a starting point for a deeper and more accurate fine-tuning of the
available procedure. From a genetic and ecological point of view, this work represents a
basis for future functional studies on krill responses to environmental changes and the

underlying molecular mechanisms.



Introduction

In this section | will collect the background information about the krill species under study,
specifically in terms of geographical distribution, life cycle and available genetic resources.
In addition, a summary of the most common and referenced techniques found in literature
regarding the transcriptome reconstruction in non-model organisms will be evaluated, in
order to give an overview of the state of the art, which represented the starting point for the
optimization of the more general procedure. Therefore, | will explain the research objectives

of this project and describe the samples collection used in this work.

Krill species and their crucial role

Krill are small decapod crustaceans which can be found throughout the oceans. These
organisms are considered key species in the food web, especially in the Southern Ocean,
representing a crucial link between apex predators and primary producers. In fact, on the
one hand they are the major grazers of primary production, repacking vast amounts of
primary production into their own body by grazing micro-size phytoplankton and, on the other
hand, they also represent the main planktonic diet of marine mammals. This is the reason
why the word “krill” usually refers to “whale food”, although its actual meaning is “small fry
of fish”. It has been estimated that the overall consumption of krill by marine mammals is
about 10-20 million tons/year in the North Pacific, 15-25 million tons/year in the North
Atlantic, and 125-250 million tons/year in the Southern Hemisphere, where the largest part
is consumed in the Southern Ocean (Hewitt & Lipsky, 2018). Specifically, in the Antarctic
region the term “krill” usually refers to a single species, the Antarctic krill Euphausia superba.
Together with the other two species under study, the Northern krill Meganyctiphanes
norvegica and Thysanoessa inermis they all belong to the same taxonomic order, the

Euphausiacea, and the Euphausiidae family, that collects also other krill species (Euphausia
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pacifica, Thysanoessa raschii, Thysanoessa spinifera). In particular, Euphausiidis term
comprises a total of 86 species in 10 genera (Janine Cuzin-Roudy, in Advances in Marine
Biology, 2010). These species occur in all oceans worldwide and are mainly epipelagic or
may distribute in the water column at a depth between 180 m and 900 m. They must
continually swim to maintain their position, aggregating into swarms that may have a
diameter length from one meter to tens of meters and may extend horizontally tens of meters
to several thousand meters (Hewitt & Lipsky, 2018). A common characteristic relies on krill
capability to perform diel vertical migrations along the water column, usually moving towards
the surface at night providing food for surface predators and living near the bottom during

the day.

As proof that the role of these species in their environment is fundamental to ensure the
marine ecosystem conservation, it has been observed that a decrease in the Southern West
Atlantic region in krill abundance directly produced a parallel decrease in the number of krill
dependent predators (Trivelpiece et al., 2011). There are different factors that affect krill
distribution and abundance, but most of the pressure is addressed to climate change and

fisheries.

Climate change represents a global issue that impact oceans worldwide. Changes in climate
can fundamentally alter many properties of the oceans, in particular the increase in
greenhouse gases emissions, which trap more energy from the sun, causes an increase of
sea surface temperatures and rising sea level. It is true that the oceans can reduce climate
change by storing large amounts of carbon dioxide (COz2), however it contextually produces
an increasing level of dissolved carbon into sea water, changing its chemistry and making it

more acidic.

Ocean acidification, represented by a decrease of sea water pH due to high levels of CO>

dissolving into it, and consequently climate change is some of the main concerns of the
2



scientific community about future sustainability of marine ecosystems and organisms.
Increased ocean acidity causes a series of problems to marine communities. A common
reported effect regards, for example, corals and shellfish difficulties building their skeletons
and shells. All these information make it clear how such environmental changes can in turn

alter the biodiversity and productivity of ocean ecosystems.

Regarding krill species, an increasing attention has been developed during the last years
for the effects of a series of stressors on Antarctic krill. During the last quarter of the 20t
century Antarctic krill abundance has experienced a decline caused by a decrease of the
sea ice coverage due to increasing temperatures (Atkinson et al., 2004). This greater and
most documented impact on Euphausia superba ecology and abundance is mainly due to
the fact the Southern Ocean are affected by ocean acidification more than other marine
environments because of the higher solubilities of CO2 in cold waters and because of the

upwelling of deep sea water with high concentration of CO2 (Sabine et al., 2004).

Recently, it has been documented how growth and Antarctic krill population dynamics seem
to be influenced by consistent changes in climate and ocean temperature (Murphy et al.,
2017; Veytia et al., 2020), which led to shifts in growth habitat timing. It is known that krill
life cycle is strictly synchronized with seasonal cycles in Southern Ocean and winter sea-ice
cover (Ducklow et al., 2006; Flores et al. 2012), therefore the observed early end of the
growth season in ecologically important regions such as Antarctic Peninsula have already

altered the krill population dynamics.

On the other hand, as described by Riquelme-Buguefio et al. (2020) some euphausiidis are
capable to adapt and live in association with such extreme condition (high CO: level,
minimum oxygen concentration), which represents an interesting and important signal to be
analyzed in detail in order to understand how to overcome future changes caused by these

increasing stressors.



Together with environmental changes, krill are also affected by human activities, such as
commercial fishery. Due to the strong impact of climate changes on krill populations and
ecology the need of an accurate resource and conservation management has increased
over the years. In Southern Ocean the Convention for the Conservation of Antarctic Marine
Living Resources (CCAMLR), established in 1982, specifically aims at guaranteeing the
conservation of Antarctic marine organisms and, at the same time, allow for the rational use
of marine living resources. The fishery of Antarctic krill has been considered as one of the
world’s last under-exploited fisheries (Garcia and Rosenberg 2010) for several years, and
the reasons why are probably related to its high costs and the difficulty of obtaining
commercially useful product from it. However, over the years, new technologies have been
developed, together with the possibility of an increased usage of derived krill products.
Although a small part of these catches is intended for human consumption and uses (e.g.,
medical applications), a lot of krill products are used in aquaculture applications. Over the
years, the CCAMLR has established a series of rules in order to manage krill catches and
exploitation. Today, Antarctic krill may be taken in Southern Ocean only in four established
sub-areas and divisions. The total allowable catch for the southwest Atlantic is currently
about 5.6 million tons annually but distributed across the different areas the actual annual

catch is around 0.3% of the unexploited biomass of krill.

All these information demonstrate how crucial is the study of these species and how strong
is the need of a deep knowledge of the dynamics — and the molecular mechanisms
underlying - of these species within their environment in order to prevent them from dramatic

declines and ecological impacts.

Euphausia superba

Antarctic krill Euphausia superba represents a widespread distributed crustacean species

of the Southern Ocean and one of the world’s most abundant species with a total biomass
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between 100 and 500 million tons (Nicol & Endo, 1997). The average lifespan of Antarctic
krill is 5-7 years. (Everson, 2000; Nicol, 2006).

E. superba, as all Euphausiidis species, is characterized by a life cycle were several larval
stages follow each other; the main and common larval stages are represented by nauplius,
metanauplius, calyptopus, and furcilia. As all crustaceans, one of the major parts of krill life
history is the moult cycle, also called “ecdysis”, consisting in the shedding of the exoskeleton
for the purpose of growth. In particular, the moulting process characterizes the development
from each larval stage to another, sometimes even occurring within each larval stage, and
it continues also throughout adult life (Buchholz CM, Pehlemann FW & Sprang RR, 1989).
This process of shrinking and growing involves the synthesis of new cuticle, which is a
complex matrix with different layers characterized by a-chitin microfibrils forming a protein
matrix. In general, all euphausiidis moult cycle follows the same steps series: at first, a
postmoult step, characterized by a soft cuticle; an intermoult stage, with a hard cuticle; the
early premoult, followed by late premoult; finally, the ecdysis stage, when krill lose the old
cuticle (Rosato et al., 2010).

The furcilia stage is the last larval stage, followed by a small and immature juvenile. The
juveniles develop their gonads during Antarctic spring/summer and begin to spawn at two
years of age (Everson, 2000; Kawaguchi, et al., 2011).

As a common characteristic in krill species, during life cycle there are several spawning
events occurring. In particular, Antarctic krill females produce eggs periodically and they are
laid in deep waters usually between December and March. Similarly to other krill species,
including the ones considered in this work, their spawning and moulting processes are
influenced by water temperatures; specifically, warmer temperature appear to increase
these events (Cuzin-Roudy, 2000; Kawaguchi, et al., 2011; Knox, 1994).

Due to its crucial ecological role in the Antarctic ecosystem during the years several studies

have been carried out in order to characterize krill distribution (Marr 1962; Siegel 2005;
5



Atkinson et al. 2008; Hofmann & Murphy 2004), population dynamics and structuring
(Valentine & Ayala 1976; Bortolotto etal. 2011) and above all understand its complex
genetics (Zane etal. 1998; Goodall-Copestake etal. 2010; Batta-Lona etal. 2011;
Bortolotto et al. 2011). Among them, a consistent part is represented by DNA-based studies,
specifically focusing on mtDNA variation; however, the information available about krill
genetics still remain relatively modest. The difficulty in reconstructing this kind of resources
relies on the extraordinarily large Antarctic krill genome size (Jeffery 2011), which is more
than 15 times larger than human genome. It has been suggested that the large genome size
could be related to the rapid accumulation of transposable elements and repetitive DNA, as
the sequencing of a small portion revealed no protein coding sequences, but instead only

novel non-coding regions (Jarman et al., 1999).

Meganyctiphanes norvegica

Northern krill Meganyctiphanes norvegica (M. Sars, 1857) is an Euphusiidis krill species
common in North Atlantic and in the Mediterranean Sea, found also in the North Sea and in
the Skagerrak. According to information found in literature, it seems that from both
morphological and molecular studies the Northern krill represents a distinct Euphausiacea
lineage, more related to Thysanoessa rather than to Thysanopoda. It is considered one of
the most wide-spread euphausiid species in the northern hemisphere and this large range
of distribution exposes these organisms to a large variety of different bathymetric,
hydrographic, seasonal, and trophic conditions. However, besides food availability,
temperature is the major abiotic factor that directly and indirectly dominates the physiological
ecology of this euphausiid. In general, krill occur in waters from 2°C to 15°C (Einarsson
1945; Lindley 1982), experiencing both low and high temperatures which affect in different
ways life cycle and metabolic processes. Although the wide range of distribution and the

differences between the geographical areas in terms of food availability, temperature and
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light exposure, the developmental process and the main steps of reproduction are the same

(Cuzin-Roudy and Buchholz, 1999).

Similarly to E. superba, it has been demonstrated that Northern krill release eggs seasonally
in multiple spawning events (Couzin-Roudy, 2000). Available data show that during the
reproductive season male individuals continuously produce spermatozoa packed into
spermatophores. These spermatozoa are then transferred to the females, where ovarian
cycles functionally follow the moult cycles with spawning occurring in the early premoult step
and vitellogenesis between the spawning periods. Interestingly, it has been demonstrated
that higher temperatures reduce the duration of moult and ovarian cycles (Cuzin-Roudy et
al., 1999; Cuzin-Roudy and Buchholz, 1999; Albessard et al., 2001; Tarling and Cuzin-
Roudy, 2003).

Regarding the available resources for M. norvegica, in 2011 a study carried out by Jeffery
(2011) aimed at estimating the genome size of this species, resulting in a haploid genome
size of about 18 Gb (Gigabases) with a haploid chromosome number of 19.

Thysanoessa inermis

Among all the three species under study, Thysanoessa inermis is the one with less
information available in the literature. This species remains poorly studied, both in terms of
genomic and transcriptomic data, therefore few is known about its seasonal distribution and
adaptation, as well as the expression pattern under its capability to adapt to the
environmental changes. It is known that in the sub-Arctic area, together with
Meganyctiphanes norvegica, T. inermis represent the most abundant krill species
(Einarsson, 1945). Spawning occurs in the spring, at the end of the first and second years,
and the young stages are found near the surface during the summer. Growth in both years

is rapid during the summer months with little or no increase in size during the winter. The



growth rate of the female surpasses that of the males in the second year (Kulka, D W &

Corey S, 1978).

As observed in the Gulf of Alaska by Pinchuk & Hopcroft in 2006, gravid females can be
found only during April and May, when the spawning actually occurs at the same time of the
spring bloom of large diatoms, an evidence already described in other works carried out in
the subarctic Atlantic and Pacific (Kulka and Corey, 1978, Hanamura et al., 1989; Timofeev,

1996).

Literature lacks information about the genomic or transcriptomic resources for this species,
although the genome size estimates for Thysanoessa sp. appear to be about 13 Gbp
(Jeffery 2011). Therefore, few or no progresses have been done to our knowledge about
the molecular mechanisms driving its responses to seasonal changes as well as the

expression profiles describing its development and life cycle.

State of the art and evaluation of the sequencing approaches

As mentioned in the previous paragraphs, the genetic resources and knowledge about the
molecular mechanisms underlying the complex dynamics of these species are relatively
modest. Although E. superba and M. norvegica are the most well-studied euphausiidis
species from an ecological and economical point of view, little is still known about them in
terms of genetics. We can identify some main reasons why it is difficult to produce such kind
of resources. First, the large genomes, particularly the one from E. superba, could make a
genome sequencing and assembly project unfeasible and challenging, both in terms of costs
and bioinformatic applications. In addition, although DNA represents a mirror of all cellular
processes and its sequencing gives us the genetic profile of an organism, it is with RNA
sequencing that we can have information about the sequences that are actively expressed

in the cells, tissues, or organism at a specific time or in different conditions (Wang, Gerstein,
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& Snyder, 2009). This gives us the advantage to reconstruct the transcriptome of an
organism, which means producing the complete set of RNA molecules (in other terms, all
the genes’ readouts) in a cell for a specific developmental stage, a specific physiological
condition or derived from a specific experimental treatment. The result, in terms of
information obtained and analyses that we can perform, is that we can quantify the changing
expression levels of each transcript during development and under different conditions.
Therefore, this kind of approach allows us to understand the molecular mechanisms that
drive specific capabilities of the species to adapt to different environmental conditions and
changes, which is important in the perspective of an accurate management of their stocks

and conservation.

With the advances in high-throughput RNA-sequencing techniques - different Antarctic krill
transcriptomes have been developed (De Pitta et al., 2008; Seear et al., 2010; Clark et al.
2011; De Pitta et al. 2013; Meyer et al., 2015; Martins et al., 2015). However, it is with the
KrillDB project (Sales et al.,, 2017) that a detailed and advanced genetic resource was
produced and made available to the community as an organized database, the KrillDB
website. Here, | expanded the amount of transcriptomic information and expression data
available for Antarctic krill, thus updating KrillDB to a new and more complete version.

As for E. superba, the large genome size of M. norvegica makes a project of RNA-
sequencing much more advantageous. However, literature is still very poor in this context
and today only one M. norvegica transcriptome resource has been produced (Blanco-Bercial
& Maas, 2018). In this work the authors reconstructed a total of 405,497 transcripts, with
319,012 corresponding genes. The poor genomic resources available for this and other
related species, together with the use of one computational method for the reconstruction,
probably led to the functional annotation of a limited number of sequences (16%). Here, |

produced a more accurate and complete set of Northern krill putative transcripts, enhancing



the power to identify processes or functions in which they may be involved and improving

the interpretability of expression patterns.

Another explanation for the lack of genetic resources and the few transcriptomic data
produced is that, specifically in the context of E. superba studies, collecting samples from
the Southern Ocean can be difficult, especially in some regions such as Eastern Antarctica

which is more than 8000 km far from the Antarctic circle.

Research objectives

This gap in the knowledge of such ecologically important species makes it difficult to identify
the best strategies in terms of assessment and management of their stocks and in order to
preserve their abundances from decline. We have already seen that, among the major
threats, krill species abundance and conservation are affected by ocean acidification, but
also by increasing commercial fishing. For these reasons the CCAMLR is constantly
monitoring krill catches to minimize the impact on the ecosystem. However, a deeper
knowledge of krill genetics and population dynamics would significantly help the

management and conservation efforts.

Working with non-model organisms we do not have at our disposal a suitable reference
genome. As already mentioned, RNA-seq thus becomes a powerful tool to reconstruct and
quantify the whole transcriptome. Nowadays, RNA-seq uses Next Generation Sequencing
(NGS) techniques, which are massive parallel sequencing procedures where several
sequencing reactions are parallelized in order to generate hundreds of megabases to
gigabases of nucleotide sequence reads in a single instrument run. A typical RNA-Seq
experiment starts with the isolation of RNA, which is then converted into complementary
DNA (cDNA); then, the sequencing library is prepared and is finally sequenced on an NGS

platform (Kukurba & Montgomery, 2015). The most commonly used techniques are the
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lllumina systems, and the sequence data produced are the so called “reads”, which are raw
sequences that may consist of multiple segments. The reads represent the starting point for
the transcriptome reconstruction, which helps us assign these raw sequences to genomic
features. If the genome is unknown, as in this case, the technique used consists in a “de
novo transcriptome assembly” reconstruction. A series of algorithms have been produced
and improved over the years, through the development of new optimized software and the
identification of strategies that have helped minimize the number of artifacts and errors

included in the reconstructed transcriptome.

However, no assembly tool is optimal for all RNA-Seq datasets, mainly because there are a
series of different parameters and characteristics that must be taken into account, such as
the species of interest or the sequencing protocols. Over the years, one of the most useful
applications has become the combination of multiple assemblies through a step called
“‘meta-assembly” (Lu, Zeng & Shi, 2013). In particular, it is with EvidentialGene (Gilbert,
2013), that an accurate pipeline for the management of multiple transcripts set into a
biologically best set of mMRNAs was introduced. The need for such a strategy derives from
the evidence that assemblers all have different biases which can cause them to miss some
real sequences or, on the other hand to erroneously assemble (“misassemble”) sequences
by forming chimeras. In particular, recent benchmarks such as Holzer & Marz (2019) have
shown that, while reconstructing the transcriptome of a species, no single approach is
uniformly superior: the quality of each result is influenced by a number of factors, both
technical (k-mer size, strategy for duplicate resolution) and biological (genome size,

presence of contaminants).

The goal of this approach is to overcome the different disadvantages of certain assemblers
and to combine their advantages in a comprehensive de novo transcriptome assembly. In
particular, EvidentialGene clusters fragments according to their similarity in terms of
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sequence and then uses the presence and the length of putative coding sequences (CDS)
to select the best fragment for a specific transcript among all the available assemblies. It is
easily predictable, at this point, that as we increase the number of assemblies used, it will
contextually introduce a lot of redundancy. This is a crucial issue: as demonstrated by the
results reported in this work, there are still some limitations to the whole procedure,
especially when working with huge amount of data and non-model organisms with

significantly large genomes.

For all these reasons, the aim of my work is comprised of four main parts:

1) The identification of the most accurate transcriptome reconstruction procedure by
implementing the use of already existing methods with intermediate steps aiming at
reducing the mis-assemblies and redundant sequences.

2) The application of the new pipeline on three krill species and the demonstration of
the reliability of the newly reconstructed transcriptomes in terms of quality metrics.

3) The quantification of the power of the new procedure and of the filtering approaches
to produce a reference that can enhance our possibility to identify important
transcriptional phenotypes that have not been previously described.

4) The collection of all the information and data obtained in a unique and complete

resource, easily available and accessible by all scientific community.

In the perspective of producing new annotation data, | therefore considered the possibility
to introduce an improvement of the online available resources for Euphausia superba. As
previously mentioned, an accurate Antarctic krill transcriptome reconstruction was already
performed by Sales et al. (2017), using two larval stages. The data produced have been
collected in KrillDB, which is a web-graphical interface with annotation results coming from

the de novo reconstruction of krill transcriptome, assembling more than 360 million lllumina

12



sequence reads. Here, | used it as a starting point to re-design the website by updating the

number and variety of information available and increasing the user search possibilities.

Krill sampling and sequencing

Euphausia superba

This study aims at covering the entire developmental process of Antarctic krill. Therefore, |
used samples coming from different developmental stages to cover the entire E. superba
transcriptome, from larval to adult specimens. Specifically, adults included both male and
female specimens, as well as summer and winter individuals and they also came from 3
different geographical regions: Lazarev Sea (62°S -66°S), South Georgia (54°S), and
Bransfield Strait/South Orkney (60°S-63°S).

Specifically, a part of the Antarctic krill samples was the same used in a previous work
(Horing et al., 2021) and they were obtained from five different expeditions and from a
Norwegian fishing vessel. Then snap-frozen Antarctic krill samples stored at —80 °C were
transferred to the Alfred-Wegener-Institute (Bremerhaven) for molecular analysis.

Total RNA from these samples was individually extracted from frozen krill heads with the
RNeasy Midi Kit (QIAGEN, Hilden, Germany). The RNA-Seq of each individual sample was
carried out from IGA Technology Services (Udine, Italy). cDNA libraries were constructed
with 1-2 pg of total RNA by using the TruSeq Stranded mRNA Sample Prep kit (lllumina,
San Diego, CA, USA). Sequencing was carried out on paired-end mode (2 x 100 bp) by
using HiSeq 2500 (Illumina) with a targeted sequencing depth of about 80 million reads per
sample. The paired-end sequencing implies that the reading starts at one read following its
direction until the specified read length, and then another round of reading starts from the
opposite end of the fragment. This kind of sequencing, compared to the single-end

technique, improves the ability to identify the relative positions of various reads in the

13



genome/transcriptome, which enhance the possibility to detect rearrangements and
repetitive sequence elements, gene fusions and novel transcripts.

Larval samples came from a different experiment carried out in April 2011, where adult
individuals were collected from the Indian Ocean sector of the Southern Ocean (64°09’ S,
100°460 E); then they were maintained in the Australian Antarctic Division’s marine research
acquarium, were they matured in laboratory. Specifically, gravid females spawned between
December 2011 and February 2012. Finally, batches of larvae obtained were reared through
different stages of development over several months. Total RNA was
extracted using the ZR-Duet™ RNA miniPrep procedure (Zymo Research Corporation) and
samples were sent to GeneWorks (Australia) for sequencing, using a TruSeq RNA sample
prep kit (lllumina) and for each sample one lane of paired-end reads (2x100 bp) was
produced in a Genome Analyzer lIx sequencer (lllumina).

In total, more than 6 billion of reads were produced from all the experiments considered,
which represents an unprecedented number of samples. Such a huge number of input data
represented one of the challenges of this work, specifically in terms of management from a
computational point of view (e.g., time and memory usage).

Meganyctiphanes norvegica

Norther krill dataset included 36 samples provided by AWI Institute and University of
Bremerhaven and the ICBM (Institute for Chemistry and Biology of Marine Environment,
Oldenburg). Samples were characterized by male and female specimens, collected at two
different time points (May and November) and representing three different tissue types (sex,
carapax and head). In addition, 12 samples were downloaded from NCBI BioProject
PRJNA324094, coming from a previous physiological and gene expression study on M.

norvegica (Blanco-Bercial & Maas, 2018).
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AWI dataset included specimens sampled at Gullmarsfjord in cooperation with the Sven
Lovén Centre of Marine Research (Kristineberg, Sweden). Sampling was conducted during
a 24-hour sampling campaign during spring (May) and winter (November/December) 2017.
It was conducted in the center of the fjord (58°19 "17.7 N, 11°32°68.7 E) using an Isaacs
Kidd Midwater Trawl (IKMT). Immediately after catch, individuals were transferred to bins
containing filtered fjord water. Total catch was recorded, and subsamples were taken for the
determination of standard length [mm], sex as well as maturity stage. Individual krill were
then immediately stored in RNAlater™ or snap-frozen and stored at -80°C for further
analysis. RNA was extracted from the head, the carapace and sexual organs, respectively.
Individuals either stored in RNAlater™ (Thermo Fisher Scientific, USA) or snap frozen
directly after catch were used. Before dissection, snap-frozen samples were thawed in
RNAlater™- ICE (Thermo Fisher Scientific, USA) at -20°C for at least 24h. Dissection was
performed using a binocular (Leica MZ125) and a cooled, RNAse-free petri dish. Stomach,
intestines as well as eyeballs were carefully removed. After dissection, tissues were directly
transferred into Precellys® tubes (1.4 mm and 2.8 mm ceramic mixed beads) containing
TRIzol® Reagent. Tissues were then homogenized using a Precellys ® 24 homogenizer
(Bertin Technologies, France). The homogenate was transferred into 2.0 ml RNase-free
Eppendorf® tubes (Eppendorf, Hamburg, Germany) and chloroform (Sigma-Aldrich, USA)
was added in a ratio of Trizol:chloroform = 5:1. Samples were centrifuged at 12,000 g for 15
min at 4°C for phase separation. A fixed volume of the upper aqueous phase was transferred
to a fresh 1.5 ml RNase-free Eppendorf® tube. RNA was then extracted using the Direct-
zol™RNA Miniprep Plus Kit (Zymo Research, USA) according to the manufacturers
protocol. RNA quantity and quality of each sample were determined using a Nanodrop 2000
(Thermo Fisher Scientific, USA) and the Agilent Bioanalyzer 2100 (Agilent Technology).
RNA was finally sequenced on a HiSeq2500 platform, producing 80 million paired-end reads

125bp, for a total of 36 samples (n=6 per season; 3 males/3 females each; 3 tissues each).
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Thysanoessa inermis

A total of 36 T. inermis samples coming from AWI/ICBM cruises were used to de novo
assemble the transcriptome. Both male and female individuals were included into the
dataset, sampled at two different time points (April and July) and, as for M. norvegica,
coming from three different tissue types (sex, carapax, head). Moreover, a small dataset of
4 samples coming from an experiment of deep sequencing (100 million reads/sample) was
added to increase the potential of an accurate transcriptome reconstruction. The samples
for deep sequencing were kindly provided by Flores, H. et al; sampled in June 2015 during
Polarstern cruise PS92 at 81° 17.79'N 17° 6.17' E using a MRMT. RNA was extracted from
the head, the carapace and sexual organs, using the same procedure applied to M.
norvegica samples. For deep sequencing of T. inermis, whole-animal RNA was extracted
from 4 individuals (2 males/2 females). RNA was then sequenced on a HiSeq2500 platform,
resulting in 40 million paired-end reads 125bp; 36 samples (n=6 per season; 3 males/3

females each; 3 tissues) and 100 million paired-end reads 125bp for deep sequencing.
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Transcriptome assembly strategy

De novo assembly test

As a starting point, seven different de novo assemblers were selected, among the most used

and referenced found in literature:

1)

2)

Trinity (Grabherr et al. 2011). It is one of the most used, documented and powerful
de novo assembly software, and it consists of three software components (Inchworm,
Chrysalis, and Butterfly) applied sequentially. Inchworm assembles reads into the
unique sequences of transcripts, using a greedy k-mer based approach for fast and
efficient transcript assembly, recovering only a single (best) representative for a set
of alternative variants that share k-mers (due to alternative splicing, gene duplication,
or allelic variation). K-mers represent substring of length k contained within the
sequence. Then, Chrysalis clusters related sequences that correspond to portions of
alternatively spliced transcripts or unique portions of paralogous genes. Based on
these results, a de Bruijn graph for each cluster of related sequences is constructed,
each reflecting the complexity of overlaps between variants. De Bruijn graph are in
fact kind of graphs used in bioinformatics to assemble sequencing reads,
representing overlap between sequences. Finally, Butterfly analyzes the paths taken
by reads and read pairings in the context of the corresponding de Bruijn graph and
reports all plausible transcript sequences, considering both alternatively spliced
isoforms and transcripts derived from paralogous genes.

Oases-Velvet (Schulz et al. 2012); it is a well-known de novo assembler for next
generation sequencing short reads. It builds on two algorithms: Velvet, which is a de
novo assembler based on de Bruijn graphs, as Trinity; Oases, a software consisting

of independent assemblies, which vary according to the k-mer length. In each of the
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3)

4)

9)

6)

assemblies, the reads are used to build a de Bruijn graph, which is then simplified for
errors, organized into a scaffold, divided into loci and finally analyzed to extract
transcript assemblies or the so-called transfrags. Finally, the individual k-mer
assemblies are merged into a final assembly.

BinPacker (Liu et al. 2016), which is an update of the previous Bridger software and
it is based on a splicing graph construction instead of de Bruijn graphs. This approach
differs from those previously described as it integrates coverage information into the
procedure. In particular, only splicing junctions are involved in the assembling
procedure and through the use of a rigorous mathematical model, called the minimum
path cover, the software searches for a minimal set of paths (transcripts) that are
supported by the provided RNA-seq reads and can explain all the observed splicing
events of the created graph.

rnaSPAdes (Bushmanova et al. 2019), works using a single k-mer size which is
automatically tuned depending on the read length. Specifically, it constructs a de
Bruijn graph from short reads, then the graph is simplified removing erroneous edges
and producing a so-called assembly graph. An alignment of reads to the assembly
graph is run and, finally, an isoform reconstruction procedure is performed.
TransABySS (Zhao et al. 2011), also based on de Bruijn graph for the transcriptome
reconstruction, computing assemblies of substrings using various stringencies and
then merging all the separate assemblies into contigs.

IDBA-tran (Peng et al. 2013). It also uses multiple de Brujin graphs constructed using
distinct k-mer lengths to handle transcripts with different expression levels. It then
employs a probabilistic progressive approach to removes erroneous k-mers based
on local thresholds. At each run, the algorithm uses the output of the last run rather

than raw reads.
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7) Drap (Cabau et al. 2017). This software represents a pipeline that wraps two other
assemblers, Trinity and Oases, in order to improve their results. It comprises a set of
three command-line tools respectively called runDrap, runMeta and runAssessment.
runDrap performs the assembly including compaction and correction; runAssessment
compares different contig sets and gathers the results in a global report, while
runMeta merges and compacts different contigs sets.

The selected assemblers were tested using a small test dataset of strand-specific RNA-seq
reads from Schizosaccharmomyces pombe, provided by Haas et al. (2013). Strand
specificity is an important parameter in RNA-seq experiments because it adds information
on the originating strand, in other terms it identifies the strand of the sequenced transcript.
On the contrary, in unstranded libraries the sequences of both sense strand and the
antisense strand of the original mMRNA are obtained without knowing which strand of the
cDNA corresponds to the original mMRNA. Therefore, when working with unstranded libraries
it is not clear the original strand a read derived from, and this makes it impossible to
deconvolve the signals of sense and antisense transcripts harbored by the same genomic
locus. Some of the above-mentioned software gives the possibility to specify the type of
sequencing protocol used (stranded or unstranded) and exploit this knowledge to improve
reconstruction accuracy.

The aim of this pre-processing step was to compare the performances of each software,
assess which one produced the most reasonable result and identify the best setup

optimization for each de novo assembler (both in terms of time and memory/CPUs usage).
Quality assessment

After using the seven algorithms described earlier, | selected a series of independent quality
measures to assess the reliability of their reconstructions. Specifically, the quality of a

transcriptome can be evaluated using both “internal” measures, which relies on the RNA-
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seq input data used to perform the de novo assembly, and “external” measures, which are
based on the use of known protein or nucleotide databases, such as sequences coming
from other species and organisms. | used as internal measures a series of basic statistics,
such as the number of total transcripts, the %GC content, the average fragment length, the
total number of bases and the N50 value; in addition, | also considered the evaluation of the
mapping rate of each transcriptome by mapping back the reads on the assembled
transcripts. The latter is especially important as it gives an idea of how well the input data is
represented by the reconstructed transcriptome. Regarding the external measures, | used
the representation of full-length reconstructed protein-coding genes, by searching the
assembled transcripts against a database of known protein sequences (i.e., SwissProt,

https://www.uniprot.org) in order to examine the number of assembled transcripts that

appear to be full-length or nearly full-length. In addition, | ran a BUSCO analysis, which
provides a measure of transcriptome completeness based on evolutionarily-informed
expectations of gene content from near-universal single-copy orthologs (Simé&o. et al. 2015).
BUSCO (Benchmarking Universal Single-Copy Orthologs) is a tool based on the concept of
single-copy orthologs that should be highly conserved among the closely related species. In
particular, we refer to single-copy orthologs as the set of genes that have remained in single
copy (without duplications or losses occurring) since the last common ancestor at a specific
taxonomical range. It relies on OrthoDB, a catalogue of orthologues

(https://www.orthodb.org/) to identify complete, duplicated, fragmented and missing genes.

The percentage of “complete” results actually represents the number of known single-copy
orthologs expected to be in all the species belonging to the selected taxonomic clade that
are included in the reconstructed transcriptome. The fraction of “fragmented” results
corresponds to the amount of those single-copy orthologs that have been partially
reconstructed. Those that have not been reconstructed at all are included in the “missing”

category.
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On the basis of the results (Figure 1; Table 1) produced by these quality control analyses,
| decided to discard Oases-Velvet and Drap assemblers. The basic statistics shows a very
low number of transcripts reconstructed (Drap) and very low median contig value (Oases-
Velvet). Together with the results of the analysis of full-length reconstructed transcripts
(Figure 1), these numbers confirmed that the two algorithms produced less reliable and

accurate transcriptome reconstructions with respect to the other software | tested.

. Median Average
# Total transctits %GC Contig Length  Contig # Total bases N50
Trinity 9231 38.03 738 1020.58 9421944 1595
BinPacker 6540 38.05 1188 1386.09 9065012 1838
IDBA-tran 6553 37.87 1057 1347 1 8827551 2007
rnaSPAdes 6959 38.44 556 978.75 6811150 1659
Oases-Velvet 6993 37.78 1075 1349.05 9432539 2175
Drap 3372 38.54 1140 1322.23 4458566 1638
Trans-ABySS 5707 38.08 1277 1466.32 8368277 1922

Table 1. Measure of basic statistics of each transcriptome produced using S. pombe dataset
(Haas et al., 2013), testing the seven assemblers selected.
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Figure 1. Number of full-length transcripts vs. number of input RNA-Seq fragments,
performed separately for each of the assemblies produced from S. pombe dataset (Haas et
al., 2013).
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Krill de novo transcriptome assembly

Once selected the best de novo assembly algorithms, | focused on the krill transcriptome

reconstruction.

| have summarized all the steps of the assembly reconstruction strategy, annotation process

and downstream analyses in Figure 2.

1. Krill data .
collection Raw lllumina reads
2. Multiple Trinity BinPacker  IDBA-tran rnaSPAdes Trans-ABySS
independent F L = = ! = ‘\ =
de novo = = — )
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1

3. Assembly filtering
and optimization

I

4. Merging of multiple
assemblies

1
5. Clustering CD-HITEE*

I

6. Meta-assembly ~ EvidentialGene ="—-—=-

Abundance quantification

7. Redundancy filter Krill [ blasta > Krill Samon
BLAST ’) InterPro
Classification of protein families
9. Functional annotation / i \4 “RNA
Omas:

10. Differential expression
analysis

11. Comparative analysis

Figure 2. Workflow of the assembly process, annotation, database re-design
downstream analyses.
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| first performed a separate transcriptome reconstruction with each of the tools listed above.
| evaluated their respective advantages measuring their quality through the computing of
the total number of transcripts, their GC content, median contig length, total number of bases

and N50 value (Table 2, Table 3, Table 4).

The raw sequencing data | used for the assemblies was obtained from different experiments
and included both stranded and unstranded libraries (E. superba), different experimental
designs (M. norvegica) and different sequencing methods (7. inermis). As mixing different
types of libraries or experiments in a single assembly is not well supported, | decided to run,
for each species, each software twice: | thus generated a total of ten different de novo

assemblies for each species.

Stranded RNA-seq library

Trinity BinPacker maSPAdes IDBA-tran TransABySS
# Transcripts 671837 288476 503293 400750 389351
%GC 35.56 34.66 35.39 34.77 35.07
Median Contig Length 368 938 347 336 332
N50 1140 2213 1533 553 730
# Bases 470615830 413787317 392082747 198618480 218288366
Unstranded RNA-seq library

Trinity BinPacker maSPAdes IDBA-tran TransABySS
# Transcripts 353340 203274 228038 125886 195764
%GC 35.77 34.80 35.61 3518 35.17
Median Contig Length 452 1074 762 352 426
N50 1455 2317 1958 670 1100
# Bases 301600820 321478538 280807245 69975046 144053299

Table 2. Quality assessment of Euphausia superba raw assemblies produced by each of
the five assemblers used. De novo assembly with the five software was performed
independently on samples coming from different RNA-seq libraries.
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AWI/ICBM RNA-seq samples
Trinity BinPacker maSPAdes IDBA-tran TransABySS

# Transcripts 111249 58719 100126 93144 87340
%GC 36.28 35.68 36.03 35.91 36.29
Median Contig Length 427 917 344 378 444
N50 1381 1931 1385 774 1241
# Bases 89758333 78274842 72734230 55744486 67864091

MNCBI BioProject PRJNA324094 RNA-seq samples
Trinity BinPacker maSPAdes IDBA-tran TransABySS

# Transcripts 591860 11960 406673 344940 295060
%GC 37.81 36.92 37.21 36.78 37.36
Median Contig Length 358 2132 317 324 345
N50 1077 3786 1286 512 982
# Bases 400606776 33586471 278213469 162969780 188142514

Table 3. Quality assessment of Meganyctiphanes norvegica raw assemblies produced by
each of the five assemblers used. De novo assembly with the five software was performed
independently on samples coming from different RNA-seq experiments.

AWI/ICBM RNA-seq samples
Trinity BinPacker rnaSPAdes IDBA-tran TransABySS

# Transcripts 168128 83917 141315 133740 130393
%GC 35.90 35.21 53.43 35.32 35.81
Median Contig Length 432 910 366 370 445
N50 1390 1900 1417 726 1134
# Bases 136760293 110418999 107127486 76465495 97522352

AWI/ICBM deep-sequencing samples
Trinity BinPacker rnaSPAdes IDBA-tran TransABySS

# Transcripts 1753141 241353 414583 350735 408166
%GC 34.30 33.88 34.16 33.92 34.22
Median Contig Length 330 866 373 353 346
N50 668 1983 1496 578 666
# Bases 950779513 314984373 325814943 177842593 221242424

Table 4. Quality assessment of Thysanoessa inermis raw assemblies produced by each of
the five assemblers used. De novo assembly with the five software was performed
independently on samples coming from different sequencing methods.

Then, a combination of two filtering steps was applied to the newly reconstructed
transcriptomes in order to discard artifacts and improve the assembly quality.

First, | estimated the abundances of all the transcripts reconstructed by each assembler
using the Salmon software (version 1.4.0, Patro, Duggal, Love, Irizarry & Kingsford, 2017),
which is a popular method for quantifying transcript abundance from RNA—-seq reads.

Samples were grouped according to the main experimental conditions:
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- Euphausia superba: (1) sex, with female and male levels; (2) geographical area,
covering Bransfield Strait-South Orkney, South Georgia and Lazarev Sea; and (3)
season, with summer and winter levels.

- Meganyctiphanes norvegica: (1) sex, with female and male levels; (2) time point, with
samples coming from May and November; (3) tissue type, characterized by sex,
carapax and head samples.

- Thysanoessa inermis: (1) sex, including both male and female individuals; (2) time
point, with July and April levels; (3) tissue type, with sex, carapax and head levels.

Abundance estimates were imported in the R statistical software using the tximport package
(Love et al. 2017) and | implemented a filter to keep only those transcripts showing an
expression level of at least 1 transcript per million (TPM) within each of the three
experimental conditions.

The same evaluation of quality in terms of basic internal statistics was performed on the

filtered transcriptome (Table 5, Table 6, Table 7).

Stranded RNA-seq library
Trinity BinPacker rnaSPAdes IDBA-tran TransABySS

# Transcripts 353340 203274 228038 125886 195764
%GC 35.77 34.80 35.61 35.18 35.17
Median Contig Length 452 1074 762 352 426
N50 1455 2317 1958 670 1100
# Bases 301600820/ 321478538 280807245, 69975046 144053299

Unstranded RNA-seq library
Trinity BinPacker rnaSPAdes IDBA-tran TransABySS

# Transcripts 146130 100758 98061 121575 77578
%GC 35.31 34.83 34.98 35.08 35.50
Median Contig Length 409 903.5 790 343 428
N50 1330 2221 1979 652 1247
# Bases 114056176| 142156798| 121755723 65976131 59846940

Table 5. Quality assessment of Euphausia superba raw assemblies after low-abundance-
filter.
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AWI/ICBM RNA-seq samples

Trinity BinPacker rnaSPAdes IDBA-tran TransABySS

# Transcripts 99350 54623
%GC 36.29 35.73
Median Contig Length 444 918
N50 1371 1930
# Bases 81471397, 72924401

NCBI BioProject PRINA324094 RNA-seq samples

85996 87371 76348
36.07 35.94 36.33
392 387 456
1472 802 1280

68282970 53673375 60892109

Trinity BinPacker rnaSPAdes IDBA-tran TransABySS

# Transcripts 233080 9243 160237 159870 98491
%GC 37.81 37.08 37.32 36.87 37.49
Median Contig Length 487 2131 703 349 483
N50 1471 3759 1777 695 1343
# Bases 206244806/ 25938410/ 183171507 | 89926117 83328332

Table 6. Quality assessment of Meganyctiphanes norvegica raw assemblies after low-
abundance-filter.

AWI/ICBM RNA-seq samples

Trinity BinPacker rnaSPAdes IDBA-tran TransABySS

# Transcripts 129615 71713
%GC 35.81 35.21
Median Contig Length 469 943
N50 1449 1935
# Bases 111564888 96966815

AWI/ICBM deep-sequencing samples

101802 110385 101861
35.41 35.29 35.78
476 392 481
1598 797 1226

91708001 67259213 81522069

Trinity BinPacker rnaSPAdes IDBA-tran TransABySS

# Transcripts 627550 228243 401240 197997 345306
%GC 34.40 33.89 34.18 33.92 34.21
Median Contig Length 292 848 366 329 339
N50 625 1961 1463 624 666
# Bases 316756088 292738180| 309659364 102342372 186906176

Table 7. Quality assessment of Thysanoessa inermis raw assemblies after low-abundance-

filter.
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Meta-assembly strategy

In a second step, | considered the results of all assemblers jointly, and | ran the “cd-hit-est”
program (Li & Godzik, 2006) in order to cluster similar sequences and to produce a set of
non-redundant representative transcripts. Specifically, | collapsed all sequences sharing

95% or more of their content.

First attempts and tests in order to find the best combination of steps and to optimize the
transcriptome reconstruction procedure were applied on the Antarctic krill data. At this point,
| managed to reduce the total number of transcripts from 1,650,404 to 551,110.

The procedure described above was designed to identify near-duplicate sequences deriving
from different software, but likely corresponding to the same biological transcript. As a
further refinement, | was also interested in grouping resulting transcripts into units
corresponding to genes. To this end, | used the EvidentialGene pipeline (Gilbert 2013,
2019). | applied the “tr2aacds” tool which clusters transcripts and classifies them to identify
the most likely coding sequence representing each gene. The software subdivides
sequences into different categories, including primary transcript with alternates (main),
primary without alternates (noclass), alternates with high and medium alignment to primary
(althi1, althi, altmid) and partial (part) incomplete transcripts. A “coding potential” flag is also
added, separating coding from non-coding sequences (see section “KrillDB? Web
Interface”). The meta-assembly thus obtained consisted in 274,840 putative transcripts,
subdivided into 173,549 genes.

As these figures remained unrealistically high, | performed another round of analyses to
identify redundant or mis-assembled sequences still appearing in the Antarctic Kkrill
transcriptome. Here | used a combination of BLAST searches against known protein and
nucleotide databases (NCBI NR, NCBI NT, UniProtKB/TREMBL) and information deriving

from full-length, experimentally validated transcripts from a previous study (Biscontin et al.,
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2017). Results confirmed that the newly reconstructed transcriptome fully represented krill
RNAs, but the large amount of input reads, together with the number of independent de
novo assemblers, likely led to an inflation in the number of alternative splicing variants being
reconstructed. Moreover, transcript alignments against BUSCO genes (Simgo et al., 2015)
and the doubletime, cry1, shaggy and vrille full-length transcripts from Biscontin et al. (2017)
highlighted the fact that multiple fragments of the same gene were incorrectly assembled as
separate transfrags. To remove these artifacts, first | aligned all transcript sequences in the
dataset against each other using the blastn tool. | discarded all sequences already included
in a longer transcript for more than the 90% of their length. This filter helped me remove
78,731 redundant sequences (29% of transcripts, overall). Then, | ran a new abundance
quantification using Salmon, discarding all transcripts with an average abundance below 0.1
TPM.

The combination of all the filters discussed above allowed me to reduce the number of
Antarctic krill transcripts to 151,585 and, correspondingly, that of genes to 85,905. | tested
the power of the strategy applied by comparing the quality of the EvidentialGene
transcriptome, both in terms of internal basic statistics and completeness according to the
number of single-copy orthologs represented searching our sequences among all expected
orthologs from Arthropoda phylum (Table 8, Figure 3). These results highlighted an
increase of the assembly quality due to the filters applied. In this study | observed that,
although a consistent number of sequences was removed through each step of assembly,
merging and filtering, | did not find any decline in the quality described by the basic statistics

of the reconstructed transcripts.

In particular, the results of the analyses comparing the EvidentialGene reconstructed

transcriptome to the redundancy-filtered assembly in terms of completeness according to
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