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Summary
Although sea ice exhibits harsh abiotic conditions, several microorganisms are able to thrive
within the Arctic sea ice and contribute to primary production, serve as food source for higher
trophic levels and also contribute to carbon exchange into the deep sea. However, little is
known about the biodiversity, the structure and the genetic function of this community. The
present study provides first insights into the sympagic community of the central Arctic Ocean
during the end of the summer period.
First, a comprehensive biodiversity survey based on nine different sea ice locations in
the central Arctic Ocean was conducted. At four of the nine stations, the sympagic
biodiversity based on 18S rDNA (‘total’ biodiversity) and on 18S rRNA (‘active’ part of the
community) was compared (publication I). At the other five stations, only 18S rDNA was
analyzed (publication II). It was not only possible to identify groups that were currently
underestimated within sea ice based on rDNA (e.g. ciliates, Bicosoecida), but also genera we
would have had missed without the rRNA approach (e.g. Melosira) (publication I).
Furthermore, differences in the community structure based on the ice type (FYI vs. MYI)
were observed: highly melt ice was inhabited by a high number of chrysophytes, Rhizaria
species (publication II) and grazers in the active part of the community (publication I),
indicating a post-bloom situation with high amounts of heterotrophs. Ice without high melting
rates and MYI was inhabited by Bicosoecida species and diatoms.
Secondly, the performance of the naviculoid sea ice diatom CCMP2297 under high
(10°C and 5°C) and low temperature (-5°C) stress was investigated over 14 days. The
physiological performance of CCMP2297 did not differ between 5°C and the control
treatment of -2°C. However, the diatom regulated the highest number of transcripts at 5°C
after 24 hours and was also able to acclimate within 14 days, indicated by a lower number of
regulated transcripts. CCMP2297 grown at 10°C did not survive the treatments but cells
cultured at -5°C were able to grow and showed almost no differential expressed genes, neither
after 24 hours nor after 14 days. These results indicate that a temperature of 10°C is too
severe for CCMP2297 to maintain its normal metabolic functions. At moderate high
temperatures of 5°C, CCMP2297 is able to activate protective mechanisms, e.g. heat-shock
proteins (Hsps) and reactive oxygen species (ROS) scavenging enzymes. CCMP2297 grown at

i

Summary

-5°C did not induce a high amount of differential gene expression, since this species adapted
to cold temperatures.
Finally, three metatranscriptomes (two from FYI and one from MYI) from the same
ice stations as the 18S libraries were established. Illumina HiSeq 2500 sequencing yielded
between 157.8 and 177.5 million raw reads assembled into 1.4 - 1.6 million contigs. These
metatranscriptomes provide an initial dataset for further molecular and bioinformatic analyses
and thus will help understanding the metabolic function of the sympagic community. All
together, the different molecular methods have a great potential to help evaluating the
potential threat to this habitat by the on-going climate change.
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Zusammenfassung
Obwohl im Meereis raue abiotische Faktoren herrschen, sind einige Arktische
Mikroorganismen in der Lage das Meereis zu besiedeln und somit zur Primär- und
Sekundärproduktion sowie zum Kohlenstofftransport in tiefere Wasserschichten beizutragen.
Trotz dieser Wichtigkeit der Meereisgemeinschaft ist die genaue Artenzusammensetzung,
sowie deren Struktur innerhalb der Gemeinschaft und genetische Funktion nicht sehr
ausführlich bekannt. Die vorliegende Arbeit hat deshalb das Ziel, erste Einblicke in eine
typische Arktische Meereigemeinschaft während des Sommers zu geben.
Als erstes wurden umfassende Biodiversitätsanalysen von neun verschiedenen
Eisstationen durchgeführt. Von vier Stationen wurde die Biodiversität anhand von 18S rDNA
(„totale“ Biodiversität) und 18S rRNA („aktive“ Biodiversität) verglichen (Publikation I). Von
den anderen fünf Stationen wurden lediglich rDNA-Banken erstellt (Publikation II). Dadurch
konnten nicht nur Organsimen beschrieben werden, die anhand von rDNA Datenbanken
bisher unterschätzt wurden (z.B. Ciliophora und Bicosoecida), sondern auch Gattungen, die
nur in den rRNA Datenbanken nachgewiesen werden konnten (z.B. Melosira) (Publikation I).
Außerdem konnte gezeigt werden, dass die Gemeinschaft auch vom Eistyp abhängt (FYI vs.
MYI). In Eis mit hohen Schmelzraten wurde nicht nur eine hohe Abundanz von
Chrysophyceae und Rhizaria Gattungen nachgewiesen (Publikation II), sondern auch eine
hohe Aktivität heterotropher Gattungen, was eine „post-bloom“ Situation mit einer hohen
Abundanz von heterotrophen Gattungen darstellt (Publikation I). In Eis mit niedrigen
Schmelzraten oder MYI konnten Gruppen wie Bicosoecida oder Diatomeen festgestellt
werden.
Um

herauszufinden,

wie

sich

die

typische

und

häufig

vorkommende

Meereisdiatomeenart CCMP2297 unter Temperaturstress verhält, wurden Versuche mit hohen
(10°C und 5°C) und niedrigen (-5°C) Temperaturen über einen Zeitraum von 14 Tagen
durchgeführt. Es konnte gezeigt werden, dass sich die physiologischen Parameter von
CCMP2297 unter 5°C nicht von denen der Kontrolltemperatur von -2°C unterschieden. Im
Gegensatz dazu regulierten die Zellen unter 5°C nach 24 Stunden die meisten Transkripte und
waren ebenfalls in der Lage sich innerhalb von 14 Tagen an die Bedingung anzupassen, was
sich aus der geringeren Anzahl an regulierten Genen schließen lässt. Zellen, die bei 10°C
gehältert wurden, überlebten den Versuch nicht, wobei Zellen unter -5°C Wachstum zeigten
iii
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und weder nach 24 Stunden noch nach 14 Tagen viele Transkripte regulierten. Diese Daten
zeigen, dass eine Temperatur von 10°C für CCMP2297 zu hoch ist. Auf Grund verschiedener
Schutzmechanismen, wie z.B. Hitzeschockproteine oder Enzyme, die reaktiven Sauerstoff
abbauen, ist diese Art allerdings in der Lage unter moderat hohen Temperaturen von 5°C zu
wachsen. Da CCMP2297 natürlicher Weise im Meereis vorkommt und somit an kalte
Temperaturen angepasst ist, scheinen -5°C keinen großen Einfluss auf CCMP2297 zu haben.
Deshalb waren nur wenig regulierte Gene nachweisbar.
Als letzten wichtigen Punkt dieser Arbeit wurden drei Metatranskriptome (zwei aus
FYI, eins aus MYI) von unterschiedlichen Stationen, aus denen auch die 18S Sequenzen
stammten, produziert. Insgesamt ergab die Illumina HiSeq 2550 Sequenzierung 157,8 - 177,5
Millionen Sequenzen, die in 1,4 - 1,6 Millionen ,,contigs” assembliert wurden. Diese
Metatranskriptome bilden den ersten umfassenden Datensatz für weiterführende molekulare
und

bioinformatische

Analysen,

die

helfen

die

metabolischen

Funktionen

der

Meereisgemeinschaften besser zu verstehen. All diese molekularen Methoden zusammen
haben ein großes Potential, Folgen des Klimawandels auf die Meereisgemeinschaft zu
evaluieren.
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1. General introduction
1.1 The sea ice environment
The central Arctic Ocean
The central Arctic Ocean is located in the Northern hemisphere, it is the smallest and
shallowest of the five world’s oceans, and can be divided in seven regions: Laptev Sea, East
Siberian Sea, Chukchi Sea, Beaufort Sea, Greenland Sea, Barents Sea and Kara Sea (Fig. 1).
The Arctic Ocean is surrounded by landmasses and thus large parts of the Arctic are covered
by coastal shelves. For example, the Canadian Archipelago alone covers 50 % of the total
Arctic area with a mean depth of approximately 100 m and plays an important role in sea ice
formation (Michel et al., 2006). Additionally, the Arctic Ocean includes the offshore Eurasian
and Amerasian Basin basins (> 4000 m depth), separated by the Lomonosov ridge, which are
perennially ice covered (Fig. 1).

Fig. 1. Bathymetry of the Arctic Ocean. Yellow circles and light blue colours indicate shelf areas, red circles
and dark blue colours indicate deep-water basins. AB = Amerasian Basin and EB = Eurasian Basin, separated by
the Lomonosov ridge (modified after Rudels, 2012).
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The Arctic sea ice extent varies between ~ 15 x 106 km2 in March (Fig. 2A) and ~ 5 x 106 km2
in September (Fig. 2B) (Arrigo, 2014) and thus represents one of the largest ecosystems that
encounter regular seasonal changes with a significant ecological and biogeochemical role
(Thomas & Dieckmann, 2002b). Besides the normal seasonal variation, sea ice extent and
thickness, especially in the summer months, are changing drastically due to the on-going
climate change (Kwok & Rothrock, 2009; Maslanik et al., 2011; IPCC, 2014). The summer sea
ice extent decreased by 45 % from 1980 with 7 - 7.5 x 106 km2 (Arrigo, 2014) to a new record
minimum in 2012 of 3.4 x 106 km2 (Parkinson & Comiso, 2013) (Fig. 2C). Especially the older
and thicker multi-year ice (MYI), which persists for more than one melt period, decreases in
an alarming rate (Maslanik et al., 2011; Comiso, 2012) and will be replaced by younger and
thinner first-year ice (FYI) (Kwok & Rothrock, 2009; Maslanik et al., 2011) (Fig. 2D).
Furthermore, a nearly ice-free Artic during summer season is likely to occur during the middle
of this century (IPCC, 2014).

Fig. 2. Monthly averages of Arctic sea ice extent. (A&B) Maximum sea ice extent during winter (A, March
2012) and summer (B, September 2012. Purple lines indicate the median extents during the period 1979 - 2000
(Perovich et al. (2012), http://www.arctic.noaa.gov/report12/sea_ice.html). (C) Annual sea ice extent (in millions
of km2 area of ocean with at least 15% sea ice coverage) of the years 2011 - 2014 (as separate lines) and as
average of the years 1981 - 2010 (grey area ± 2 standard deviation, http://nsidc.org/arcticseaicenews/charcticinteractive-sea-ice-graph). (D) Sea ice age in the first week of March 1988, 2010, 2011 and 2012, by satellite
observations
and
drifting
buoy
records
(Perovich
et
al.
(2012),
http://www.arctic.noaa.gov/report12/sea_ice.html, figures courtesy of J. Maslanik and M. Tschudi).
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Abiotic properties of sea ice
Sea ice formation starts in autumn when temperatures drop below the freezing point of
seawater. Seawater with a salinity of 34 PSU (practical salinity units) freezes at ~ -1.8°C
(Petrich & Eicken, 2010). During ice formation, ice crystals will form and rise towards the
surface where they coalesce into semiconsolidated grease ice which in turn will form the socalled pancake ice (Garrison et al., 1983). Additional freezing will turn the pancake ice into a
consolidated ice sheet. However, sea ice is not a solid block, but is permeated by a threedimensional brine channel system, with typical diameters of 200 µm (Weissenberger et al.,
1992) (Fig. 3A-D). During freezing, salt crystals are expelled from the water solution,
accumulate and form these small brine channels that are filled with hypersaline brine solution
(Eicken, 1992). Due to a complexity of different abiotic (Thomas & Mock, 2005) and physical
parameters (Eicken et al., 1991) with extreme gradients within the sea ice matrix (Thomas &
Dieckmann, 2002a), this habitat is a harsh environment that may exacerbate biological growth.
Based on abiotic parameters, the sea ice habitat can roughly be separated into the
upper or interior part of the sea ice and the bottom part. The interior sea ice is probably the
harshest environment (Arrigo, 2014). Although the top of an ice floe receives more light
compared with the other parts and thus enables photosynthesis, the other abiotic parameters,
like pores sizes and thus brine volume, temperature and salinity (Fig. 3B), restrict growth of
microalgae (Arrigo & Sullivan, 1992). Due to the correlation of these parameters (Fig. 3B),
brine channels are the smallest at the top of an ice flow with possible temperatures of around
-10°C and salinities of 150 PSU (Thomas & Dieckmann, 2002b; Thomas & Mock, 2005). Low
brine channel volumes also restrict nutrient exchange with the water column (Golden et al.,
1998; Golden et al., 2007). However, when temperatures rise in spring, brine channel salinities
decrease, their volumes increase and thus facilitate nutrient exchange enabling microalgae
growth and an upper ice community can be observed (Garrison et al., 2003; Mundy et al., 2011)
(Fig. 3).
In contrast to the interior ice habitat, the bottom part appears to be more inhabitable.
The bottom of the ice flow is in exchange with the water column, meaning that temperatures
are near the freezing point of seawater and salinities of around 35 PSU are common (Thomas
& Dieckmann, 2002a). Furthermore, the highest amounts of nutrients can be observed within
the bottom part of the ice, due to steady exchange with the water column (Arrigo, 2014).
However, light appears to be a limiting factor for phototrophic species. Only 1 - 5 % of the
incident irradiance (Fig. 3B) reaches the bottom part of the ice floe (Thomas & Dieckmann,
2002a). Low light conditions are even more pronounced when snow is covering the ice: snow
3
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coverage may have an intense impact on light transmission through the ice and can vary
between different ice floes (Perovich, 1990). In this case, only < 0.1 % of the incoming light is
available (Thomas & Dieckmann, 2002a). Overall, due to the more favourable abiotic
conditions at the bottom of the ice floe, the main sea ice algal community can often be found
in the lowest part of the ice floe (Manes & Gradinger, 2009).

Fig. 3. Scheme of an ice floe. (A) Location of different communities within the ice and inner structure of the
ice floe. (B) Vertical abiotic gradients (temperature (blue), salinity (red) and brine volume (purple), light intensity
(yellow)) and their correlation. At the bottom of the ice floe, temperature is at freezing temperature of seawater (1.8°C), salinity is ~ 35 PSU and the brine volume is the largest. Light intensity largely depends on snow coverage
and thus varies between < 0.1 % and 5 % of incoming light (Io) (modified after Thomas & Dieckmann (2002a)
and Arrigo (2014)). (C) Brine channel system (Weissenberger et al., 1992). (D) pennate diatoms within brine
channels (http://www.arctic.noaa.gov/essay_krembsdeming.html).
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1.2 Sympagic community
Phototrophs and heterotrophs
Despite these harsh conditions, sea ice serves as a suitable and sometimes favourable habitat
for a diverse and well-adapted community consisting mainly of unicellular algae and
heterotrophic bacteria or ciliates (Horner et al., 1992), but also for some copepods (Horner et
al., 1992; Thomas & Dieckmann, 2002b). During ice formation, microorganism such as
microalgae and other heterotrophic organisms are trapped within or at the surface of these ice
crystals (Garrison et al., 1983) and later enclosed within the ice. These organisms are mostly
passively incorporated into the sea ice (Eicken, 1992), thus, this inclusion is somehow by
chance, due to the fact that it depends on which species is present within the water column
during the time of frazil ice formation (‘seed community’).
It appears to be difficult to describe a ‘typical’ sea ice community, as it is not only
impacted by very different abiotic parameters (see above), but also by biotic parameters like
grazing. However, there are some typical phototrophic and hetero- or mixotrophic taxa that
can mostly be found. Typical phototrophs are the pennate diatoms Nitzschia, Pseudonitzschia,
Cylindrotheca, Navicula and Fragilariopsis (Booth & Horner, 1997; Mundy et al., 2011; Poulin et al.,
2011) and the sub-ice associated centric diatom Melosira arctica (Syvertsen, 1991; Gutt, 1995;
Booth & Horner, 1997; Ambrose et al., 2005; Poulin et al., 2011). Photosynthetic performance
of sea ice algae was shown to be tightly linked to abiotic parameters like sea ice temperature,
salinity and inorganic nutrient conditions (Manes & Gradinger, 2009). Additionally, ice
thickness (Granskog et al., 2005), structures and ice rafting (Babko et al., 2002) may impact the
sea ice biota by influencing the patchiness. Nevertheless, primary productivity of sympagic
phototrophs in the Arctic Ocean significantly contributes to the net carbon flux of the Arctic
Ocean (Comeau et al., 2013), although the annual primary production of sea ice algae (5 to 10
g C m-2 year-1) is lower than that of Arctic pelagic phytoplankton (12 to 50 g C m-2 year-1)
(Legendre et al., 1992; Gosselin et al., 1997). Due to a high variability in the sea ice algae
community and a high patchiness (Horner & Schrader, 1982; Gosselin et al., 1986; Ambrose et
al., 2005), ice-related primary production can have large spatial and temporal variability and
can become relatively more important in areas with dense ice coverage. It can cover up to
26% of the total annual primary productivity in seasonally ice-covered areas (FYI) and more
than 50% in perennial (MYI) ice-covered waters (Legendre et al., 1992; Gosselin et al., 1997).
Not only photosynthetic organisms, but also hetero- and mixotrophs are important
members of the sympagic community. A strong correlation between the abundance of
5
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pennate diatoms and ciliates in the Arctic sea ice indicate a predator-prey relationship
(Gradinger et al., 1992). Ciliates inhabiting the sea ice are often substrate oriented (Krembs et
al., 2000; Caron & Gast, 2010) and thus can typically be found within the sea ice matrix but
not in the plankton. However, a number of ciliates inhabit the sea ice, e.g. filter-feeding
tintinnid species and stromidiid ciliates, and at the same time are also members of the
plankton community of the same location (Garrison, 1991; Caron & Gast, 2010). A common
genus that can be found within the bottom sea ice and/or in the sub-ice water column is
Strombidium (Michel et al., 2002; Niemi et al., 2011). Other hetero- and mixotrophic members
of the sympagic community are dinoflagellates. This group is well studied due to large cell
sizes and high abundances. Typical dinoflagellate genera associated to Arctic sea ice are
Gymnodinium, Karlodinium, Protoperidium and Gyrodinium (Michel et al., 2002; Comeau et al., 2013;
Kilias et al., 2013). Another heterotrophic group within sea ice and polar waters is the
Cercozoa. The cercozoan genus Cryothecomonas was previously found in sea ice communities by
several molecular studies (Lovejoy et al., 2006; Bachy et al., 2011; Majaneva et al., 2012; Thaler
& Lovejoy, 2012; Comeau et al., 2013).
Seasonal cycle
The Arctic sympagic community underlies a strict seasonal cycle. During the long phase of
light limitation (Polar night) the abundance of photosynthetic species and thus primary
production is drastically decreased (Bachy et al., 2011). A study conducted during winter in the
Baltic Sea based on the 18S gene showed that diatoms had lower abundances than estimated
due to microscopic investigations, and that heterotrophs like ciliates, dinoflagellates and
cercozoans had a by far higher abundance within the sea ice than previously thought
(Majaneva et al., 2012). Furthermore, sampling right after the Polar night in the central Arctic
in April resulted in the observation of high abundances and diversities of alveolates in sea ice
and the sea ice horizon (Bachy et al., 2011). However, some species like Nitzschia frigida are
able to persist within the sea ice under low light conditions (Gosselin et al., 1985; Niemi et al.,
2011). Such species might use a dormancy survival strategy with low metabolic rates, reduced
pigments and elevated carbon reserves (Niemi et al., 2011). In late March to early April,
minimum light values of ~ 2 - 9 µmol m-2 s-1 initiate phototrophic production (Horner &
Schrader, 1982; Gosselin et al., 1985; Gosselin et al., 1986) and thus phototrophic species
thrive within the sea ice and form a bloom during the summer period with a peak in June and
July (Wassmann & Reigstad, 2011) (Fig. 4A). During a blooming event, phototrophs appear
the to be the most abundant part of the sympagic community (Poulin et al., 2011; Comeau et
6
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al., 2013; Kilias et al., 2013). Such ice algal blooming events may be comparable to
phytoplankton blooms in terms of duration but have a lower total production and biomass
compared with their phytoplankton counterpart (Leu et al., 2011).
At the beginning of the ice melt by the end of June, phototrophs sink into deeper
water layers by vertical export (Wassmann & Reigstad, 2011) and might act as a seed
population for a later phytoplankton bloom (Kuosa et al., 1992; Haecky et al., 1998). When
melting proceeds, fresh water will thrive the stratification of the surface water and at the end
of the summer period the nutrient concentration within these waters decreases and the
biomass declines (Wassmann & Reigstad, 2011). Additionally, the amount of heterotrophic
species starts to increase due to higher food availability and thus grazing events further
decrease the phytoplankton and ice algal blooms (Fig 4A). As a result, the phototrophdominated summer sea ice community again shifts towards a heterotrophic community during
winter (Gradinger et al., 1992; Poulsen & Reuss, 2002; Bachy et al., 2011; Wassmann &
Reigstad, 2011; Majaneva et al., 2012).
Climate change will extend the ice-free period in the Artic: ice melt will start earlier
inducing an earlier bloom of ice algae and phytoplankton (Kahru et al., 2011; Perrette et al.,
2011) that likely will decrease nutrient concentrations faster and the heterotrophic phase will
probably remain longer (Wassmann & Reigstad, 2011) (Fig. 4B). This scenario also has
implications for reproduction cycles of grazers and higher trophic levels (Leu et al., 2011) and
for carbon cycling mechanism into the deep sea, leading to a removal of carbon and nutrients
from the surface waters (e.g. Boetius et al. (2013)).

7
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Fig. 4. Seasonal changes in blooming events of sympagic communities. (A) seasonal cycle under presentdays climate and ice conditions. (B) future scenario with thinner ice in winter and longer melting in summer.
Green colours indicate biomass from phototrophs whereas red colours illustrate biomass from heterotrophs. Size
and colour of the arrows illustrate the amount and source of vertically exported organic matter (dark green =
carbon from ice algae, light green = carbon from phytoplankton, orange and red = amount of detritus)
(Wassmann & Reigstad, 2011).

Another change observed in the Arctic Ocean is the replacement of MYI by FYI
(Kwok & Rothrock, 2009; Maslanik et al., 2011; Comiso, 2012). Lange et al. (2015) and
Melnikov et al. (2002) showed that chlorophyll a biomass or production did not differ
significantly between MYI and FYI. Furthermore, Lange et al. (2015) also showed that
underrepresented MYI regions with low snow coverage featured the highest amounts of
chlorophyll a concentrations. They postulate that, although the phototrophic production of
FYI is likely to increase with climate change due to thinner ice and thus higher light intensities
and higher ice melt (Wassmann & Reigstad, 2011), the higher primary production might not
compensate for the higher vulnerability of FYI compared with MYI. Rather could these
vulnerabilities result in an earlier termination of a sea ice algal bloom (Leu et al., 2011;
Wassmann & Reigstad, 2011) (Fig. 4B) due to photoinhibition and/or rapid melt (Lavoie et al.,
2005; Campbell et al., 2015). In contrast, MYI is less vulnerable to such changes and hence
might exhibit a less intense sink out of algal biomass (and thus higher primary production)
over a longer period (Lange et al., 2015). The loss of MYI might therefore be more severe than
previously thought.
8
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1.3 Molecular analyses
Sympagic communities are often patchy and difficult to describe by methods like light
microscopy or high performance liquid chromatography (HPLC). Especially diatoms are
sometimes hard to identify due to a lack of morphological traits and thus might escape
classical counting methods. Other species, like dinoflagellates, might escape methods based on
photosynthetic pigments (i.e. HPLC) due to the lack of chloroplasts. Furthermore, several sea
ice algal species are difficult to culture, causing the estimation that uncultivated
microorganisms might comprise more than 99 % of the community (Lopez-Garcia et al., 2001;
Moon-Van Der Staay et al., 2001). Thus, there is a large potential to investigate sympagic
communities by more advanced molecular tools that would also include the yet unknown
cryptic diversity.
In the last decade, molecular methods became more advanced and available, especially
for large scale sequencing approaches. By this, it is now possible to identify the biodiversity of
populations and their ecosystem functions (Beja et al., 2002). A first approach to describe the
biodiversity of communities can often be done by analysing the 18S ribosomal RNA (rRNA)
gene to construct phylogenetic relationships between species, whereas functions of different
species can be revealed by extracting total RNA and performing transcriptomic or
metatranscriptomic analyses. Both approaches were used in the present study and will be
described in the following paragraphs.
Biodiversity: rDNA vs. rRNA
To investigate the biodiversity and systematic of a community, different marker genes like the
nuclear-encoded small ribosomal subunit (SSU 18S) and the large ribosomal subunit (LSU
28S), the plastid encoded large subunit of RubisCO (rbcL) and the mitochondrial cytochrome c
oxidase 1 (coxI) have been previously used (Pniewski et al., 2010). The 18S rRNA gene is
functionally stable and evolved independently of morphology (see references in Pniewski et al.
(2010)). Additionally, the SSU 18S rRNA gene is part of essential ribosomal functions (Moore
& Steitz, 2002) in different species. The V4 region of the SSU 18S is the largest and most
complex of the hyper variable regions with a size of 230 bases (for most eukaryotes) to about
520 bases in several protists (Nickrent & Sargent, 1991) and was shown to be a suitable
barcode for eukaryotic biodiversity studies (Zimmermann et al., 2011; Pernice et al., 2013).
Thus, the SSU 18S rRNA gene is mostly used to construct environmental 18S libraries for
diatoms (Beszteri et al., 2001; Medlin & Kaczmarska, 2004; Sorhannus, 2004), marine plankton
9
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communities (Lopez-Garcia et al., 2001; Massana et al., 2002; Valentin et al., 2005; Medlin et al.,
2006; Kilias et al., 2014b), but also for sympagic communities (Eddie et al., 2010; Bachy et al.,
2011; Majaneva et al., 2012; Comeau et al., 2013).
Typically, molecular diversity is determined by the sequencing of polymerase chain
reaction (PCR) amplicons from 18S rRNA genes using environmental DNA as a template.
This approach identifies the ‘total biodiversity’, which includes cells that also contain DNA
but may not be active or are in resting stages (Hansen et al., 2007), i.e. there is a bias towards
potentially non-active cells. To reveal the microbial diversity and at the same time the activity
in communities it is therefore beneficial to also directly use the rRNA to target the ribosomes
and thus have a proxy for the diversity and the potential metabolic activity of the species
(Poulsen et al., 1993; Blazewicz et al., 2013), i.e. the ‘active biodiversity’. A higher concentration
of RNA might indicate a higher amount of ribosomes within specific groups, what in turn can
indicate a potential higher active protein synthesis (Poulsen et al., 1993; Not et al., 2009;
Blazewicz et al., 2013). RNA studies thus have advantages over DNA studies by reducing the
bias of high gene copy numbers of certain taxa and the bias from extracellular (Nielsen et al.,
2007), dormant or dead DNA (Hansen et al., 2007). Although this seems to be a powerful tool
to improve our knowledge about community structures, only a few studies have included
RNA analysis into their marine eukaryotic community studies (Stoeck et al., 2007; Not et al.,
2009; Koid et al., 2012; Charvet et al., 2014) and only one was conducted using sea ice
assemblages (Majaneva et al., 2012).
Taxonomic affiliation of species can be based on similarity to known sequences, e.g. as
implemented in ‘Quantitative Insights Into Microbial Ecology’ (QIIME) (Caporaso et al.,
2010), or based on the affiliation to known taxa in phylogenetic trees, e.g. as implemented in
the PhyloAssigner pipeline (Vergin et al., 2013). It was shown that with the current average
length of the 454 or Illumina sequencing of approximately 400 bp, phylogenetic methods
offer an advantage over similarity-based methods by assessing the relatedness among various
groups of sequences by placing unknown sequences or operational taxonomic units (OTUs)
into a phylogeny (Taib et al., 2013). By this, they offer a detailed view on rare taxa and
complex communities. At the same time, phylogenetic methods require a carefully curated
guide tree and much more computing time. Therefore, most studies in the past only used
similarity-based methods; using such methods for very large datasets, e.g. from next
generation sequencing approaches, for filtering out subsets of the data can help reducing
computing requirements.
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Transcriptomics
Transcriptomic and especially metatranscriptomic analyses shed light on metabolic processes
and general functions within a community or an isolate during the time of sampling. Since
sympagic communities are exposed to extreme abiotic parameters, sympagic species require
special adaptations to thrive within these conditions, which were subject to several
comprehensive studies/reviews (Ackley & Sullivan, 1994; Helmke & Weyland, 1995; Kirst &
Wiencke, 1995; Staley & Gosink, 1999; Lizotte, 2001; Thomas & Dieckmann, 2002b; Arrigo,
2014). Especially temperature is expected to change in the future due to climate change
(IPCC, 2014). Up to now, only a few studies investigated the effect of temperature on gene
expression in Antarctic (Hwang et al., 2008) and Arctic (Mock & Valentin, 2004; Mock &
Hoch, 2005) microalgae species to predict how species will react when exposed to changing
temperatures. It was shown that a key mechanism in surviving in highly variable ecosystems
(e.g. the sea ice ecosystem) is to adapt photosynthesis to these conditions (Petrou et al., 2011).
Furthermore, several microalgae showed enhanced photosynthesis and growth after exposure
to moderate elevated temperature (Mock & Hoch, 2005; Hare et al., 2007; Hwang et al., 2008;
Feng et al., 2009; Torstensson et al., 2012; Lund-Hansen et al., 2014).
Conducting temperature experiments and investigating gene expression patterns of
species will provide important information of physiological limits and adaptation or protection
potentials. Thermal stress can severely impact metabolic processes in plants and marine algae
in several ways. One possible implication can be protein dysfunction caused by protein
degradation or aggregation, which can be prevented, attenuated or repaired by heat-shock
proteins (Hsps). Hsps mostly assist protein refolding during different metabolic processes but
also during stress conditions (Lindquist & Craig, 1988; Hendrick & Hartl, 1993; Parsell &
Lindquist, 1993). Furthermore, thermal stress often leads to the formation of reactive oxygen
species (ROS). ROS is an important member of signalling cascades by specific oxidation of
proteins (Guo et al., 2009) and is also in equilibrium with antioxidant compounds in plant cells
(Balmer et al., 2004). However, an excess amount of ROS, e.g. superoxide or hydrogen
peroxide, results in oxidative degradation of biomolecules such as nucleic acids, lipids and
proteins (Apel & Hirt, 2004) and can cause oxidative stress (Foyer & Noctor, 2005). Previous
studies conducted on different marine macroalgae and diatoms showed an induction of ROS
scavenging proteins genes and Hsp transcripts to cope with the excess amount of ROS caused
by thermal stress (Roeder et al., 2005; Collén et al., 2007; Hwang et al., 2008; Heinrich et al.,
2012).
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Sequencing metatranscriptomes, which includes transcriptomes of several species,
provides precise information of the in situ community, as only expressed gene transcripts of
enzymes active within the community at the time of sampling are analyzed (Helbling et al.,
2012). Thus, this method enables the investigation of metabolic functions of different species
within the community and at the same time help to predict changes in ecosystem functions in
the Arctic Ocean. Recently, several environmental metatranscriptomes of diverse marine
communities were published (Helbling et al., 2012; Marchetti et al., 2012; Toseland et al., 2013;
Cooper et al., 2014; Kopf et al., 2015; Pearson et al., 2015; Steglich et al., 2015), but only two
included metatranscriptomes of Polar communities (Toseland et al., 2013; Pearson et al., 2015).

1.4 Objectives of the thesis
Sea ice of the Arctic Ocean will be affected by the on-going climate change. Based on the
latest assessment report of the Intergovernmental Panel on Climate Change (IPCC), the Arctic
Ocean is likely to be nearly ice-free during summer in the middle of this century. This will also
critically affect the sympagic community. To gain a better understanding of the diverse
sympagic community and its functions and to investigate potential changes occurring with
climate change, the aim of my PhD thesis is to provide a comprehensive overview of the
Arctic sea ice community based on molecular methods. Furthermore, I want to analyse the
metabolic potential of sympagic communities. For this, I sampled sea ice from different
locations and ice types from the central Arctic Ocean during summer 2012. First, different
18S libraries were prepared to investigate the sympagic community in more detail. Until now,
little is known about the species composition within the sea ice and no studies investigated
which species are active within this community.
Furthermore, this thesis aims to evaluate which species actively contribute to the
community by which functions. Thus, high and low temperature stress experiments with a
high abundant sea ice species directly isolated from the ice were conducted. The produced
physiological and transcriptomic data help to investigate the thermal boundaries of the sea ice
diatom species. Herewith, it is not only possible to evaluate the effect of present day
conditions on the physiology and gene expression, but also to observe the effect of future
climate change scenarios and possible acclimation processes of these species to changing
temperatures. Thus, the molecular data obtained by this study help to obtain important
insights into the characterisation of molecular processes underlying physiological acclimation
in response to temperature stress of a particular sea ice diatom.
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Furthermore, each organism of the sympagic community contributes to the
community by metabolic functions, since communities always are diverse networks of intraand interspecific processes. Consequently, three metatranscriptomic analyses were carried out
to enable the investigation of in situ gene expression patterns of the whole community. All
together, this is a starting point for further investigations of the metabolic potential of the
sympagic community functions.
Particularly, the present thesis addresses the following research questions / aims:
1. Which species are present within the ‘total’ (rDNA-based) and ‘active’ (rRNA-based)
part of the community and do they differ between first-year ice (FYI) and multi-year
ice (MYI)? à Publication I & II
1. How does a typical Arctic sea ice diatom cope with high and cold temperature stress
on a physiological and molecular level and is it able to acclimate within a short amount
of time? à Publication III
2. Produce metatranscriptomes of sympagic community to reveal ecosystem functions
and metabolic potential of the community and use these metatranscriptomes as basis
for further studies à Publication IV
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Abstract
Sea ice is a large and diverse ecosystem contributing significantly to primary production in icecovered regions. In the Arctic Ocean, sea ice consists of mixed multi-year ice (MYI), often
several metres thick and thinner first-year ice (FYI). Current global warming is most severe in
Arctic regions; as a consequence, summer sea ice cover is decreasing and MYI is disappearing
at an alarming rate. Despite its apparent hostility, sea ice is inhabited by a diverse microbial
community of bacteria and protists, many of which are photosynthetic. Here we present an
assessment of eukaryotic biodiversity in MYI and FYI from the central Arctic Ocean using
high-throughput 454 sequencing of 18S rRNA and rDNA amplicons. We compared the
rDNA-based ‘total’ biodiversity with the ‘active’ biodiversity from rRNA amplicons and
found differences between them including an over-representation of Ciliophora, Bicosoecida
and Bacillariophyceae operational taxonomic units (OTUs) in the active part of the
community. Differences between the two libraries are more pronounced at the lower
taxonomic level: certain genera, such as Melosira, are more abundant in the rRNA library,
indicating activity of these genera. Furthermore, we found that one FYI station showed a
higher activity of potential grazers which was probably due to the advanced stage of melt
evident by higher ice temperatures and highly porous ice compared with the other stations.
Short running title: rRNA / rDNA based Arctic sea ice biodiversity

Key words: 18S rDNA, 18S rRNA, 454 sequencing, alveolates, Arctic Ocean, diatoms, sea ice
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2.1 Introduction
Sea ice appears to be a hostile habitat with respect to its abiotic properties. Nevertheless, a
diverse sympagic (i.e. ice associated) community thrives within the sea ice matrix, contributing
significantly to primary production, to net carbon flux of the Arctic Ocean (Comeau et al.,
2013), and representing an important energy source for higher trophic levels. Gosselin et al.
(1997) found that sea ice algae from first-year ice (FYI) and multi-year ice (MYI) in the central
Arctic Ocean, on average, contributed 57 % of the total primary production. However, the
annual primary production of sea ice algae (5 to 10 g C m-2 year-1) is low compared with Arctic
pelagic phytoplankton (12 to 50 g C m-2 year-1) (Legendre et al., 1992; Gosselin et al., 1997).
Ice-related primary production can have large spatial and temporal variability and may be
more important in areas with dense ice coverage. The on-going shift from older, thicker MYI
towards younger, thinner FYI (Kwok & Rothrock, 2009; Maslanik et al., 2011) observed in the
Arctic Ocean will have a pronounced impact on sea ice-related primary production. MYI has
different physical characteristics than FYI, but more importantly MYI comprises two different
ice types: (1) older ice corresponding to the upper portion, which has survived at least one
previous melt season and which is representative of the multi-year component; and (2)
younger ice corresponding to the bottom portion, which has formed since the previous year’s
melt season and therefore is similar to first year ice (Perovich, 2011). Different bacterial
communities have been found to reside within these different components of MYI (Hatam et
al., 2014). Therefore, it is likely that there are also differences in the protist communities
within MYI and between MYI and FYI.
It remains difficult to describe a ‘typical’ sea ice community as it can be impacted by
several environmental variables (e.g. abiotic, grazing pressure, seasonal changes) or by the
species composition present within the water column during ice formation. During this
process, microorganisms can be passively trapped within or at the surface of these ice crystals
(Garrison et al., 1983; Eicken, 1992) and later they are enclosed within the sea ice matrix
(Arrigo et al., 2010). During winter, the abundance of photosynthetic species, and thus primary
production, decreases drastically (Bachy et al., 2011) resulting in a community dominated by
non-photosynthetic organisms (Bachy et al., 2011; Majaneva et al., 2012). However, as soon as
light levels begin to increase in springtime, phototrophic species thrive and may form bloom
communities by late-spring to early-summer (see Arrigo, 2014). The decline of this bloom is
accompanied by increased grazing pressure of heterotrophs, indicating a post-bloom situation
(Wassmann & Reigstad, 2011).
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In addition to seasonal changes, the sea ice physical environment itself is a highly
variable system on all spatial scales, which has an influence on the distribution of sea ice
communities (Vancoppenolle et al., 2013; Arrigo, 2014). Snow cover, and thus light
transmission, significantly influences the distribution of phototrophic sea ice inhabitants,
especially during spring and early summer (Perovich, 1990; Rysgaard et al., 2001; Granskog et
al., 2005). Other physical properties can also play an important role in structuring sea ice
communities, such as ice thickness (Granskog et al., 2005) and variations in ice structure
associated with ice rafting (Babko et al., 2002).
In the past, many studies investigated the diversity of sea ice assemblages by light
microscopic surveys and cell counts (Booth & Horner, 1997; Gradinger, 1999; Melnikov et al.,
2002; Mundy et al., 2011; Niemi et al., 2011) and/or flow cytometry (Mundy et al., 2011).
However, some species might be difficult to identify due to their small size, paucity of
morphological traits and sometimes absence of plastids (not detectable by methods based on
photosynthetic pigments, e.g. HPLC), resulting in an incomplete view of the biodiversity.
More recently, high-throughput sequencing techniques have enabled the acquisition of more
detailed information about the structure of communities (Bik et al., 2012). Until present, there
are only a few studies investigating the protist communities in sea ice by molecular methods
(Eddie et al., 2010; Bachy et al., 2011; Poulin et al., 2011; Majaneva et al., 2012; Comeau et al.,
2013; Piwosz et al., 2013).
In this study, we investigated sympagic protist communities in sea ice cores from four
different regions of the central Arctic Ocean using 454 sequencing of the 18S rDNA and the
18S rRNA, and compared the biodiversity of FYI and MYI. We were also interested in
comparing the total (as assessed by rDNA sequences) vs. active (rRNA based) part of the
protist communities, as these approaches for other habitats have been shown to reveal more
detailed information on the biological activity of individual phyla (Stoeck et al., 2007; Logares
et al., 2014). Clustered operational taxonomic units (OTUs) were taxonomically classified using
both, a method based on sequence similarity characteristics and a method based on
phylogenetic relationships.
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2.2 Material and Methods
Sampling
Sea ice algal community samples were taken at four different ice stations (FYI: 237, 255,
277, MYI: 360, Fig. 1) during the expedition ARK-XXVII/3 (PS80/3) of RV Polarstern to
the central Arctic Ocean from 2 August to 10 October 2012. We have used the original
cruise station numbers as assigned on board according to RV Polarstern conventions for the
sake

of

traceability;

additional

station

information

has

been

deposited

at

http://doi.pangaea.de/10.1594/PANGAEA.792734. Ice cores with a diameter of 9 cm
were extracted with a Mark II Coring System (Kovacs Enterprises, Roseburg, Oregon,
USA). At each station, three ice cores were sampled and processed for salinity,
temperature, texture and density. Ice temperature measurements were conducted on
texture cores immediately after extraction. Texture and density cores were stored at -20 ºC
for later analyses. Immediately after extraction, the salinity cores were melted on the ship
and analyzed for salinity using a conductivity meter (WTW 3300i, WTW WissenschaftlichTechnische Werkstätten GmbH, Weilheim, Germany).

Fig. 1. Locations and dates of the four ice stations sampled in the central Arctic Ocean between the 2 August
and 10 October 2012. Red dots indicate first-year ice (FYI) stations 237, 255 and 277. Blue dot indicates the
multi-year ice (MYI) station 360.
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Within 1 m of the above cores, two cores were drilled adjacent to each other for RNA and
DNA extraction. Both were cut into 0.1 m sections and immediately transported to the
ship for further processing. The RNA cores were sampled last and processed first to avoid
degradation of the RNA and changes in the expression rates. Ice sections were crushed
manually, filled with 0.1 L (per 0.1 m of ice core) seawater with a salinity of 70 PSU to
avoid osmotic stress of the algae, pooled and melted at room temperature with occasional
shaking. After melting, the complete ice core was filtered on 1.2 – 2.0 µm IsoporeTM
polycarbonate membrane filters (1.2 µm RTTP, 2.0 µm TTTP, Merck Millipore,
Schwalbach, Germany) to collect the protist community. Replicate filters were taken from
each DNA and RNA ice core. RNA filters were stored in liquid nitrogen until further
analyses. The DNA cores were processed in the same way except that they were melted at
4°C for 1-2 days.
Abiotic properties
Density measurements were done by first calculating the volume V of each piece
(

) and afterwards the density ρ (

). In some instances, calculated density

values were greater than the expected theoretical ice density value of 917 kg m-3 (Yen et al.,
1991). These values were replaced with the theoretical density value in further calculations.
This was likely due to refreezing of seawater or brine along the outside of the core resulting
in the overestimation of mass and thus density. Brine volume Vb estimates were calculated
from the measured temperature and salinity values using equations in Cox & Weeks (1983)
and Yen et al. (1991). The relative air volume Va/V, hereafter referred to as porosity, was
calculated following equations in Cox & Weeks (1983).
Satellite-derived sea ice concentration data were acquired from the University of
Bremen for each corresponding sampling date (http://www.iup.physik.uni-bremen.de/;
Spreen et al., 2008, updated). Sea ice concentrations are reported as the average calculated
over a 9 grid cell square (~380 km2), with the ice station at the centre cell. Distance to the
ice edge was calculated for each ice station by measuring the distance from the ice station
to the closest point/grid cell where large open water areas were present (e.g. grid cells < 15
%).
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RNA extraction
Total RNA was extracted from pooled replicate filters of the same ice core. Filters were
washed with 1 mL of 65°C pre-warmed TRI Reagent® (Sigma-Aldrich, Munich, Germany)
before adding glass beads to disrupt cells mechanically for 30 s with a beadbeater. Samples
were incubated 5 minutes at 65°C, treated a second time for 30 s in the beadbeater and
then centrifuged at 13000 rpm for 5 min. Purification of RNA from the extracts was
carried out following the manufacturer’s protocol of the Direct-Zol RNA MiniPrep kit
(Zymo Research, Freiburg, Germany) with an additional DNase I digestion (Zymo
Research, Freiburg, Germany) step for 20 min at 35°C. Concentration and purity of the
extracted RNA was quantified spectrophotometrically with a NanoDrop ND-1000
spectrometer (Thermo Fisher Scientific, Wilmington, Delaware, USA). When required, the
RNA was further purified with the RNeasy MinElute Cleanup kit (Qiagen, Hilden,
Germany). The quality of the extracted RNA was verified by a RNA Nano Chip Assay with
the 2100 Bioanalyzer device (Agilent Technologies, Böblingen, Germany). Only nondegraded RNA samples of high concentration and without contaminations were used for
further analyses.
DNA extraction
Total DNA was extracted using DNeasy Plant Mini kit (Qiagen, Hilden, Germany)
following the manufacturer’s protocol with an additional mechanical 10 s cell disruption
step using glass beads and an additional proteinase K (AmpliChem, Darmstadt, Germany)
digestion step during the RNase A (Qiagen, Hilden, Germany) digestion. The isolated
genomic DNA was analyzed and visualized by gel electrophoresis in 1 % TAE agarose. All
samples that showed large (> 10000 bp) non-degraded fragments were used for further
analyses.
Reverse transcription and full-length 18S amplification
Single-stranded cDNA was produced using a SuperScript III Reverse Transcriptase kit
(Invitrogen, Darmstadt, Germany) with an initial concentration of approximately 100 ng of
template RNA. The manufacturer’s protocol was modified as follows: incubations were
conducted at 37°C and 42°C, each for 45 min, followed by the addition of 1 µL of fresh
SuperScript III RT, an additional incubation at 50°C and 55°C, both for 30 minutes, and a
final incubation step at 37°C for 20 minutes with 1 µL of RNase H (Invitrogen, Darmstadt,
Germany). Immediately after cDNA synthesis, samples were purified using a MinElute
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PCR purification kit (Qiagen, Hilden, Germany). The concentration of each sample was
again quantified spectrophotometrically (NanoDrop ND-1000). The 18S gene was then
amplified by PCR in 50 µL total volume, with both cDNA and DNA as templates, as
follows: 10 mmol/dNTP dNTP mix (Qiagen, Hilden, Germany), 10 µmol/L F and R
primer (Eurofins MWG Operon, Ebersberg, Germany), 10x Taq polymerase buffer, 5 U
µL-1 Hot Master Taq Polymerase (5’ Prime, Hamburg, Germany), and 1 µL template DNA
(10 ng µL-1). Cycling conditions were: an initial denaturation at 94°C for 5 min, followed by
35 cycles of denaturation at 94°C for 1 min, annealing at 58°C for 2 min, elongation at
72°C for 2 min, and a final elongation at 72°C for 10 min. The primers 1F (5’AACCTGGTTGATCCTGCCAGT-3’)

and

1528R

(5’-

TGATCCTTCTGCAGGTTCACCTAC-3’) (Medlin et al., 1988) were chosen to amplify
the complete gene. The amplified gene was visualized by gel electrophoresis and products
were excised and purified from agarose residuals using a PeqGold Gel Extraction kit s-line
(Peqlab, Erlangen, Germany).
18S PCR with specific adaptor-barcode-primer
From each of the excised 18S full-length amplicons, a smaller amplicon with a size of
approximately 400 - 600 bp was amplified. During this amplification, adaptors and specific
Multiplex Identifiers (MIDs) to allow multiplexing of multiple samples in the Pico Titer
Plate (PTP) of the 454 sequencer were incorporated into the amplicons. PCR biases
(unequal amplification/primer efficiencies) or PCR errors (sequences artefacts due to
chimeras or nucleotide errors incorporated by the Taq polymerase) may artificially increase
diversity estimates (Acinas et al., 2005). To minimize these potential biases, each PCR was
performed in triplicates which were pooled prior to the sequencing procedure (Bik et al.,
2012). PCR reaction mix and cycling conditions were used as described above except that
we used primers 528F (5’-GCGGTAATTCCAGCTCCAA-3’) (Edgcomb et al., 2002) and
1055R (5’-ACGGCCATGACCACCACCCAT-3’) (Elwood et al., 1985) with incorporated
MIDs and adjusted annealing temperature to 75°C. The PCR products were analyzed by
agarose gel electrophoresis. Products with the correct size were excised and purified using a
PeqGold Gel Extraction kit s-line.
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454 sequencing
The barcoded and purified amplicons were purified a second time by Agencourt®
AMPure® XP PCR purification (Beckman Coulter, Krefeld, Germany) following the
manufacturer’s protocol to completely remove small fragments. PCR products were
quantified spectrophotometrically by a NanoDrop ND-1000, and the triplicates were
pooled in an equimolar ratio. The quality of the DNA was again verified using a High
Sensitivity DNA Assay and the 2100 Bioanalyzer device (Agilent Technologies, Böblingen,
Germany). To quantify the amount of template DNA for sequencing, the concentration of
double-stranded DNA was determined using the ultrasensitive fluorescent Quant-iT

TM

PicoGreen® (Life Technologies GmbH, Darmstadt, Germany) according to the
manufacturer’s protocol. The emulsion PCR was performed with 0.7 molecules per bead
following the Lib-L manufacturer’s protocol (Roche, Branford, Germany). Sequencing was
carried out using a GS Junior Titanium Series sequencer (Roche, Mannheim, Germany).
rRNA and rDNA samples were sequenced separately in two runs (i.e. four samples on each
run).
Bioinformatics
The raw reads (stored in Standard Flowgram Format, sff) were first demultiplexed by using
Roche gsSeqTools and then analyzed by an in-house pipeline, which wraps and connects
QIIME (Quantitative Insights Into Microbial Ecology) scripts (version 1.6) (Caporaso et al.,
2010) to form a full analysis workflow. The demultiplexed raw files were first converted
into sequence fasta files and corresponding quality files. Afterwards, the sequences were
preprocessed to improve quality: the barcodes and forward primers were removed and the
sequences trimmed at the first occurrence of an ambiguous base or a homopolymer
exceeding a length of six bases. The sequence was cut/trimmed at first position of the
reverse primer. Any sequence with a length less than 200 bp or an average phred quality
value less than 25 was discarded. Denoising was not performed, due to the fact that this
process might erroneously alter sequences to adapt them to a denoising cluster
representing sequence, which can potentially lead to the loss of rare sequence variants
(Gaspar & Thomas, 2013). After quality control, the mean read length was approximately
520 bp and approximately 60 % of the sequences remained. OTU clustering was done by
USEARCH (version 5.2.236) (Edgar, 2010) at a sequence similarity level of 98 %. All
sequencing reads from both rDNA and rRNA samples were clustered together in order to
ensure traceability of OTUs across all samples. Checking for and exclusion of chimeras was
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done with the UCHIME algorithm (Edgar et al., 2011), included in the USEARCH
package by using de novo and reference-based chimera detection (reference data set built by
Wolf et al., 2014). The intersection of the chimera checked sequence sets obtained by both
methods were kept for further processing. A minimum of four sequences per cluster was
required to keep it as OTU. The longest sequence of each cluster was selected as the OTU
representative sequence for assigning taxonomy. The taxonomic identification was based
on the Ribosomal Database Project (RDP) Classifier (version 2.2) (Wang et al., 2007) with a
confidence threshold of 0.8. We used the SILVA (Pruesse et al., 2007; Quast et al., 2013;
Yilmaz et al., 2014) SSURefNR (www.arb-silva.de, version 111) sequence set as taxonomic
reference, which was pruned to only contain eukaryotic sequences and clustered at a
similarity

level

of

97

%

to

reduce

computational

costs

(ftp.microbio.me/pub/QIIME_nonstandard_referencedb/Silva_111.tgz). The Shannon
biodiversity index and the rarefaction curve were generated by a QIIME workflow script
for alpha diversity. The script computes alpha diversity (in this case Shannon index) for
each sample and collates the results to generate alpha diversity rarefaction plots (in this case
based on observed species). Trophic affiliation of OTUs as phototroph, heterotroph,
mixotroph, parasitic and unknown was done based on a literature search and is included
into the OTU table (see section data availability).
Due to the expected higher accuracy of phylogeny-based methods over similaritybased methods, we decided to use the similarity-based RDP program solely for a
preliminary classification. For accurate classification of selected sequences the phylogenybased PhyloAssigner pipeline (version 6.166) (Vergin et al., 2013) was applied. This pipeline
aligns sequences to a reference multiple sequence alignment and involves pplacer (version
1.1) (Matsen et al., 2010) to place them upon a fixed rooted phylogenetic backbone tree
using a maximum likelihood phylogenetic placement algorithm. Following this concept, all
OTU sequences predicted by RDP to be Bacillariophyceae or Alveolata were extracted and
analyzed in more detail by PhyloAssigner. The required reference set, which consists of a
tree and a corresponding alignment, was achieved by selecting sequences from the SILVA
alignment and filtering the SILVA guide tree using ARB (version 5.5) (Ludwig et al., 2004).
The reference set for Bacillariophyceae was built using 1390 diatom sequences and 196
other Stramenopile sequences as outgroup. The Alveolata reference set was built based on
2504 sequences with 28 Chloroplastida sequences as outgroup. To ensure a conservative
taxonomic assignment of a certain OTU sequence, PhyloAssigner uses the last common
ancestor (LCA) node of the most likely sequence placement positions up to a cumulative
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likelihood weight cut-off of 0.9 for taxonomic placement. To assign taxonomy to an OTU
sequence placed at its respective LCA, which might be an inner node without its own
taxonomic information, the full taxonomic strings of all tree leaves below the LCA node
were extracted and the common prefix string was used as a taxonomic assignment.
For OTUs classified by QIIME (similarity-based) as Bacillariophyceae and
Alveolata, a heatmap of OTU abundance ratios in the rRNA vs. rDNA samples was
plotted with the R software (version 3.0.2, package: gplots, default parameters). For this, all
OTU counts for both groups were first normalized against total read counts per sample
(see Table 1 for number of reads per sample). Normalized rDNA abundances of OTUs
with a count of 0 in rDNA samples were set to the smallest value of rDNA samples found.
The highest ratios ranked by the sum of rRNA/rDNA ratios across each sample were then
plotted in a heatmap with an attached dendrogram from complete linkage hierarchical
clustering of euclidean distances to visualize the most striking differences between rRNA
and rDNA OTU abundances. R-scripts, OTU-count data and further QIIME analysis
results, including configuration details, are provided to the public, see data availability
section.
Table 1. QIIME output for the different stations and sample type. a) Summary of recovered reads before and
after processing. b) Shannon biodiversity index.
237

255

277

360

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

total

raw reads

48658

39328

51489

39912

46804

56990

84325

67322

434828

reads after quality clipping
reads
after
OTU
clustering

31522

17725

34876

22358

28411

33997

54825

38252

261966

22255

12030

28879

16029

23884

26097

40310

28878

198362

427

438

402

442

298

412

447

465

714

diatom reads per sample

14709

8376

20595

12597

4628

10627

37284

10491

119307

alveolate reads per sample

4416

2717

2741

1017

5780

8290

1481

365

26807

6.6

7.1

5.9

6.8

5.4

6.1

6.0

6.2

A)

OTUs

B)
Shannon index
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Abiotic properties
The FYI stations 237, 255 and 277 had sea ice surface ‘scattering’ layers, which consisted of
deteriorated sea ice that was characterized by an unconsolidated granular structure and
could closely resemble wet snow (Table 2). MYI station 360 had no obvious scattering
layer, showed the thickest sea ice and was the only station with snow accumulation (Table
2). FYI stations 255 and 277 had comparable core lengths, which both corresponded to the
thinnest sea ice sampled, and station 237 was the thickest FYI sampled (Table 2). FYI
station 277 showed the lowest core-averaged salinity, brine volume (although comparable
to MYI station 360), density, and porosity values in addition to the warmest core-averaged
temperature values (Table 2 and Fig. 2). This pattern was even more pronounced when
comparing only the bottom parts of each core (Table 2 and Fig. 2). MYI station 360 had
the lowest averaged core-temperatures and was the only station with a bottom temperature
near the freezing point (Table 2) of -1.86 ºC for sea water with a salinity of 34 PSU (Petrich
& Eicken, 2010). MYI station 360 was also sampled latest in the season and from the
highest latitude (Table 2). All stations had comparable surrounding sea ice concentrations,
with values greater than 95%; however, FYI station 277 was considerably closer to the ice
edge than all other stations (Table 2).
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Table 2. Abiotic properties of the three first-year sea ice (FYI) and one multi-year sea ice (MYI) stations.
Freeboard, snow cover, and core length are the mean (arithmetic) and standard deviation (SD, one sigma)
values from the five cores taken at each station. Salinity, temperature, brine volume, density, and porosity
values are reported for each individual corresponding core and ‘bottom’ refers to the observation closest to
the bottom (ice-water interface) of the core.
237 FYI

255 FYI

277 FYI

360 MYI

Date (M/D/Y)

08/14/12

08/20/12

08/25/12

09/22/12

Latitude (N)

83° 59.19'

82° 40.24'

82° 52.95'

88° 49.66'

Longitude (E)

78° 6.20'

109° 35.37'

130° 7.77'

58° 51.81'

Sea ice concentration (%)

96

97

97

100

Distance to ice edge (km)

214

156

38

515

(m)a

0.20 ± 0.03

0.13 ± 0.01

0.18 ± 0.01

0.26 ± 0.02

Freeboard

Snow cover

(m)a

0

0

0

0.02 ± 0.0

Scattering layer (m)a

0.06 ± 0.01

0.03 ± 0.00

0.05 ± 0.01

0

Core length (m)a

1.47 ± 0.04

0.88 ± 0.02

0.85 ± 0.05

1.97 ± 0.06

Salinity (PSU) a

1.89 ± 1.12

1.66 ± 0.75

1.23 ± 0.72

2.39 ± 0.96

3.1

2.5

1.1

3.2

-0.82 ± 0.42

-0.71 ± 0.43

-0.67 ± 0.32

-1.65 ± 1.05

-1.6

-1.6

-1.2

-1.8

117 ± 62

194 ± 218

83 ± 36

83 ± 27

93

70

53

89

872 ± 54

808 ± 98

757 ± 58

860 ± 37

917a

917a

805

888

0.07 ± 0.06

0.15 ± 0.13

0.17 ± 0.06

0.06 ± 0.04

0.01b

0.01b

0.13

0.04

Bottom
Temperature (ºC)a
Bottom
Brine Volume (ppt)a
Bottom
Density (kg m-3)a
Bottom
Porosity (Va/V)a
Bottom
a

mean ± SD

b

value determined or replaced by theoretical density due to overestimation.
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Fig. 2. Vertical sea ice core profiles, for each station, of: (a) salinity; (b) temperature, dashed vertical lines at 1.86 ºC correspond to freezing point of sea water with salinity of 34; (c) brine volume; (d) density, dashed
vertical lines at 917 kg m-3 correspond to theoretical density of ice (shown are raw values without correction
for overestimated values > 917); and (e) porosity (calculated using corrected density values).

Sequence analyses
A total of approximately 430 000 raw reads (across all rRNA and rDNA samples) with
assignable barcodes were generated (Table 1). After quality clipping and discarding reads <
200 bps approximately 260 000 reads were left and of these, 198 000 reads were clustered
to OTUs, corresponding to 45.6 % of the total raw reads. In total, 11 222 potential
chimeras were removed. An average of 24 750 reads per sample were clustered into OTUs
(range: 12 030 to 40 310). We found a total of 714 different OTUs for all stations.
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Rarefaction curves (Fig. S1) showed no saturation in any sample, meaning that the diversity
of sea ice protists was not fully recovered.
OTU diversity of Arctic sea ice protists
Taxonomic classification of OTUs was performed by two different methods: the QIIME
and the PhyloAssigner pipeline. The whole dataset was pre-processed and clustered using
QIIME, including a similarity-based taxonomic assignment by RDP. Additionally, for
OTUs that were classified by QIIME to belong to the two most abundant and diverse
groups, Bacillariophyceae and Alveolata, phylogenetic placement was performed using
PhyloAssigner. In the following, we describe the phylogenetic composition based on the
number of different OTUs found (as a measure of diversity) and not on sequence
abundance of the described OTUs across all samples and both rRNA and rDNA libraries.
Based on QIIME, > 95 % of the 714 OTUs were classified into one of the three
super-groups: Stramenopiles (64 % OTUs), Alveolata (17 % OTUs) and Rhizaria (13 %
OTUs) (Fig. 3, Table S1). The remaining OTUs (< 5 %) belonged to the super-groups
Chlorophyta, Cryptophyceae, Haptophyta, Holozoa and Telonema. The largest amount of
Stramenopile OTUs (79 %) clustered as Bacillariophyceae (diatoms) (Fig. 3, Table S2), with
Bacillariophycidae (raphid pennate diatoms, 83.8 %) as the most abundant subclass based
on PhyloAssigner (Table S3). Five per cent of the Stramenopile OTUs were clustered as
Bicosoecida (Fig. 3, Table S2). Within Alveolata, PhyloAssigner classified 27.9 % of the
OTUs as Dinoflagellata and 71.3 % of Alveolata OTUs as Ciliophora (Table S4). A large
fraction of the Rhizaria OTUs (79.9 %) was classified into Thecofilosea, with Cryothecomonas
Thomsen Buck, Bolt & Garrison (incertae sedis) as the most abundant genus (data not
shown).
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Fig. 3. Relative OTU abundance (%) of the super-groups (top, greenish colours), Stramenopiles (middle,
bluish colours), and Alveolata (bottom, greyish colours) found in the rDNA and rRNA libraries at each
sampling location based on QIIME.

Due to the complexity of the data set, we here focus on the representatives of the
three most abundant protist groups: Stramenopiles, Alveolata and Rhizaria. Furthermore,
we present the results for the two different sample types (FYI and MYI) in the context of
both rDNA and rRNA libraries.
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Relative protist OTU abundances in Arctic FYI
We characterized relative abundance patterns of taxa among the samples based on counts
of sequences assigned to OTUs. The three FYI stations differed only slightly with respect
to their biodiversity on the super-group level. rRNA libraries had a higher Shannon
diversity index than their corresponding rDNA counterparts irrespective of the location
(Table 1).
Apart from these similarities, FYI station 277 differed markedly from the other two
FYI stations. The lowest relative abundance of Stramenopiles of all stations was found in
FYI station 277, together with the highest relative abundance of Rhizaria and Alveolata
OTUs of all stations. Looking at this station in more detail showed that the rDNA library
of this station had a lower relative abundance of OTUs classified as Stramenopiles (rDNA:
29 %, rRNA: 55 %) and Alveolata (rDNA: 24 %, rRNA: 32 %), but had a higher relative
abundance of Rhizaria OTUs (rDNA: 26 %, rRNA: 11 %) than the corresponding rRNA
library (Fig. 3, Table S1). The trophic affiliation of this station also shows differences to the
other FYI stations. At FYI station 277, we observed a lower amount of phototrophs
(rDNA: 26 %, rRNA: 54 %), compared with FYI station 237 and 255 (rDNA: 70 % and
rRNA: 74 % at station 237; rDNA: 82 % and rRNA: 89 % at station 255) (Fig. 4). The
differences of FYI station 277 from the other FYI stations are even more pronounced
between both libraries on a lower taxonomic level analyzed by PhyloAssigner: we found
the highest relative amount of pennate diatoms (Bacillariophycidae) at FYI station 277. The
pennate diatoms Bacillaria J. F. Gmelin, a phylotype most closely related to the naviculoid
strain CCMP2297, and Melosira C. Agardh were most abundant at FYI station 277
compared with the other FYI stations. Whereas Bacillaria was most abundant in the rDNA
library, CCMP2297 and Melosira showed higher abundances in the rRNA library, with
Melosira being absent from the rDNA library (Table S3). This is also reflected in the high
rRNA/rDNA ratios of Melosira OTUs, whereas no other Bacillariophyceae OTU showed
an rRNA/rDNA ratio signal at station 277 (Fig. 5).
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Fig. 4. Classified OTUs divided into photo-, hetero- and mixotrophs (trophic affiliation) for both rRNA and
rDNA libraries for all stations.

We also found an alternating pattern between Alveolata sequence abundances in rDNA
and rRNA libraries, irrespective of the sampling location. In every FYI rDNA sample,
there were more Dinoflagellata OTUs compared with the corresponding rRNA library and
in every rRNA library, we found a greater relative abundance of Ciliophora OTUs than in
the rDNA library (Fig. 3, Table S5). This pattern is also reflected by the trophic affiliation
of the community: each rDNA library had more mixotrophic genera, whereas the rRNA
library had more heterotrophic genera (Fig. 4). Again, FYI station 277 showed a different
pattern from the other FYI stations, by having the greatest amount of heterotrophs of all
FYI stations in both, rDNA and rRNA libraries (Fig. 4). A similar pattern was observed for
the rRNA/rDNA ratios: FYI station 277 had the highest rRNA/rDNA ratios with signals
only for the most abundant Ciliophora genera Stokesia Wenrich and Pithites Deroux &
Dragesco (Fig. 5. Table S4).
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Fig. 5. Heatmap of the top 30 rRNA/rDNA ratios of single Bacillariophyceae OTUs (left) and Alveolata
OTUs (right) from four different stations. White and yellow colours indicate higher RNA than DNA ratios,
orange and red colours indicates low ore no rRNA/rDNA ratios.

OTU abundances of an Arctic MYI floe
Analysis of the relative abundance of specific OTUs within the MYI community yielded
similarities and differences compared with the FYI communities. As for the FYI stations,
the rRNA library of the MYI station had a higher Shannon index compared with their
corresponding rDNA library (Table 1) and a greater proportion of heterotrophs (50 %,
compared with 1 % in the rDNA library) (Fig. 4). Of all stations, MYI station 360 showed
the highest relative abundance of Stramenopile OTUs in both the rDNA (95 %) and rRNA
(97 %) library and also the smallest amount of Alveolata (rDNA 4 %, rRNA 1 %) and
Rhizaria (1 %, each) OTUs of all stations (Fig. 3, Table S1). In this respect, rRNA and
rDNA libraries from the MYI station appeared to be similar to the FYI stations 237 and
255. On the other hand, at a lower taxonomic level, the MYI station was different than the
FYI stations: almost half (49 %) of the Stramenopile OTUs in the rRNA library were
classified as Bicosoecida, which were exclusively found at the MYI station, and only 38 %
of the Stramenopile OTUs were classified as Bacillariophyceae. The rDNA library,
however, had a relative Bacillariophyceae OTU abundance of 98 % and a relative
Bicosoecida OTU abundance of less than 1% (Fig. 3, Table S2). This taxonomic difference
also has a strong effect upon the trophic composition. The MYI rRNA library appears to
harbour the highest amount of heterotrophs and its rDNA library shows the highest
representation of phototrophs (95 %) across all libraries (Fig. 4). Although the abundance
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of Bacillariophyceae OTUs in the rRNA library was lower compared with the other
stations, based on PhyloAssigner Bacillaria, Melosira and CCMP2297 were the most
abundant Bacillariophyceae genera or groups at this station in the rRNA library (Table S3).
Overall, MYI station 360 had the highest observed rRNA/rDNA ratios for
Bacillariophyceae OTUs, with Melosira and Bacillaria, showing the highest rRNA/rDNA
ratios (Fig. 5).
Similar to the FYI samples, the Alveolata groups from the MYI station also showed
an alternate pattern between the rDNA and the corresponding rRNA libraries, although
less pronounced than at the FYI stations (Fig. 3, Table S5). We found a greater relative
abundance of Dinoflagellata OTUs in the rDNA library compared with the rRNA library
and a higher amount of Ciliophora OTUs in the rRNA library compared with the rDNA
library, which can also be seen in the trophic affiliation (Fig. 4). Apart from these
similarities, the rDNA library of MYI station 360 had the highest relative abundance of the
Dinoflagellata genera Gymnodinium Stein and Karlodinium J. Larsen and the lowest relative
abundance of the otherwise abundant ciliate genus Pithites of all stations (Table S4).
Although we also observed other Ciliophora genera, like Phialina, Strombidium, Monodinium
and Pithites at the MYI station, rRNA/rDNA ratios of Ciliophora species are similar to FYI
stations 237 and 255 and were lower than at FYI station 277 (Fig. 5).

2.4 Discussion
Abiotic properties
The sea ice environment of the four stations exhibited three different stages of melt which
can help to describe the variability of the sea ice communities. The stage of melt can be an
important factor for structuring sea ice communities due to flushing of important nutrients
and organic material (Riedel et al., 2008), increased losses of bottom ice algal biomass
associated with higher melt rates (Pogson et al., 2011) and increased grazing pressure owing
to increased pore space and access for grazers (see also reviews by Vancoppenolle et al.,
2013 and Arrigo, 2014). The physical state of the bottom ice and the loss of biomass from
the bottom ice are of particular interest in terms of community composition since this is
where the majority of the biomass is located (Arrigo, 2014).
FYI station 277 was particularly different from all other stations because, at the
time of sampling, it was in an advanced stage of melt. This was evident by the observation
that FYI station 277 had the lowest core-averaged and bottom salinity, brine volume,
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density, and porosity values in addition to the warmest core-averaged and bottom
temperature values. Typically, higher brine volume occurs during melt and at the icebottom; however, due to the advanced state of melt, it is likely that much of the internal
brine was already flushed from the ice (Vancoppenolle et al., 2013), which was evident from
the high porosity and low salinity at the bottom ice of this station. The advanced stage of
melt at FYI station 277 was likely due to its proximity to the ice edge where melt rates are
typically higher for proximity of open water and increased absorption of solar radiation.
Although the ice floe at FYI station 237 was considerably thicker than the ice at FYI
station 255, the other physical properties were very similar. Based on the date of sampling
and physical properties, FYI stations 237 and 255 could also be classified as being in a state
of melt, but not as advanced as FYI station 277.
MYI station 360 was sampled latest in the season during the transition from end of
melt to freeze-up, which was evident from the lowest bottom and surface ice temperatures.
In addition, MYI station 360 was sampled at the highest latitude, and from a region
dominated by thicker MYI. Due to a thicker surrounding sea ice pack and higher latitude,
MYI station 360 likely experienced a lower melt rate than the other sites, which could have
limited biomass loss (Pogson et al., 2011) and increased the potential to retain bottom-ice
communities. The presence of bottom-ice biomass at the end of the melt season has been
observed in previous studies (e.g. Meiners et al., 2003) and is also suggested from internal
biomass layers within MYI (e.g. Thomas et al., 1995; Gradinger, 1999), that likely
corresponded to previous seasons/years bottom ice.
Based on the analyses of the physical sea ice environment, we have classified the ice
stations into three different melt stages: FYI stations 237 and 255 corresponded to the
early- to mid-melt season; FYI station 277 corresponded to advanced melt; and MYI
station 360 corresponded to the end of melt before the start of freeze-up.
Diversity of sea ice protists
High throughput sequencing of 18S rDNA and 18S rRNA of eukaryotic sea ice
communities collected from sea ice cores conducted in this study yielded a detailed view on
the sympagic community of the ice cores. Most sequences were assigned as Stramenopile
OTUs, followed by Alveolata and Rhizaria OTUs in both rRNA and rDNA libraries.
Other super-groups that were detected in both libraries were also found in other studies,
such as: Chlorophyta (Eddie et al., 2010; Majaneva et al., 2012; Comeau et al., 2013; Piwosz
et al., 2013), Cryptophyceae (Majaneva et al., 2012; Comeau et al., 2013; Piwosz et al., 2013),
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Haptophyta (Comeau et al., 2013; Piwosz et al., 2013), Holozoa and Telonema (Bachy et al.,
2011; Mundy et al., 2011; Majaneva et al., 2012). Overall, there was only a slight difference
in the number of different OTUs on the super-group level found between rDNA and
rRNA libraries. This indicates that, with regard to larger taxonomic groups like
Stramenopiles or Rhizaria, the observed OTU diversity of both libraries were comparable,
which is in accordance with other studies (Stoeck et al., 2007; Baldrian et al., 2012; Logares
et al., 2014). However, we found a higher biodiversity index in the rRNA libraries
compared with the rDNA libraries, which might be due to a different representation of
taxa (e.g. OTUs that were more abundant in the rRNA library or absent in the rDNA
library) at lower taxonomic levels in rRNA and rDNA libraries.
Phototrophic community of Arctic FYI and MYI
Within the Stramenopiles, the Bacillariophycidae (pennate raphid diatoms) were most
abundant at each of the ice floes, irrespective of the library, which is typical for sea ice
during the summer season (Eddie et al., 2010; Poulin et al., 2011; Comeau et al., 2013; Kilias
et al., 2013). Although both libraries represent similar communities on a larger taxonomic
scale, it is known that both library types might give different views of the community on
smaller scales (Stoeck et al., 2007; Majaneva et al., 2012), which is in accordance with our
results. Furthermore, we have not only observed differences in the communities between
the two library types, but also pronounced differences between sample locations and ice
types. At FYI station 277, Bacillaria was more abundant in the rDNA library, which can be
an indicator for inactivity or dormancy of this genus (Jones & Lennon, 2010). In contrast,
CCMP2297 and Melosira OTUs were more abundant within the rRNA library, which can
be an indicator for a potential metabolic activity (Blazewicz et al., 2013). It should be noted
that DNA can be present in active, dormant and dead cells (Hansen et al., 2007) and can
also persist as free or extracellular DNA (Nielsen et al., 2007; Charvet et al., 2012) and thus
will be seen as an indicator of inactivity as well as of the total biodiversity. On the other
hand, the presence of rRNA does not necessarily indicate current activity, but more likely
the potential protein synthesis due to a higher amount of ribosomes of specific taxa
(Blazewicz et al., 2013). Thus, whenever a conclusion is made regarding ‘activity’, this
indicates the potential for a cell to be active and not the actual in situ activity. Furthermore,
it remains difficult to directly compare rRNA versus rDNA libraries due to, for example,
varying rDNA copy numbers within protist taxa (Prokopowich et al., 2003) and variable cell
sizes (Zhu et al., 2005; Godhe et al., 2008). Thus, the results of the sequencing should be
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interpreted in the light of these restrictions. However, due to the fact that the naviculoid
pennate diatom CCMP2297 (Potvin & Lovejoy, 2009) showed high relative abundances in
both libraries, we cannot infer activity based on the rRNA/rDNA ratios. In general,
CCMP2297 was a very abundant group, especially at the highly porous and advanced melt
FYI station 277. This suggests that this taxon might contribute significantly to the
community composition, particularly at the end of the summer season during advanced
melt and high porosity of the ice floe. Based on the rRNA/rDNA ratios, the diatom
Melosira appeared to be the only highly active genus at the FYI station 277, which might
also be related to the high porosity of the ice floe and a therefore accompanied higher
grazing impact on other diatom species, due to higher prey accessibility (Vancoppenolle et
al., 2013; Arrigo, 2014). It has been shown that Melosira arctica, which grows loosely
attached to the sub-ice environment (Syvertsen, 1991; Gutt, 1995; Ambrose et al., 2005),
escapes grazing by an unknown mechanism in its sub-ice habitat with no grazers present in
its surrounding environment (Gutt, 1995; Fernández-Méndez et al., 2014).
With regard to phototrophs, the MYI station 360 did not differ much from the FYI
stations based on the rDNA library. Even though this site is located in the vicinity of the
North Pole and was thicker and colder than the other FYI samples, its biodiversity or
phototrophic genus composition was comparable to the FYI floes. Until now, detailed
information about the species composition of sea ice protists from MYI from the central
Arctic Ocean is limited (Werner et al., 2007; Bachy et al., 2011). When it comes to potential
metabolic activity (rRNA/rDNA ratio), the MYI station showed especially high relative
abundances and potential metabolic activity of Bacillaria and Melosira. In general, Melosira
showed a notable pattern: we exclusively found Melosira OTUs in the rRNA but none in
the rDNA libraries, irrespective of the station and ice type. This might be due to a
combination of the following factors: (1) DNA concentrations below detection levels
(Deangelis & Firestone, 2012), (2) high activity of species with low relative abundances
(Baldrian et al., 2012; Angel et al., 2013), (3) fewer gene copy numbers in rDNA libraries
and an accompanied underestimation in rDNA libraries due to ‘dilution’ of the species by
high copy number taxa (Not et al., 2009; Koid et al., 2012), or (4) methodological biases
(Angel et al., 2013) such as the nucleic acid extraction (Kermarrec et al., 2013). Melosira
accounts for a high amount of sub-ice biomass (Syvertsen, 1991; Gutt, 1995; Boetius et al.,
2013; Fernández-Méndez et al., 2014) and net primary production (Fernández-Méndez et
al., 2014), although its occurrence can be very patchy (Gosselin et al., 1997). As we were
investigating ice cores and not the sub-ice habitat, Melosira was not the most abundant
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diatom genus, but it was the most abundant centric diatom, which is in agreement with
other studies conducted in the Arctic (Eddie et al., 2010; Comeau et al., 2013). This result
together with the lowest relative abundance of phototrophs in the rRNA library of the
MYI station 360 and the accompanied highest potential metabolic activity of Melosira at this
station, point out that low abundance taxa can be highly active and thus important
(Baldrian et al., 2012). A similar activity pattern was observed for the genus Bacillaria, which
has rarely been reported from sea ice samples in non-molecular studies (Majaneva et al.,
2012; Comeau et al., 2013). Bacillaria is the most abundant diatom genus in our dataset,
occurring in every sample and station. Majaneva et al. (2012), also identified a Bacillaria
sequence (FN690573) in environmental samples from the Baltic Sea during winter
(Pniewski et al., 2010) and Comeau et al. (2013) also observed high abundances of a similar
sequence in their sea ice 18S rDNA dataset. Bacillaria normally forms colonies in its
typically pelagic habitat, but also occurs individually in sea ice. Therefore, our observations
provide further evidence that this taxon is an important, previously overlooked member of
sea ice communities, especially due to its high activity. Based on the present results, genera
like Bacillaria and Melosira may become more endangered by the on-going loss of Arctic
MYI (Maslanik et al., 2011; Stroeve et al., 2011; IPCC, 2013).
Hetero- and mixotrophic communities of Arctic FYI and MYI
Molecular studies have shown that heterotrophic species are common in sea ice
assemblages (Bachy et al., 2011; Majaneva et al., 2012; Comeau et al., 2013). We found a
higher relative abundance of Ciliophora species (ciliates) and heterotrophic OTUs in every
rRNA versus rDNA library, irrespective of the location, which suggests higher potential
metabolic activity of ciliates and high potential grazing pressure on phototrophic organism.
Majaneva et al. (2012), who investigated the sympagic community of the Baltic Sea during
winter based on rRNA, found that ciliates are more abundant and active parts of the
sympagic community than previously thought. In all rDNA libraries, irrespective of their
origin, we found higher relative amounts of Dinoflagellata (dinoflagellates) and mixotrophs
than in rRNA libraries, with high relative abundances of Gymnodinium, Karlodinium and
Gyrodinium, known to be common in sea ice (Comeau et al., 2013; Kilias et al., 2013). Again,
this might indicate either a lower degree of metabolic activity or a high degree of dormancy
of these taxa (Jones & Lennon, 2010). During immediate microscopic investigations, we
found many dinoflagellate cysts (data not shown), which are known to be present in Arctic
waters (Harland et al., 1980; Mudie & Rochon, 2001; Potvin et al., 2013) at unfavourable
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conditions. Other studies also found a very high amount of Alveolata (alveolates) in their
DNA libraries (Massana & Pedros-Alio, 2008; Not et al., 2009), although they were not
investigating the rRNA library. Ciliates and dinoflagellates are known to possess high 18S
gene copy numbers in their genomes, leading to an overestimation of these taxa and an
underestimation of metabolically active and smaller taxa with a lower rDNA gene copy
number in DNA-based libraries (Not et al., 2009; Baldrian et al., 2012; Gong et al., 2013;
Kim et al., 2013). Furthermore, it is known that 18S rDNA libraries cannot only be biased
by high gene copy numbers of certain taxa (Prokopowich et al., 2003; Godhe et al., 2008;
Gong et al., 2013), but also by cell sizes and biovolumes of marine protists (Zhu et al., 2005;
Godhe et al., 2008), free and extracellular DNA in the environment (Nielsen et al., 2007),
slow decay rates of nucleic acids in cold environments (Willerslev et al., 2004), and dormant
or dead cells (Hansen et al., 2007). All these factors have implications on the interpretation
of diversity studies, because specific taxa might contribute to the structure of the
community but not to its function (Hansen et al., 2007). Taken together, this emphasizes
the need for a combined approach when investigating sympagic communities via both
rDNA and rRNA studies.
FYI station 277 and MYI station 360 showed different hetero- and mixotrophic
communities compared with the other stations. Ciliate genera like Pithites, and Stokesia were
most active at FYI station 277. Due to the advanced stage of melt at FYI station 277 with
its highly porous bottom ice, grazers would have had easier access into the ice and their
prey. This can also be seen in our dataset by the highly abundant Rhizaria genus
Cryothecomonas. It appears that Cryothecomonas species may act as important indicators for sea
ice-melt in the Arctic (Thaler & Lovejoy, 2012). Furthermore, this genus, which was
previously found in sea ice communities in several molecular studies (Lovejoy et al., 2006;
Bachy et al., 2011; Majaneva et al., 2012; Thaler & Lovejoy, 2012; Comeau et al., 2013), is
indicative for advantageous grazing situations and/or good access to prey (e.g. diatoms)
(Thomsen et al., 1991; Thaler & Lovejoy, 2012; Comeau et al., 2013). Majaneva et al. (2012)
showed that Cerozoa species were most abundant in their 18S rRNA library, thus appear to
be active grazers within the sea ice. Although the highest relative abundance of
Cryothecomonas was found in the rDNA library, some Cryothecomonas OTUs had higher
relative abundances in the rRNA library, indicating a certain degree of activity. Together
with the high activity of ciliates at FYI station 277, heterotrophs are likely to have reduced
the phototrophic community, in this case diatom members, by grazing. This is indicative of
a post-bloom situation (Poulsen & Reuss, 2002; Kilias et al., 2014) whereby a phototrophs38
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dominated sea ice community shifts towards a winter community dominated by heteroand mixotrophs (Bachy et al., 2011; Majaneva et al., 2012). The only diatom genus that was
active within FYI station 277 was Melosira that grows in a sub-ice habitat (Syvertsen, 1991).
The presence of Melosira during advanced melt aligns well with previous findings that these
algae by so far unknown means can prevent from grazing (Gutt, 1995).
The rRNA library of the MYI station had the highest proportion of heterotrophic
protists of all stations with almost 50 % of sequences assigned as Bicosoecida in the MYI
rRNA library. Bicosoecida species are known to be halophilic, certain genera have been
observed to grow within salinities between 60 to 150 ‰ (Park & Simpson, 2010). These
two genera were the most abundant Bicosoecida genera in our data set. Although the
upper, older portions of MYI generally consist of fresher water, typically having a lower
bulk salinity than FYI, MYI might include specific areas where the brine solution is highly
concentrated due to potentially colder temperatures (Eicken et al., 1995; Petrich & Eicken,
2010). The high relative abundance of Bicosoecida OTUs could be explained by the
presence of high salinity patches within the MYI. This might also cause the high activity of
Bicosoecida at this station: if the salinity is more favorable, the species might thrive better
within the ice. This demonstrates that Bicosoecida might also be important active grazers
within sea ice, in particular when temperatures are below freezing, in comparison to ciliates,
which were mostly found at FYI station 277 with high porosity and advanced melt. Park
and Simpson (2010) found that Bicosoecida species are able to form cysts, although we did
not find Bicosoecida in our rDNA libraries (FYI and MYI). This indicates that this group
might have been overlooked in the past and could possibly play an important role in the
active microbial loop within sea ice. Furthermore, in cases where certain genera, such as
Bicosoecida, are found mostly in MYI, they are especially endangered by the loss of MYI
and a shift towards a younger (Maslanik et al., 2011) and thinner (Kwok & Rothrock, 2009)
Arctic sea ice. Predicting the future state of the sea ice system remains a difficult task,
which cannot fully be tackled with analyses of a limited number of ice cores, therefore
more MYI samples over different seasons and from different regions are needed to better
address the question how a rapidly changing sea ice cover may impact future trends in
biodiversity.
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2.5 Conclusion
We have shown that the taxonomic composition and trophic affiliation of sea ice protist
assemblages varied both between and within ice types (FYI vs. MYI) especially at lower
taxonomic levels. Comparing 18S rDNA and 18S rRNA libraries may reveal activity
patterns of specific groups, but also identify species that have been overlooked and
underestimated in the past. Our rDNA libraries from different ice types (FYI vs. MYI)
showed that groups such as dinoflagellates and Rhizaria were the most important
heterotrophic or mixotrophic grazers in the sea ice. However, their lower representation in
our rRNA libraries indicates that most of the dinoflagellates and Rhizaria genera were
probably less active, a conclusion that is in line with our microscopic observations of
dinoflagellates, which we mainly observed in our samples in the form of cysts. On the
other hand, ciliates and some other inhabitants such as Melosira and Bicosoecida species
were underestimated when investigating only the rDNA. A higher potential metabolic
activity of grazers at the FYI station 277 might be due to the advanced melt state of the ice
matrix accompanied by a higher porosity and thus an easier accessibility to prey.
Additionally, the higher representation of ciliates in the rRNA library indicates that they are
more important members of the sympagic community than previously thought. Thus, we
strongly recommend that future studies include both approaches to characterize sympagic
communities, especially in the light of a changing Arctic Ocean.
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Supplementary Table S1. Super-groups and their relative OTUs abundance (%) and relative number of
different OTUs (%) found in rDNA and rRNA samples of each station based on the QIIME pipeline. Total
relative amounts of OTU abundance and number refer to all OTUs found.
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Alveolata
Ancyromonadida
Chloroplastida
Cryptophyceae
Haptophyta
Holozoa
Metazoa
Rhizaria
Stramenopiles
Telonema
other Eukaryota

255

277

360

total

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

20
0
1
0
0
0
0
9
70
0
0

23
0
0
0
0
0
0
3
74
0
0

15
0
1
0
0
0
0
13
69
1
0

17
0
1
0
1
0
0
12
67
1
0

9
0
0
0
0
0
0
6
84
1
0

6
0
0
0
0
0
0
3
91
0
0

14
0
0
0
0
0
0
13
71
1
0

15
0
1
0
1
0
0
12
70
0
1

24
0
0
0
0
0
0
26
29
21
0

32
0
2
0
0
0
0
11
55
0
0

19
0
1
0
0
0
0
18
57
3
0

24
0
3
1
0
0
0
16
54
1
1

4
0
0
0
0
0
0
1
95
0
0

1
0
0
0
0
1
0
1
97
0
0

9
0
1
0
0
1
0
11
77
1
0

11
0
2
0
1
1
0
12
74
0
0

OTU
OTU number
abundance
(%)
(%)

14
0
0
0
0
0
0
7
76
3
0

17
0
2
0
1
1
0
13
64
1
1

Supplementary Table S2. Stramenopile groups and their relative OTUs abundance (%) and relative number
of different OTUs (%) found in rDNA and rRNA samples of each stations based on the QIIME pipeline.
Total relative amounts of OTU abundance and number refer to Stramenopile OTUs found.
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Bicosoecida
Bolidomonas
CCI40
Chrysophyceae
Bacillariophyceae
Dictyochophyceae
Labyrinthulomycetes
MAST
Pelagophyceae
other Stramenopiles
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255

277

360

total

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

0
0
0
4
94
0
0
1
1
0

0
0
0
4
94
0
0
0
2
0

0
1
0
6
87
1
0
2
1
2

0
0
0
7
89
0
0
1
1
1

0
0
0
13
85
0
0
0
0
1

0
0
0
11
87
0
0
0
0
2

0
1
0
8
86
0
0
2
2
2

1
0
1
9
84
0
0
2
1
2

0
0
3
19
66
0
0
0
3
8

0
0
1
16
74
0
0
1
4
4

1
0
2
16
74
1
0
2
2
3

1
0
1
14
74
1
0
3
2
3

0
0
0
2
98
0
0
0
0
0

49
0
0
13
38
0
0
0
0
0

0
1
1
9
85
0
0
2
1
1

6
0
0
10
78
0
0
2
1
1

OTU
OTU number
abundance
(%)
(%)

9
0
0
9
79
0
0
0
1
1

5
1
1
9
78
1
0
2
1
2

Supplementary information

Supplementary Table S3. Assigned Bacillariophyceae OTUs. (a) Subclasses (bold) and genera in total
number of OTUs and relative percentage of Bacillariophyceae (358) and total OTUs (714) based on
PhyloAssigner. (b) Percental Bacillariophyceae OTU abundances of subclasses (bold) and genera for each of
the four stations and sample type (rDNA and rRNA) based on QIIME.

(a) subclass/genus
Bacillariophycidae
Thalassiophysales
Amphora
Naviculales
CCMP2297
Navicula
Stauroneis
Diploneis
Bacillariales
Bacillaria
Nitzschia
Cylindrotheca

% of
no. OTUs Bacilariophyceae
OTUs
300
83.8

% of total
OTUs
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(b)

255

277

360

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

42.0

75.7

83.5

94.1

95.2

98.2

95.8

94.7

88.6

1

0.3

0.1

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.6

42
9
1
1

11.7
2.5
0.3
0.3

5.9
1.3
0.1
0.1

1.9
6.1
1.0
0.0

4.1
8.1
1.8
0.0

3.8
0.6
0.0
0.0

4.9
0.3
0.1
0.0

39.0
0.0
0.0
0.0

88.3
0.0
0.0
0.0

3.9
0.5
0.0
0.0

11.2
0.5
0.2
0.0

80
15
1

22.3
4.2
0.3

11.2
2.1
0.1

34.3
4.2
0.1

45.6
0.7
0.6

18.1
35.8
0.0

25.2
6.7
0.1

50.2
0.6
0.0

3.8
0.1
0.1

11.9
1.9
0.1

55.1
0.4
0.5

Coscinodiscophycidae
Melosirales
Melosira
Chaetocerotanae
(insertea sedis)
Attheya
Chaetoceros

18

5.0

2.5

0.1

2.9

0.0

1.4

0.0

3.6

2.1

8.4

7

2.0

1.0

0.0

2.5

0.0

1.2

0.0

3.5

0.0

6.4

7
1

2.0
0.3

1.0
0.1

0.1
0.0

0.2
0.0

0.0
0.0

0.1
0.0

0.0
0.0

0.0
0.0

2.0
0.1

1.8
0.0

Fragilariophycidae
Fragilariales
Synedra

6

1.7

0.8

0.8

8.4

0.0

0.0

0.0

0.0

0.1

0.4

1

0.3

0.1

0.1

1.4

0.0

0.0

0.0

0.0

0.0

0.0

other Bacillariophyceae

34

9.5

4.8

23.3

5.1

5.9

3.5

1.8

0.7

3.0

2.6

sum of subclasses

358

100

50.1

100

100

100

100

100

100

100

100

sum of genera

166

46.4

23.2

47.7

65.0

58.4

38.7

89.9

95.7

20.5

76.8
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Supplementary Table S4. Assigned Alveolata OTUs. (a) Orders (bold) and genera in total number of
OTUs and relative percentage of Alveolata (122) and total OTUs (714) based on PhyloAssigner. (b) Percental
Alveolata OTU abundances of orders (bold) and genera for each of the four stations and sample type (rDNA
and rRNA) based on QIIME.

(a) order/genus

no. OTUs

% of alveolate % of total
OTUs
OTUs

237
(b)

255

277

360

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

Dinoflagellatata
Syndiniales
Amoebophrya

1
1

0.8
0.8

0.1
0.1

0.1
0.1

0
0

0
0

0.1
0.1

0
0

0
0

0
0

0
0

Gymnodiniales
Gymnodinium
Gyrodinium
Karlodinium

4
1
1
1

3.3
0.8
0.8
0.8

0.5
0.1
0.1
0.1

5.1
4.0
0
0.9

1.0
0.8
0
0.2

1.7
0.8
0.1
0.3

0.8
0.4
0
0.3

0.5
0.2
0.1
0.2

0.3
0.1
0
0.2

8.0
4.4
0.9
2.5

3.8
1.4
1.3
1.9

Peridiniales
Pentapharsodinium
Protoperidinium

5
1
1

4.1
0.8
0.8

0.6
0.1
0.1

23.9
0.2
0.1

0.6
0
0.1

13.1
0
0

0.8
0
0

40.6
0
0

0.3
0
0

24.2
0
0

1.6
0
0

other Dinoflagellata
Ciliophora

24

19.7

2.8

56.6

6.8

78.2

12.3

45.3

2.7

62.1

36.4

Intramacronucleata
Oligohymenophorea
Mesanophrys
Stokesia
Spirotrichea
Undella
Rimostrombidium
Pelagostrobilidium
Holosticha
Euplotes
Oxytricha
Strombidium
Phyllopharyngea
Pithites
Litostomatea
Cyclotrichium
Monodinium
Loxophyllum
Phialina

17
1
9
21
1
1
1
1
2
3
4
23
23
24
1
1
3
5

13.9
0.8
7.4
17.2
0.8
0.8
0.8
0.8
1.6
2.5
3.3
18.9
18.9
19.7
0.8
0.8
2.5
4.1

2.0
0.1
1.0
2.4
0.1
0.1
0.1
0.1
0.2
0.3
0.5
2.6
2.6
2.8
0.1
0.1
0.3
0.6

0.3
0
0
2.7
0
0
0
0
2.5
0
0
4.1
4.1
3.3
0
0
0.7
0.5

1.0
0
0
17.7
0
0.3
0.1
0
2.4
0.3
2.6
63.4
63.4
9.2
0.1
0.5
1.3
2.7

0.2
0
0
0.7
0
0.1
0
0
0.2
0.1
0.2
1.0
1.0
1.5
0
0.1
0.3
1.0

1.5
0
0
6.7
0
0.3
0
0
1.3
1.0
3.6
50.1
50.1
26.4
6.4
0.6
0.2
18.0

7.0
0.1
0
0.8
0
0
0
0
0.0
0.2
0
0.4
0.4
1.0
0
0.3
0
0.1

39.1
0
34.2
7.2
0.1
0
0
0
0
5.8
0.4
39.4
39.4
10.7
0
3.6
0
3.5

0
0
0
1.3
0
0
0
0
0.1
0.1
1.1
0.1
0.1
0.7
0
0
0
0.5

0
0
0
12.1
0
0.3
0
1.1
0.3
1.1
4.7
18.9
18.9
27.1
0
8.2
0.3
12.6

Postciliodesmatophora
Heterotrichea
Peritromus

1
1

0.8
0.8

0.1
0.1

0
0

0
0

0.1
0.1

0.1
0.1

0
0

0
0

0
0

0
0

1
1
122
63

0.8
0.8
100
52

0.1
0.1
14
7

0
3.8
100
13

0
0.2
100
75

0
3.5
100
4

0
1.3
100
82

0
4.4
100
2

0.1
0.2
100
87

0
3.6
100
10

0
0
100
52

other Ciliophora
other Alveolata
sum of classes
sum of genera
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Supplementary Table S5. Alveolate groups and their relative OTUs abundance (%) and relative number of
different OTUs (%) found in rDNA and rRNA samples of each stations based on the QIIME pipeline. Total
relative amounts of OTU abundance and number refer to Alveolata OTUs found.
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other Alveolata
Ciliophora
Dinoflagellata
Protalveolata

255

277

360

total

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

DNA

RNA

0
10
89
0

0
91
9
0

2
50
45
3

1
66
32
0

0
3
96
0

0
85
15
0

2
49
49
0

0
67
32
2

0
9
91
0

0
96
4
0

0
48
52
0

1
74
25
0

0
2
98
0

0
58
42
0

0
29
71
0

0
68
32
0

OTU
OTU number
abundance
(%)
(%)

0
47
53
0

QIIME clustered some Syndiniales OTUs as Protalveolata. Based on the literature (Moon-Van Der Staay et al., 2001) this group belongs to Dinoflagellata.
To be consistent with the QIIME results, we included them into the Protalveolata. However, when PhyloAssigner results are used, they are grouped within
the Dinoflagellata
a

Supplementary Fig. S1. Rarefaction curves of 454 sequencing reads after quality clipping as number OTUs
as a function of number of reads.
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1
70
27
2

Female Polar bear and its cub, August 2012; Arctic Ocean. © A. Stecher
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Abstract
Arctic sea ice is a large and diverse ecosystem inhabited by bacteria and protists contributing
significantly to primary production in ice-covered regions. In the Arctic Ocean, sea ice
consists of mixed multi-year ice (MYI) and thinner first-year ice (FYI). Due to global
warming, old and thick MYI will be replaced by young and thin FYI. Despite the great
importance of the sea ice ecosystem, little is known about its biodiversity assessed by
molecular methods. We investigated the eukaryotic biodiversity in MYI and FYI from the
central Arctic Ocean using 18S rDNA amplicon sequencing and compared different sampling
locations (spatial effect) and sampling dates (temporal effect). We found a correlation between
ice types or melt state of the ice and sympagic community. Groups like Bicosoecida and
Bacillariophyceae (diatoms) were over-represented in MYI stations with low melting states
whereas groups like Chrysophyceae and Rhizaria were more abundant at FYI stations with
high melting states.

Key words: 18S rDNA, biodiversity, 454 sequencing, alveolates, Arctic Ocean, diatoms, sea ice
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3.1 Introduction
Sea ice is a variable environment that is controlled by hostile physical parameters like low
temperatures, high salinities, reduced light transmission (Perovich, 1990; Rysgaard et al.,
2001; Granskog et al., 2005), ice thickness (Granskog et al., 2005) and variations in ice
structure associated to ice rafting (Babko et al., 2002). All these variable physical sea ice
properties influence structuring of the sea ice habitat. In contrast to ice consisting of fresh
water, sea ice is not a solid block but is permeated by labyrinth of channels that are filled
with high saline brine solution which is formed during freezing of sea water. These brine
channel system within the sea ice matrix provide a unique habitat (Weissenberger et al.,
1992) which physical properties largely influence the distribution of sympagic (i.e. ice
associated) species (Vancoppenolle et al., 2013; Arrigo, 2014).
Although sea ice appears to be a hostile habitat, the sympagic community
significantly contributes to primary production (Comeau et al., 2013) and plays an
important part in energy allocation for higher trophic levels. It was shown that although
the annual primary production of sea ice algae appears to be low (5 to 10 g C m-2 year-1)
compared with Arctic pelagic phytoplankton (12 to 50 g C m-2 year-1) (Legendre et al., 1992;
Gosselin et al., 1997), sea ice algae from first-year ice (FYI) and multi-year ice (MYI) of the
central Arctic Ocean contributed on average 57 % of the total primary production
(Gosselin et al., 1997). Due to a high heterogeneity of sympagic communities, primary
production of sea ice algae might be more important in areas with dense ice coverage, i.e.
area with high concentrations of MYI. However, MYI of the Arctic Ocean is specifically
threatened by climate change. Currently, younger and thinner FYI is replacing old and
thicker MYI (Kwok & Rothrock, 2009; Maslanik et al., 2011) what might have a
pronounced impact on sea-ice related communities and thus primary production.
Due to the importance of sympagic species, many studies in the past investigated
the diversity of these communities. Mostly, this was done by optical methods like light
microscopy and cell counts (Booth & Horner, 1997; Gradinger, 1999; Melnikov et al., 2002;
Mundy et al., 2011; Niemi et al., 2011) and/or by flow cytometry (Mundy et al., 2011).
However, it often appears to be difficult to describe and identify species based on these
methods since some species lack morphological traits, have small cell sizes and sometimes
do not posses plastids (not detectable via methods based on photosynthetic pigments like
high performance liquid chromatography HPLC). Thus, some species might be missed in
such studies, leading to incomplete diversity estimations. An alternative method is high48

3.2 Material and Methods

throughput sequencing of e.g. 18S rDNA amplicons which enabled us to gain more
detailed information about the communities structure (Bik et al., 2012). Only a few studies
investigated the protist communities in sea ice by molecular methods (Eddie et al., 2010;
Bachy et al., 2011; Poulin et al., 2011; Majaneva et al., 2012; Comeau et al., 2013; Piwosz et
al., 2013; Stecher et al., 2015). Based on these studies, the distribution of sympagic species
appears to vary on a spatial scale, i.e. throughout different areas and ice types, but also on a
temporal scale, i.e. with seasonal changes. During winter, heterotrophs are the most
abundant group in sea ice (Bachy et al., 2011; Majaneva et al., 2012) whereas in summer
when light is available, phototrophs are most common (Eddie et al., 2010; Comeau et al.,
2013; Piwosz et al., 2013). As soon as nutrients decline in late summer, the phototrophic
bloom declines (post-bloom situation) and heterotrophs start to dominate the community
again (Wassmann & Reigstad, 2011). As far as we know, no molecular study, except
Stecher et al. (2015), investigated the sympagic community during late summer in the
central Arctic Ocean over a spatial range.
The aim of this study is to investigate sympagic protist communities of the central
Arctic Ocean in sea ice cores from five different regions of the central Arctic Ocean using
454 sequencing of 18S rDNA. The bioinformatic analysis was done using a similarity-based
approach (as implemented in Quantitative Insights Into Microbial Ecology, QIIME)
(Caporaso et al., 2010) to classify the operational taxonomic units (OTUs).

3.2 Material and Methods
Sampling
Sea ice algal community samples were taken from five different ice stations (224, 323, 335,
349, 384; station 335 was sampled a second time at a different area = 335/2, Fig. 1) from
2nd August to 10th October 2012 during the expedition ARK-XXVII/3 (PS80/3) of RV
Polarstern to the central Arctic Ocean. The remaining stations (237, 255, 277, 360) were also
sampled and are part of the study of Stecher et al. (2015). Original station numbers as
assigned on-board according to RV Polarstern were kept to retain comparability between
data.

Additional

station

information

has

been

deposited

at

http://doi.pangaea.de/10.1594/PANGAEA.792734. At each station, three ice cores for
salinity, temperature, texture and density measurements and one ice core for DNA
extraction were drilled with a Mark II Coring System (diameter: 9 cm, Kovacs Enterprises,
Roseburg, USA). Ice temperature measurements were conducted on texture cores
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immediately after extraction whereas salinity cores were immediately melted on-board and
measured using a conductivity meter (WTW 3300i, WTW Wissenschaftlich-Technische
Werkstätten GmbH, Weilheim, Germany). Texture and density cores were stored at -20 ºC
for later analyses.
The ice core for DNA extraction was drilled within 1 m of the above cores, cut into
0.1 m sections and brought to the on-board laboratories of RV Polarstern. There, the
sections were crushed manually and filled with 0.1 L per 0.1 m section sterile 70 PSU
seawater to avoid osmotic stress of the organisms. The ice core was melted for 1 -2 days at
4°C until almost no ice was present. Afterwards, the melted water of the complete ice core
was filtered on 1.2 – 2.0 µm IsoporeTM polycarbonate membrane filters (1.2 µm RTTP, 2.0
µm TTTP, Merck Millipore, Schwalbach, Germany) to collect the protist community.
Filters were stored in liquid nitrogen until further usage.

Fig. 1. Locations and dates of the five ice stations (244, 323, 335, 349, 384), indicated as blue dots, sampled
in the central Arctic Ocean between the 2nd August and the 10th October 2012. Purple dots indicate first-year
ice (FYI) stations 237, 255 and 277 and multi-year ice (MYI) station 360 sampled in Stecher et al. (2015).

Abiotic properties
Density measurements were done by first calculating the volume V of each piece
(

) and afterwards the density (

). Due to potential refreezing of seawater

or brine solution outside of the ice core, at stations 224, 323 and 384, calculated density
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values were greater than the expected theoretical ice density value of 917 kg m-3 (Yen et al.,
1991). Temperature and salinity values were used to calculate brine volume Vb after Cox &
Weeks (1983) and Yen et al. (1991). Porosity of the ice floes was measured as relative air
volume Va/V after Cox & Weeks (1983). Density and porosity for station 335 could not
be calculated due to missing values.
DNA extraction
Total genomic DNA was extracted using DNeasy Plant Mini kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol with additional modifications as described
in Stecher et al. (2015). Afterwards, the isolated genomic DNA was analyzed by visualizing
it via gel electrophoresis in 1 % TAE agarose. Samples showing non-degraded fragments
larger than 10000 bp were used for further analyses.
Amplification and sequencing of 18S rDNA products
To amplify the 18S rDNA, first a full length PCR amplification with the 1F and 1528R
(Medlin et al., 1988) primers as described in Stecher et al. (2015) was conducted. This step
was necessary due to very low amounts of biomass within the ice cores and thus low
amounts of DNA. By amplifying the full-length amplicon first, the success for efficient
subsequent PCRs of smaller fragments was higher. Afterwards, the amplified gene was
visualized by gel electrophoresis and excised and purified from gel residuals using a
PeqGold Gel Extraction kit s-line (Peqlab, Erlangen, Germany). From each purified fulllength 18S amplicon, a smaller amplicon with the size of 400 - 600 bp using primers 528F
(Edgcomb et al., 2002) and 1055R (Elwood et al., 1985) with incorporated adaptors and
Multiplex Identifiers (MIDs) for subsequent 454 sequencing procedure was amplified.
These MIDs allow multiplexing of multiple samples running on one Pico Titer Plate (PTP)
of the 454 sequencing unit. The sequencing PCR was performed after Stecher et al. (2015)
in triplicates to reduce PCR errors (Bik et al., 2012) and were pooled prior to the
sequencing. The PCR products were again analyzed by agarose gel electrophoresis, excised
and purified as described above if correct sizes were reached, and were sent to GATC
Biotech (Konstanz, Germany) to perform 454 sequencing. Bioinformatic analyses were
conducted using the in-house developed pipeline, which wraps and connects QIIME
scripts (version 1.6) (Caporaso et al., 2010) as described in Stecher et al. (2015).
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3.3 Results
Abiotic properties of central Arctic sea ice
Based on the abiotic parameters, station 224, 323 and 335 were relatively similar to each
other (Fig. 2, Table 1). Of these four stations, station 224 had the highest core-averaged
and bottom salinity and the coldest bottom temperature. Furthermore, the ice core of
station 323 was one of the shortest, had the lowest bottom salinity, the lowest core
averaged density and the highest porosity and brine volume (Fig 2). Station 224 and 323
were sampled closest to the ice edge.
The other two stations 349 and 384 had higher core-averaged and bottom salinities
(expect of core-averaged salinity of station 224 which was higher than at station 384) and
the coldest core-averaged temperatures near the freezing point of seawater. Station 335/2,
however, had also similarities to the three stations 224, 323 and 335 but is with 1.39 m
thicker than these three. Station 384 had the highest density, the lowest porosity of all
stations and a low amount of brine volume (Fig. 2, Table 1).
Table 1. Abiotic properties of the different ice stations. Salinity, temperature and density values of the main
core are the mean (arithmetic) and standard deviation (SD, one sigma). The ‘bottom’ values are reported for
each individual corresponding core and refer to the observation closest to the bottom (ice-water interface) of
the core.
224

323

335

335/2

349

384

Date (D/M/Y)

9-Aug-12

4-Sep-12

7-Sep-12

8-Sep-12

18-Sep-12

28-Sep-12

Latitude (N)

84° 3.03'

81° 55.53'

85° 6.11'

87° 56.01'

84° 22.49'

Longitude (E)
Sea ice concentration
(%)
Ice type

31° 6.83'

131° 7.72'

122° 14.72'

61° 13.04'

17° 27.22'

95

95

70

95

95

FYI

FYI

FYI/MYI

FYI/MYI

FYI/MYI

FYI/MYI

0.16

0.075

0.05

0.01

0.01

0.16

Freeboard (m)
Snow cover (m)

0

0.065

0.06

0.07

0.02

0.02

Scattering layer (m)

0.05

0

0.06

0

0

0

Core length (m)

1.13

0.81

0.85

1.39

1.26

0.82

2.05 ± 0.9

0.94 ± 0.84

1.2 ± 0.6

3.19 ± 1.61

1.74 ± 0.96

2.8

1.36 ± 0.97
1.2

2.1

2

3.5

2.7

-0.66 ± 0.48

-0.71 ± 0.65

-0.66 ± 0.45

-0.72 ± 0.30

-1.94 ± 0.29

-2.75 ± 2.33

-1.4

-1.2

-1.3

-1.1

-1.9

-1.7

893.2 ± 36

771 ± 119

NA

856 ± 54

839 ± 64

904 ± 35

917a

917a

892

815

917a

Salinity

a

Bottom
Temperature (ºC)a
Bottom
Density (kg

m-3)a

Bottom
a

mean over the entire core ± SD

b

value determined or replaced by theoretical density due to overestimation.

52

3.3 Results

Fig. 2. Vertical sea ice core profiles for each station. (A) brine volume (ppt), (B) porosity (calculated
using corrected density values), (C) density (kg m-3, dashed vertical lines at 917 kg m-3 correspond to
theoretical density of ice, shown are raw values without correction for overestimated values > 917 kg m-3).
Porosity and density value of station 335 could not be calculated due to missing values.

Sequence analyses
454 sequencing of the 18S amplicons yielded 265,546 raw reads of which 253,728 passed
quality control; 211,686 (79.7 %) could be clustered into a total of 345 OTUs (Table 2). A
total of 7,053 chimeric sequences were detected. An average of 35,281 reads per
sample/station were clustered into OTUs (range: 27,240 to 49,449). None of the analyzed
samples showed saturation in the rarefaction curve (Fig. S1), indicating that the complete
diversity of sea ice protists was not fully recovered.
Table 2. QIIME output for the different stations and sample type. (A) Summary of recovered reads before
and after processing. (B) Shannon biodiversity index.
A)
raw reads
reads after quality clipping
reads after OTU clustering
OTUs
B)
Shannon index

224
46207
45304
37562
245

323
32704
31190
27240
243

335
62089
59975
49499
309

335/2
42710
40245
33303
281

349
44672
41939
35416
251

384
37164
35075
28666
267

5.0

4.8

5.8

5.6

5.3

5.9

total
265546
253728
211686
345
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Diversity, relative abundance and trophic affiliation of sympagic supergroups
Most of the 345 OTUs were classified within the super-group Stramenopiles (55.7 %
OTUs), followed by Alveolata (20.6 % OTUs) and Rhizaria (15.7 % OTUs). The remaining
8 % of the super-group OTUs belonged to Chlorophyta, Telonema, Haptophyta, Holozoa,
Ancyromonadida, Fungi, Cryptophyta, Metazoa and ‘other’ (Table 3). The same pattern
was observed for overall relative OTU abundances: Stramenopiles (68.0 %), Alveolata (22.7
%) and Rhizaria (6.9 %) were the most abundant OTUs over all stations (Fig. 3, Table 3).
Between the different stations, OTU numbers of different taxa remained relatively similar
(Table 3). This similarity was also detected by analysing the Shannon biodiversity index,
which varied between 4.8 (station 323) and 5.9 (station 384) (Table 2). Nevertheless, the
OTU abundances of super-groups differed between the different stations with station 224
as most different to the other stations.

Fig. 3. Relative OTU abundance (%) of super-groups found in the rDNA library at each sampling location
based on QIIME.
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Based on trophic affiliation of the assigned OTUs, phototrophs were most
abundant at each station (Fig. 4), with the highest number of phototrophs of all stations
(79 %) at station 349. At all stations, except 349 and 335/2, high OTU numbers were
observed which cannot be affiliated to trophic characteristics (> 17 %) due to low taxon
resolution of QIIME. Beside this, at most of the stations higher numbers of heterotrophs
compared with mixotrophs, although they were sometimes very similar (station 335,
335/2), were observed. At station 224, a high number of mixotrophs (22 %, highest
number of all stations) was observed compared with heterotrophs (9 %, lowest number of
all stations), but at the same time also the second highest number of unknown trophic
affiliation (32 %) and the lowest number of phototrophs, which is in accordance to the
relative abundance data of this station (Fig. 4).

Fig. 4. Classified OTUs divided into photo-, hetero- and mixotrophs (trophic affiliation) rDNA libraries for
all stations. Indicated are values > 2 %.

OTU diversity and relative abundance of sympagic stramenopiles
The relative abundance of stramenopile OTUs varied between the different stations.
Stramenopile OTUs were most abundant (90.6 %) at station 349 and less abundant (38.7
%) at station 224 (Fig. 5, Table 4). At the other stations, the relative numbers of
55

Publication II - rDNA based biodiversity of Arctic sympagic protists

stramenopile OTUs were similar (66.1 % - 76.1 %). Within the Stramenopiles, most OTUs
were clustered as Bacillariophyceae (diatoms, 69.8 %), Chrysophyceae (15.7 %), ‘other’
Stramenopiles (5 %) and Bicosoecida (4.5 %) (Table 4). These groups also represented the
most abundant stramenopile taxa (Fig. 5). Compared with the stramenopile OTU numbers,
the relative stramenopile OTU abundance appeared to strongly differ between the stations.
In general, stations 224, 349 and 384 were relatively similar, with diatoms as the most
abundant group. At station 323, the lowest number of diatom OTUs together with the
highest number of unclassified stramenopiles of all stations was observed. Furthermore the
highest relative abundance of Chrysophyceae OTUs of all stations was observed at station
323, followed by station 335 and 335/2, but diatoms were still most abundant. At the other
stations, the relative abundance of Chrysophyceae OTUs was lower. The taxon
Bicosoecida, however, was completely absent from station 224, but present in all other
stations with a similar number but a different relative abundance of OTUs (Fig. 5, Table 4).
The highest relative abundance of Bicosoecida OTUs was found at stations 335/2, 349 and
384.

Fig. 5. Relative OTU abundance (%) of Stramenopiles found in the rDNA library at each sampling location
based on QIIME.

56

3.3 Results

OTU diversity and relative abundance of sympagic alveolates
Alveolata OTUs were most abundant at station 224 (52.7 %), whereas at the other stations,
the relative abundance varied between 7.7 % and 26.2 % (Tab. 5). Station 224 was the only
station with a higher number of Alveolata (alveolates) compared with Stramenopiles.
Within the alveolates, 53.5 % of the OTUs were clustered as Dinoflagellata (dinoflagellates)
and 40.8 % of the alveolate OTUs as Ciliophora (ciliates) (Fig. 6, Table 5). When
comparing these total numbers of OTUs with the relative abundance of OTUs of each
station, the difference was more pronounced. At every station, except station 349,
dinoflagellates made >85 % of the total relative abundance of the alveolate OTUs
compared with the less abundant ciliates (< 15 %). The highest relative abundance of
ciliate OTUs was observed at station 349 (31.9 %) and the lowest relative abundance at
station 224 (2.7 %) and 335/2 (5.2 %) (Fig. 6, Table 5).

Fig. 6. Relative OTU abundance (%) of Alveolata found in the rDNA library at each sampling location based
on QIIME.
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OTU diversity and relative abundance of sympagic Rhizaria
All OTUs that were classified as Rhizaria belong to the group of Cercozoa and their
relative abundance did not differ between the different stations. Within Cercozoa, it was
possible to classify two phyla: Silicofilosea and Thecofilosea. Most of the OTUs (90.5 %)
belong to Thecofilosea, which was also the most abundant group (Fig. 7, Table 6). At
stations 224, 323, 355 and 384 a higher relative abundance of OTUs classified as
Silicofilosea (0.8 %, 1.6 %, 1.7 % and 2.2 %, respectively) compared with the other two
station 335/2 and 349 (0.3 % and 0.1 %) was found, although the relative abundance of
OTUs was still much less than for Thecofilosea (97.7 % - 99.9 %). (Fig. 7, Table 6).

Fig. 7. Relative OTU abundance (%) of Rhizaria found in the rDNA library at each sampling location based
on QIIME.
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3.4 Discussion
Abiotic sea ice environment
The data of the physical sea ice measurements indicate that the sea ice environment is
heterogenic. Three stations (224, 323 and 335) already exhibited melting. Melting is
typically more pronounced at the ice edge due to the proximity to open water and thus the
increased absorption of solar radiation. However, at station 224, melting appeared to be
less advanced compared with station 323. This might be due to the different sampling date
(August and September, respectively) and the fact that we experienced a new record low of
Arctic sea ice cover on 13th of September 2012 (Parkinson & Comiso, 2013). Although the
other stations also showed evidence of melt, station 323 was most porous and least dense.
The porosity of the sea ice core, especially of the bottom part where the majority of the
community is located (Arrigo, 2014), is of great importance for the community structure.
During ice melt, nutrients and organic material are flushed into the ice matrix (Riedel et al.,
2008), the bottom ice algal community sink out of the ice (Pogson et al., 2011) and grazing
pressure increases due to increased pore size for grazers (see reviews Vancoppenolle et al.,
2013 and Arrigo, 2014). Due to the fact that stations 224, 323 and 335 experienced higher
melt, they likely consisted of FYI, which will completely melt and newly form during freeze
up in late summer and autumn (Perovich, 2011).
Stations 349 and 384 were sampled in late September in regions with high MYI
coverage (on-board observation of satellite images of http://www.iup.physik.unibremen.de/; Spreen et al., 2008, updated) and the melting of these stations and station
335/2 were lower compared with those of FYI. Station 335 was sampled twice. Sea ice of
the second sampling (335/2) was thicker compared with the first sampling site (consisted
of FYI). The lower melting might have an influence on the community structure due to a
lower loss of species (Pogson et al., 2011) that are present at the end of the melt season
(e.g. Meiners et al., 2003). Together with the lowest surface temperatures and the fact that
these stations were sampled in the transition zone from end of melt to freeze up, it is likely
that station 335/2, 349 and 384 consisted of MYI.
Based on these abiotic data of the physical sea ice habitat, the stations can be
categorized into different physical states of ice melt: FYI stations 224, 323 and 335
exhibited early to advanced melt, whereas station 224 was in the earliest stage and 323 in
the most advanced state, and station 335/2, 349 and 384 were in the end of melt state and
were about to enter the freeze up state, thus consisted of MYI.
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Overall community structure of Arctic sea ice protists
Members of the eukaryote super groups assemblage ‘SAR’ (stramenopiles + alveolates +
Rhizaria) (Burki et al., 2007) comprised the greatest number of OTUs found in this study.
This is in accordance to recent molecular studies conducted with sea ice protists (Comeau
et al., 2013; Stecher et al., 2015). Other studies also detected super-groups like Chlorophyta
(Eddie et al., 2010; Majaneva et al., 2012; Comeau et al., 2013; Piwosz et al., 2013),
Telonema, Holozoa (Bachy et al., 2011; Mundy et al., 2011; Majaneva et al., 2012)
Haptophyta (Comeau et al., 2013; Piwosz et al., 2013) and Cryptophyceae (Majaneva et al.,
2012; Comeau et al., 2013; Piwosz et al., 2013). It appears that although the diversity of
sympagic super-groups remains similar throughout the investigated geographical area, the
taxon abundance is more heterogenic. Thus, in the following part of the discussion we will
focus only on the relative abundances of members of the SAR group throughout the
central Arctic Ocean.
Sympagic stramenopiles
Stramenopiles were one of the most abundant members of the SAR group in the present
study. Within the stramenopiles, diatoms were most abundant at each of the ice floes
(except station 323), which is typical for sea ice during the summer season (Eddie et al.,
2010; Poulin et al., 2011; Comeau et al., 2013; Kilias et al., 2013; Stecher et al., 2015). Higher
number of diatoms within FYI station 224 and within the MYI stations 349 and 384 were
observed, which also comprised slightly higher numbers of phototrophs. Furthermore,
Chrysophyceae (chrysophytes) accounted for a large part of the stramenopile group,
especially in FYI stations 323, 335 and 335/2. Thus, a large fraction of the community
consisted of phototrophic species, what is in accordance to the trophic affiliation of the
classified OTUs in this study. Linking these results to the abiotic physical measurements, it
appears that diatoms were rather abundant in ice floes that were in a moderate melting
state (224) or within MYI that experienced an overall lower melting whereas chrysophyte
OTUs were most abundant within ice floes with moderate to high melt. This is in
accordance to our previous study (Stecher et al., 2015). Chrysophyte OTUs were most
abundant in the highly melted station 277. It was shown that chrysophytes are an abundant
part of Antarctic sea ice communities (Stoecker et al., 1997; Stoecker et al., 1998; Thomson
et al., 2006). The life cycle of chrysophytes is closely linked to Antarctic sea ice conditions:
they overwinter harsh conditions of low temperatures and high salinities by forming resting
stages (cysts). During spring they excyst and start to grow until ice decay starts and they
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encyst again. This stage is mainly used for dispersal (Stoecker et al., 1997). In Artic sea ice,
they were up to now mostly found in low abundances (Comeau et al., 2013). However,
Comeau et al. (2013) sampled sea ice during March when most of the chrysophytes might
be still in the overwintering stage. In the present study, the high relative abundance of
chrysophytes during September in high melt ice might indicate that these species were at
the end of their bloom and dispersal and thus were present in great amounts.
Another large fraction of stramenopile OTUs was the heterotrophic group
Bicosoecida. Bicosoecida OTUs were present in every station (except 224), but the highest
relative abundances were found at stations that consist of MYI and exhibit lower melting
(349 and 384). Although station 335/2 already exhibited melting, high relative abundances
of Bicosoecida were found, which might be due to the fact that MYI is composed of older
ice in the upper part (MYI portion which survived at least one melting period) and younger
ice at the bottom (FYI portion which was formed in previous season) (Perovich, 2011).
Since the complete ice core was analyzed, it might be possible that Bicosoecida taxa were
present in MYI parts of the ice core with low melt. In contrast, station 335 consisted of
FYI and did not show high relative abundances of Bicosoecida OTUs. The results of this
study confirmed the results of our previous study (Stecher et al., 2015): Bicosoecida OTUs
were solely found in the MYI station 360. Bicosoecida species are known to be halophilic,
growing in salinities of 60 to 150 ‰ (Park & Simpson, 2010). Thus, they might inhabit high
salinity regions within the MYI that are accompanied by colder temperatures (Eicken et al.,
1995; Petrich & Eicken, 2010). If Bicosoecida genera mostly inhabit MYI, they are
especially endangered by the on-going loss of MYI within the Arctic. If this loss is
continuing, the older and thicker MYI will be replaced by younger (Maslanik et al., 2011)
and thinner (Kwok & Rothrock, 2009) FYI. This might cause serious shifts within the sea
ice community. To predict the impact upon the sea ice ecosystem more studies including
more sea ice samples from different ice types, sampling locations and seasons, have to be
conducted.
Sympagic alveolates
The second most abundant member of the SAR groups were alveolates which are common
members of the sympagic community (Bachy et al., 2011; Majaneva et al., 2012; Comeau et
al., 2013; Stecher et al., 2015). Depending on the season, they might even be the most
abundant group of the sympagic community (Bachy et al., 2011; Majaneva et al., 2012).
During spring and summer, when light is sufficient for photosynthesis and temperatures
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increase, photosynthetic organisms begin to thrive and will dominate the sympagic
community (Arrigo, 2014). By the end of the summer, nutrients are depleted and the
photosynthetic biomass declines (Wassmann & Reigstad, 2011). The phototrophdominated sea ice community thus shifts towards a heterotroph-dominated community
during the winter season (Gradinger et al., 1992; Poulsen & Reuss, 2002; Bachy et al., 2011;
Wassmann & Reigstad, 2011; Majaneva et al., 2012). In all analyzed stations, except station
224, phototrophs dominated the community. Although station 224 did not show the
highest melt state, the high relative abundance of alveolates is indicative for a post-bloom
situation (Poulsen & Reuss, 2002; Kilias et al., 2014a), indicating that the phototrophdominated community starts to shift towards a heterotrophic-dominated community
during winter (Wassmann & Reigstad, 2011; Majaneva et al., 2012).
It was not possible to observe a direct correlation between the alveolate community
and abiotic conditions like melting state of the ice floes. In a previous study, we only found
greater amounts of ciliates in a 18S rRNA library and not the accompanied 18S rDNA
library. This might be due to the high melt state of the ice floe yielding in a better
accessibility into the ice matrix and thus easier access to prey (Stecher et al., 2015). rDNA
libraries might be biased due to high copy numbers of genomic 18S genes in ciliates and
dinoflagellates (Not et al., 2009; Baldrian et al., 2012; Gong et al., 2013; Kim et al., 2013b), by
cell sizes and bio volumes (Zhu et al., 2005; Godhe et al., 2008), free and extracellular DNA
in the environment (Nielsen et al., 2007), slow decay rates of nucleic acids in cold
environments (Willerslev et al., 2004) and dormant or dead cells (Hansen et al., 2007).
Sea ice is a heterogenic habitat and thus the sympagic community is patchy (Arrigo,
2014) making it difficult to draw conclusions about typical community structures.
Additionally, the MYI community might be different compared with the FYI community
but not much is known about the detailed community inhabiting MYI of the central Arctic
Ocean (Werner et al., 2007; Bachy et al., 2011). More comprehensive studies, also including
RNA extractions for analysing the active part of the community, are necessary to
investigate the sympagic community of different ice types in the Arctic Ocean, especially in
the light of the on-going climate change.
Sympagic Rhizaria
Rhizaria OTUs were the third most abundant SAR member in this study. All of the OTUs
belonged to the Cercozoa, with Thecofilosea as the most abundant sub-group. The
Cercozoa species Cryothecomonas has originally been described in Antarctic sea ice (Thomsen
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et al., 1991) but was also found in the Baltic Sea, the Canadian Arctic and in sea ice of the
central Arctic Ocean (Ikävalko & Thomsen, 1997; Lovejoy et al., 2002; Lovejoy et al., 2006;
Bachy et al., 2011; Majaneva et al., 2012; Thaler & Lovejoy, 2012; Comeau et al., 2013;
Stecher et al., 2015). Although Rhizaria OTUs were found in every station, they were more
abundant in high melt stations, with highest relative abundances at the highly porous
station 323. Cercozoan species were shown to be indicative for sea ice melt due to the fact
that highly porous ice is more advantageous for grazers since these species have easier
access to the ice matrix and thus to prey (Thomsen et al., 1991; Thaler & Lovejoy, 2012;
Comeau et al., 2013). Based on our findings, we can confirm that cercozoan species are
associated with highly porous ice and thus are correlated to sea ice melt. Again, this group
might be impacted by a climate change induced shift of sympagic algae blooms since their
prey will bloom earlier. A mismatch of algal bloom and secondary producers, as shown for
Calanus species and ice algae in Svalbard (Leu et al., 2011), might lead to a change in quality
and quantity of primary and secondary produces and thus in energy transfer to higher
trophic levels (Wassmann, 2011).

3.5 Conclusion
Based on the analysis of different rDNA libraries of the central Arctic Ocean established in
this study, sea ice appears to be a heterogenic habitat influenced by different abiotic
parameters. The heterogenic effect, however, was more pronounced in the relative OTU
abundances of different taxa and only slightly in the number of OTUs. Most abundant taxa
belonged to the SAR group (stramenopiles + alveolates + Rhizaria), of which phototrophs
were most frequent in almost all stations. We also showed that there were species-specific
differences between FYI and MYI with Bicosoecida taxa as most abundant in MYI
stations. Another important finding is that the degree of melt and thus the state of the ice
floe might have an influence on the sympagic community structure. Rhizaria and
chrysophyte species were most abundant in high melt stations and thus can be indicative
for ice melt. Differences in timing of ice melt, due to climate warming, might have severe
implications on the sympagic community. If melting season starts earlier and lasts longer,
there might be changes in trophic relationships. Furthermore, as some species are more
abundant in MYI, the on-going replacement of MYI by FYI in the Arctic Ocean can also
have severe implications for species dynamics and ecosystem functioning.
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Supplementary information
Table S1. Super-groups and their relative OTUs abundance (%) and relative number of different OTUs (%)
found in rDNA samples of each station based on the QIIME pipeline. Total relative numbers of OTU
abundance and number refer to all OTUs found.

Alveolata
Ancyromonadida
Chlorophyta
Cryptophyceae
Fungi
Haptophyta
Holozoa
Metazoa
Rhizaria
Stramenopiles
Telonema
other

224

323

335

335/2

349

384

total

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

52.7
0.0
0.1
0.0
0.0
0.0
0.0
0.0
7.9
38.7
0.6
0.0

22.0
0.0
1.6
0.0
0.4
0.4
0.8
0.0
18.8
54.3
1.6
0.0

7.7
0.0
0.4
0.0
0.0
0.0
0.0
0.0
13.7
76.1
2.1
0.0

16.5
0.0
2.9
0.4
0.4
0.0
0.0
0.0
18.5
59.7
1.6
0.0

21.4
0.0
0.4
0.0
0.0
0.1
0.2
0.0
6.0
69.8
2.0
0.1

18.2
0.3
2.9
0.3
0.3
1.3
1.0
0.0
16.2
57.5
1.3
0.6

26.2
0.0
0.1
0.0
0.0
0.0
1.3
0.0
5.2
66.1
0.9
0.1

19.6
0.4
2.1
0.0
0.0
0.0
1.1
0.0
13.9
61.1
1.4
0.4

3.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.7
90.6
0.7
0.0

14
0.4
2.4
0
0
0.4
0.4
0.4
16.8
63.6
1.6
0

18.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
5.4
69.5
6.3
0.0

17.7
0.0
2.3
0.0
0.4
0.4
0.8
0.0
15.8
60.9
1.9
0.0

22.7
0.0
0.2
0.0
0.0
0.0
0.3
0.0
6.9
68.0
2.0
0.0

20.6
0.3
2.6
0.3
0.3
1.2
1.2
0.3
15.7
55.7
1.4
0.6

Table S2. Stramenopile groups and their relative OTUs abundance (%) and relative number of different
OTUs (%) found in rDNA samples of each stations based on the QIIME pipeline. Total relative numbers of
OTU abundance and number refer to Stramenopile OTUs found.

Bicosoecida
Bolidomonas
Chrysophyceae
Bacillariophyceae
Dictyochophyceae
Labyrinthulomycetes
MAST-1
MAST-2
MAST-3
Pelagophyceae
other Stramenopiles

64

224

323

335

335/2

349

384

total

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

OTU
OTU number
abundance (%)
(%)

0.0
0.0
6.3
88.0
0.0
0.6
0.1
0.0
0.1
0.3
4.4

0.0
0.0
10.6
77.3
1.5
0.0
1.5
0.8
0.8
0.8
6.8

6.3
0.0
34.8
15.0
0.0
0.1
0.0
0.0
0.5
0.6
42.7

5.6
0.0
20.4
64.8
2.1
0.0
0.7
0.0
0.0
1.4
4.9

1.2
0.0
30.1
58.5
0.2
0.3
1.0
0.0
0.2
0.0
8.6

4.0
0.6
17.2
66.1
2.3
0.6
1.1
0.6
0.0
1.1
6.3

17.7
0.0
19.7
58.2
0.1
0.1
0.1
0.0
0.3
0.0
3.8

5.3
0.0
17.8
68.0
1.8
0.6
1.2
0.6
0.0
0.6
4.1

12.7
0.0
2.0
84.9
0.0
0.0
0.0
0.0
0.0
0.0
0.2

5.7
0.0
11.4
74.1
1.9
0.0
0.6
0.6
0.0
1.3
4.4

17.3
0.0
8.3
71.3
0.0
0.4
0.0
0.0
0.7
0.0
2.0

5.6
0.0
16.1
69.6
1.9
0.0
0.6
0.6
0.0
1.9
3.7

9.1
0.0
17.5
62.8
0.1
0.2
0.3
0.0
0.3
0.1
9.6

4.5
0.1
15.7
69.8
1.9
0.2
1.0
0.5
0.1
1.2
5.0

Supplementary information

Table S3. Alveolate groups and their relative OTUs abundance (%) and relative number of different OTUs
(%) found in rDNA samples of each stations based on the QIIME pipeline. Total relative numbers of OTU
abundance and number refer to Alveolata OTUs found.
224

Ciliophora
Dinoflagellata
Protalveolata
other

323

335

335/2

349

384

total

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

2.7
97.3
0.0
0.0

33.3
66.7
0.0
0.0

12.3
87.7
0.0
0.0

40.0
60.0
0.0
0.0

14.6
85.2
0.0
0.2

35.7
58.9
0.0
5.4

5.2
94.7
0.0
0.0

36.4
56.4
1.8
5.5

31.9
68.0
0.0
0.1

34.3
62.9
0.0
2.9

9.1
90.9
0.0
0.0

38.3
61.7
0.0
0.0

7.7
92.2
0.0
0.0

40.8
53.5
1.4
4.2

Table S4. Rhizaria groups and their relative OTUs abundance (%) and relative number of different OTUs
(%) found in rDNA samples of each stations based on the QIIME pipeline. Total relative numbers of OTU
abundance and number refer to Rhizaria OTUs found.
224

Silicofilosea
Thecofilosea
other

323

335

335/2

349

384

total

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

OTU
abundance (%)

OTU number
(%)

0.8
99.1
0.1

13.0
81.5
5.6

1.6
98.3
0.1

10.9
84.8
4.3

1.7
97.8
0.5

8.9
86.7
4.4

0.3
99.7
0.0

14.0
82.0
4.0

0.1
99.9
0.0

5.1
94.9
0.0

2.2
97.7
0.1

4.8
95.2
0.0

1.2
98.7
0.2

7.1
90.5
2.4

Fig S1. Rarefaction curves of 454 sequencing reads after quality clipping as number OTUs as a function of
number of reads.

OTU-count data and further QIIME data can be found on a CD attached to this thesis.
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Drilling ice cores in the central Arctic Ocean in August 2012, A. Stecher (left) and B. Lange
(right). © A. Stecher
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Abstract
Sea ice is a large environment controlled by hostile abiotic factors, including low temperatures,
low light intensities and high salinities. Despite these harsh conditions, it is inhabited by a
diverse community that significantly contributes to primary production and energy allocation
towards higher trophic levels in ice-covered regions. This ecosystem is especially endangered
by the on-going climate change. Assuming temperatures are to rise at the same speed as
currently observed, the Arctic will be ice-free in summer by the middle of this century. To test
how sympagic (ice-associated) diatoms are able to thrive in future scenarios, we isolated an
abundant naviculoid sea ice diatom member of the Arctic sea ice community (CCMP2297)
and conducted temperature experiments (10°C, 5°C, -2°C, -5°C) with this species. Differential
gene expression was investigated using RNASeq with a HiSeq2500 sequencer. Physiological
and transcriptional acclimations to these temperatures were analyzed; based on physiological
parameters, this diatom has a broad thermal range (5°C to -5°C). Remarkably, stress levels that
did not lead to physiological alterations already caused a transcriptomic response in
photosynthesis-related genes, heat-shock proteins (Hsps), reactive oxygen species (ROS)
scavenging and protein metabolism. The highest number of differential expressed transcripts
was found in response to 5°C, indicating that this temperature is more harmful to CCMP2297
than low temperatures. Furthermore, after 14 days of exposure these alternations were not as
extensive as after 24 hours, indicating an acclimation potential of the species.
Key words: RNASeq, temperature, ROS, Hsp, ice algae, Arctic Ocean
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4.1 Introduction
Polar sea ice covers a global area of 15 - 22 × 106 km2 throughout the year which equals 4.1
- 6.1 % of the global ocean area. Of this, Polar ice regions of the northern hemisphere
cover 5 × 106 km2 in September and 15 × 106 km2 in March (Arrigo, 2014) and thus are a
significant ecosystem. Sea ice does not consist of solid ice but rather contains a labyrinthlike system of brine channels (Weissenberger et al., 1992) containing hyper saline brine
solution (Eicken, 1992). These brine channels are inhabited by a diverse and well-adapted
community consisting mainly of unicellular algae and heterotrophic bacteria or ciliates
(Horner et al., 1992) and significantly contribute to net primary production (5 to 10 g C m-2
year-1) (Legendre et al., 1992; Gosselin et al., 1997), depending on the degree of ice coverage.
These organisms are exposed to harsh abiotic conditions like temperatures below freezing
point, high salinities and low incoming light (see Arrigo, 2014). In the past, these
communities and ecophysiological adaptations enabling them to thrive in such harsh
conditions were subject to several comprehensive investigations (Ackley & Sullivan, 1994;
Helmke & Weyland, 1995; Kirst & Wiencke, 1995; Staley & Gosink, 1999; Lizotte, 2001;
Thomas & Dieckmann, 2002b; Arrigo, 2014).
The sea ice ecosystem is endangered by climate change. As the ocean surface
temperature is rising, sea ice coverage decreases resulting in thinner and younger sea ice
(Kwok & Rothrock, 2009; Maslanik et al., 2011). In 2012, the Arctic sea ice extent
decreased to a new record minimum of 3.4 × 106 km2 (Parkinson & Comiso, 2013). Based
on the latest assessment report of the Intergovernmental Panel on Clime Change (IPCC), a
nearly ice-free Artic during summer season is likely to occur during the middle of this
century (IPCC, 2014). Accordingly, it is important to investigate whether species have the
ability to acclimate to new and warmer conditions and what the mechanisms behind these
acclimation processes are.
Moderate elevated temperature may increase photosynthesis and growth of
microalgae (Mock & Hoch, 2005; Hare et al., 2007; Hwang et al., 2008; Feng et al., 2009;
Torstensson et al., 2012; Lund-Hansen et al., 2014). Most of the studies investigating the
effect of temperature on Polar microalgae species were conducted with Antarctic species
(Ralph et al., 2005; Petrou et al., 2011; Petrou & Ralph, 2011; Teoh et al., 2013) and only a
few investigated the effect of temperature on the molecular level of Antarctic (Hwang et al.,
2008) and Arctic (Mock & Valentin, 2004; Mock & Hoch, 2005) species. It was shown that
adapting photosynthesis is key in surviving in highly variable environments (Petrou et al.,
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2011) and that species from similar geographic areas are adapted to different thermal limits
(Teoh et al., 2013). Thermal stress can have severe implications on metabolic processes in
plants and marine algae. High temperatures can cause protein degradation or aggregation
and thus leading to protein dysfunction. A protective mechanism against such protein
modifications is the production of heat-shock proteins (Hsps) that mostly assist protein
refolding during common metabolic processes but also during stress conditions (Lindquist
& Craig, 1988; Hendrick & Hartl, 1993; Parsell & Lindquist, 1993). Another harmful
process can be the formation of reactive oxygen species (ROS). Although antioxidant
compounds and ROS are in equilibrium in plant cells (Balmer et al., 2004), since ROS is
also important in signalling by specific oxidation of proteins (Guo et al., 2009), an excess
amount of ROS causes oxidative stress (Foyer & Noctor, 2005). ROS, like superoxide or
hydrogen peroxide, have the capacity to cause oxidative degradation of biomolecules such
as nucleic acids, lipids and proteins (Apel & Hirt, 2004). Several studies conducted on
marine micro- (Hwang et al., 2008) and macroalgae (Heinrich et al., 2012; Liu et al., 2014)
showed that Hsp and ROS scavenging enzymes are regulated on the molecular level due to
thermal stress and thus are efficient protective mechanisms in these species.
The aim of this study was to test whether an abundant sea ice diatom of the central
Arctic Ocean, the naviculoid diatom CCMP2297 (Potvin & Lovejoy, 2009), is able to
acclimate during two weeks of exposure to high and low temperatures. To test this, stress
experiments at four different temperatures (10°C, 5°C, -2°C, -5°C) for 14 days were
conducted. Transcriptomic analyses were done by sequencing RNA of each treatment with
the Illumina HiSeq2500 instrument.

4.2 Material and Methods
Environmental sampling
Sampling took place during expedition ARK XXVII/3 of RV Polarstern from the 2nd of
August until the 10th of October 2012 in the central Arctic Ocean. Sea ice algal species to
collect for cultivation were placed in 50 mL cell culture flasks (Sarstedt, Nümbrecht,
Germany). The cultures were kept under low light level at 0°C until they arrived the
laboratories of the AWI in Bremerhaven. Cultures were supplemented with f/2 medium
and cultured at 10 µmol photons m-2 s-1 photosynthetically active radiation (PAR) until
further analysis.
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Fig. 1. Cruise track and station map of expedition ARK XXVII/3 (PS80) of RV Polarstern. The cruise
took place from 2nd of August until 10th of October 2012 in the central Arctic Ocean. Purple dots indicate ice
stations and white and grey colours indicate the mean sea ice concentration (%) as of 7th September 2012.

Cultures
We isolated a sea ice diatom species in unialgal cultures which were cultivated at 0°C and
10 µmol photons m-2 s-1 (± 2 µmol photons m-2 s-1 PAR). Species affiliation was done by
two different methods: (1) by microscopy (inverted light microscope Axiovert 200, Carl
Zeiss AG, Jena, Germany) and scanning electron microscope (SEM; FEI 200F, Quanta,
Munich, Germany, sample preparation after Friedrichs, 2013) and (2) 18S sequencing.
DNA isolation and 18S PCR
Total DNA from filters of the culture was extracted after a modified version of the
manufacturer’s protocol of the DNeasy Plant Mini kit (Qiagen, Hilden, Germany) (Stecher
et al., 2015). Quantity and purity of the extracted DNA was determined by a NanoDrop
ND-1000 spectrometer (PeqLab, Erlangen, German). The isolated genomic DNA was
visualized and analyzed by gel electrophoresis in 1 % TAE agarose. DNA that showed
large non-degraded fragments was used as templates for the subsequent 50 µL 18S fulllength polymerase chain reaction (PCR) as described in Stecher et al. (2015). The PCR
product was visualized by gel electrophoresis and purified after the manufacturer’s protocol
of MinElute PCR Purification kit (Qiagen, Hilden, Germany). PCR were conducted in
triplicates and products were pooled in an equimolar ratio prior to sequencing to reduce
potential PCR biases (Bik et al., 2012).
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Sanger sequencing of 18S PCR product
The purified PCR products were used as templates for another sequencing-PCR step using
the BigDye® Terminator v3.1 Cycle sequencing kit (Applied Biosystems, Darmstadt,
Germany). To be able to align the full-length of the 18S gene more appropriate and secure
a complete coverage of sequence due to limited sequencing length of the polymerase, the
primers

1F

(5’-AACCTGGTTGATCCTGCCAGT-3’),

TGATCCTTCTGCAGGTTCACCTAC-3’)
GCGGTAATTCCAGCTCCAA-3’)

(Medlin

(Edgcomb

et

et
al.,

al.,
2002)

1528R

(5’-

1988),

528F

(5’-

and

1055R

(5’-

ACGGCCATGACCACCACCCAT-3’) (Elwood et al., 1985) were used. For each primer, a
single PCR was performed. The sequencing PCR was performed in a total volume of 10 µL
as follows: 1X premix BigDye®, 1 µmol/L primer, and 0.5 µL template DNA (~10
ng/µL). Amplification was carried out in a MasterCycler (Eppendorf, Hamburg, Germany)
with the following conditions: initial denaturation at 96°C for 1 min, followed by 25 cycles
of denaturation at 96°C for 10 sec, annealing at 50°C for 5 s and a final elongation at 60°C
for 4 min. Afterwards, PCR products were purified after the manufacturer’s protocol of
Agencourt CleanSEQ kit (Agencourt Bioscience Corporation, Beckman Coulter, Krefeld,
Germany) and subsequently 35 µL of each of the four purified PCR products of both
species were sequenced by the ABI Prism 3130xl Genetic Analyzer (Applied Biosystems,
Darmstadt, Germany). Sequences were assembled with the Staden gap4 package (Staden,
1996) and aligned with the Basic Local Alignment Search Tool (BLAST) (Altschul et al.,
1990).
Experimental treatments of Arctic sea ice diatom isolate
To evaluate the acclimation potential of a common sea ice algae, temperature stress
experiments with the isolated Arctic sea ice diatom were conducted. This species was
exposed to four different temperature treatments (10°C, 5°C, -2°C, -5°C) with constant
light of 10 µmol photons m-2 s-1 (± 2 µmol photons m-2 s-1) PAR over 14 days. Additionally,
the -5°C treatment had an increased salinity of 70 PSU compared with the other treatments
(34 PSU), due to the fact that the water would otherwise freeze. -5°C and 70 PSU are
accompanied in natural sea ice (Cox & Weeks, 1983). The experiments were conducted in
triplicates. Every second day, photosynthetic efficiency and growth was measured to
monitor physiology of the cultures over time. Steady state photosynthetic efficiency as
chlorophyll fluorescence was measured using a Xe-PAM (Pulse Amplitude Modulation)
fluorometer (Walz Mess- und Regeltechnik, Effeltrich, Germany). After a dark-acclimation
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period at the respective temperature of a maximum of 20 min (Mock & Hoch, 2005), a 2
mL aliquot from each culture was transferred into a quartz cuvette and minimum
fluorescence (F0) was recorded. After application of a saturation pulse of light (duration =
1 s, intensity = 5500 µmol photons m-2 s-1), maximum fluorescence (Fm) was measured.
Based on these parameters, maximum quantum yield (Fv/Fm) was calculated according to
the equation (Fm-Fv)/Fm (Butler & Kitajima, 1975). Growth was measured by counting cells
per mL in a Fuchs-Rosenthal counting chamber (Marienfeld-Superior, Lauda-Königshofen,
Germany). At the end of the experiment, samples of each replicate were filtered on several
1.2 µm polycarbonate membrane filters (RTTP, Merck Millipore, Schwalbach, Germany)
for chlorophyll a content analysis and further RNA extraction. Chlorophyll a was extracted
with 90% acetone and a mechanical cell disruption on ice by 30 s of ultrasound by an
ultrasound sensor (Sonopuls HD 2070, 90 % cycle, 90 % power, Bandelin, Berlin,
Germany). Afterwards, the solution was incubated over night at -20°C and cell debris were
removed by centrifugation. The supernatant was measured spectrophotometrically with a
fluorometer (TD 700, Turner Designs, California, USA) against a blank extracted
chlorophyll a from spinach and 90 % acetone. The amount of chlorophyll a within the
extract was calculated based on the extinction values obtained from the fluorometer
(Holm-Hansen et al., 1965).
RNA extraction from experimental samples
The total RNA of each replicate of the temperature stress treatment collected on
polycarbonate filters were isolated using a modified version of the manufacturer’s protocol
of TRI Reagent® and Direct-Zol RNA MiniPrep kit (Zymo Research, Freiburg, Germany
(Sigma-Aldrich, Munich, Germany) (Stecher et al., 2015). Several filters of the same
treatment were pooled during the extraction process to ensure enough biomass for
successful RNA extraction. Afterwards, the concentration and purity of the extracted RNA
was quantified spectrophotometrically with a NanoDrop ND-1000 spectrometer (Thermo
Fisher Scientific, Wilmington, USA). Whenever needed, the RNA was additionally purified
with the RNeasy MinElute Cleanup kit (Qiagen, Hilden, Germany). The integrity of the
extracted RNA was verified by a RNA Nano Chip Assay by the 2100 Bioanalyzer device
(Agilent Technologies, Böblingen, Germany). Only non-degraded samples without
contaminations were used for further analyses.
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Illumina sequencing of experimental RNA samples
Library preparation was performed with RNA from one replicate from each temperature
and duration treatment (seven samples). For library preparation, approximately 1 µg of
total RNA per sample was processed with a TruSeq RNA Library Preparation kit v2 (RS122-200x, Illumina Inc., San Diego, USA) by following the manufacturer’s protocol.
Afterwards, the libraries were quantified using a RNA Nano Chip Assay by the 2100
Bioanalyzer device (Agilent Technologies, Böblingen, Germany).
The produced libraries were sequenced with a HiSeq 2500 instrument (Illumina
Inc., San Diego, USA) in a high-output paired-end mode with 2 x 100 bp read length
(Bentley et al., 2008). The seven prepared libraries were pooled in one lane of the FlowCell.
The sequence data in FastQ format was extracted using bcl2fastq v1.8.4 (provided by
Illumina).
Bioinformatics
Reference transcriptome de novo assembly and functional annotation
A reference transcriptome is the basis for the assessment of transcription activity if a
reference genome is not available. To construct such a reference transcriptome, all raw
reads derived from the Illumina sequencing after adapter clipping and quality trimming was
conducted by the sequencing company were used. Raw sequences had a mean sequence
quality (phred score) of 37. To account for insert size differences in the sequencing libraries
derived from each treatment, the assembly was performed retaining this library
information. We used ABySS (Assembly By Short Sequences, version 1.5.2,
http://www.bcgsc.ca/platform/bioinfo/software/abyss, Simpson et al. (2009)) for the
assembly and tested different k-mer values (45, 51, 56, 61) for performance. Lower k-mer
values would capture more rare transcripts with the disadvantage of getting a much higher
number of shorter contigs. However, without the availability of a reference genome, larger
contigs are preferable. The k-mer value 51 yielded the lowest number of contigs with the
greatest assembly size and thus we decided to use this assembly for further mapping
procedures. Transcripts below a minimum length of 200 bp were removed from the
generated transcriptome and thus have been not taken into account for subsequent
analysis.
Functional annotation was performed using the Trinotate functional annotation suite
(release 08.07.2014, Grabherr et al., 2011). Assigned Gene Ontology (GO) terms were
mapped to the second level parent term using the R Bioconductor package ‘GO.db’
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(Carlson). Further, eggNOG functions were assigned to their corresponding eggNOG
categories using R (R_Development_Core_Team, 2008) and the eggNOG database version
3.0 (Powell et al., 2012).
Differential expression analysis
Raw reads were mapped to the assembly using TopHat2 (Kim et al., 2013a), which
implements procedures to ensure that reads are aligned with true indels (insertions and
deletions). Indels might be produced during the sequencing process due to errors and were
discovered using the underlying mapping engine of TopHat2 Bowtie2 (Langmead &
Salzberg, 2012). Details regarding the number of reads that were mapped to the different
treatments are shown in Table S2 in the supplemental.
Differential expression of transcripts was evaluated using a test based on the
negative binomial distribution as integrated in the Bioconductor R package ‘edgeR’
(Robinson et al., 2010; McCarthy et al., 2012) with a standard level of p ≤ 0.05 indicating
significance. Control (-2°C, 24 hours, corresponds to natural environment and showed the
least regulated transcripts) was compared with the five treatments (see section 2.5) for
CCMP2297. The previously annotated transcriptome made a GO enrichment analysis
possible to test for particular affected terms, using the Trinotate functional annotation suite
and the Bioconductor R package ‘GOseq’ (Young et al., 2010) with a standard level of p ≤
0.05 indicating significance. All subsets of significantly regulated genes identified by the
binominal distribution test were tested against the full set of annotated sequences of the
generated de novo transcriptomes. To cut down on redundancy, GO terms were summarized
into a more representative subset of terms using the web-based clustering tool REVIGO
(Reduce & Visualize Gene Ontology, Supek et al., (2011)).

74

4.3 Results and Discussion

4.3 Results and Discussion
Identification of the species by microscopy and 18S sequencing
Both microscopy methods, light microscopy (Fig. 2A & 2B) and SEM (Fig 2C - F), showed
that the isolated species is a bilaterally symmetric pennate raphed diatom with boat-sized
cells. The central isopolar raphe is non-fibulate and disrupted in the centre. The SEM
pictures showed lineate striae composed of elongated areolae arranged parallel to the apical
axis. Based on morphology, the species is likely to be a member of the Naviculales (Cox &
Williams, 2006). Naviculoid species are widely distributed and are also common members
of the sea ice (Poulin et al., 2011).
The analysis of the 18S gene showed similar results. The sequence had a 99%
identity and 98 % query coverage with CCMP2297 (accession number: GQ375266).
CCMP2297 was originally described and isolated from an Arctic sea ice core in the Baffin
Bay in 1998 and was described to likely be a naviculoid diatom (Potvin & Lovejoy, 2009).
Furthermore, it was shown to be a very common member of sea ice communities of both,
the active and passive part of the community (Stecher et al., 2015). Thus, we were able to
isolate an important member of the Arctic sea ice ecosystem.

Fig. 2. Microscopic pictures of CCMP2297. Light microscopy pictures (A & B) and scanning electron
microscopy pictures (C - F) by Madlen Franze.
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Photosynthetic efficiency and growth over the experimental duration
Measuring the efficiency of the photosystem II (PS II) as the maximum quantum yield
(Fv/Fm) of three replicates per treatment as indicator for the organism’s fitness showed that
the four different temperatures affected the Fv/Fm significantly over time (rmANOVA,
F24,64 = 145.843, p < 0.01). Fv/Fm values over the experimental duration of 14 days are
shown in Fig. 3A. Monitoring the growth of CCMP2297 as cells/mL over the complete
experimental duration also shows that growth is affected by temperature with cells cultured
at 5°C and -2°C showing the highest amounts of cells/mL (Fig. 3B).
After a short-term acclimation (24 hours) to 10°C, initial Fv/Fm values decreased
but did not significantly differ (ANOVA, F3,8 = 71.811, p > 0.01) compared with the other
temperatures, except for -5°C (Table S1). However, unlike the other temperatures, algae
cultured at 10°C did not recover after this initial drop, and Fv/Fm values were significantly
lower than the other treatments at the end of the experiment (ANOVA, F3,8 = 121.905, p
< 0.01). Additionally, algae grown at 10°C showed no obvious growth over the complete
experimental duration and even had a negative growth rate (Fig. 3B & 3C). Together with
the significantly lowest chlorophyll a content (compared with 5°C and -2°C), growth rate
was significantly lower compared with all other temperature treatments (p < 0.01) (Fig.
3C). High temperatures can expose severe stress on cold adapted algae. Moderate elevated
temperature can enhance photosynthesis and thus growth (see above), increasing
temperature beyond a certain threshold seems to exceed the acclimation capacity. The
Antarctic diatom Chaetoceros neogracile showed a decreased growth after increasing
temperature from 4°C to 10°C (Hwang et al., 2008). However, even algae from similar
geographic regions that should be adapted to the same conditions show different thermal
limits. The Antarctic microalgae Chlamydomonas sp. and Chlorella sp. grew best at 6 - 9°C and
9 - 20°C, respectively, whereas the Antarctic Navicula glaciei had a very strict thermal
optimum of 4°C above which growth was drastically decreased (Teoh et al., 2013). Thus,
the reaction to thermal stress appears to be species specific and an oceanic temperature
increase as predicted for future scenarios (IPCC, 2014), might have severe impacts on cold
adapted diatom species.
Algae cultured at 5°C and -2°C showed a different acclimation pattern. After 24
hours of temperature conditions, the maximum quantum yield of algae cultured at 5°C and
-2°C initially decreased and did not differ from each other and 10°C (Table S1). Three to
five days after the start of the experiments, their Fv/Fm values increased, and after 14 days
recovered to almost the initial values (Fig. 3A). The 5°C and -2°C treatment algae showed
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the highest growth rate and did not differ significantly (ANOVA, F3,8 = 217.216, p < 0.01)
(p > 0.05). The same effect was observed from the chlorophyll a content: 5°C and -2°C
had the highest content of chlorophyll a (ANOVA, F3,8 = 35.082, p < 0.01). Photosynthesis
and growth of microalgae were shown to increase under moderate elevated temperature
(Mock & Hoch, 2005; Hare et al., 2007; Feng et al., 2009; Torstensson et al., 2012; LundHansen et al., 2014) since increasing temperatures enhance metabolic activity. Our results
did not show an increase in photosynthetic efficiency based on high temperatures since
algae cultured at -2°C and 5°C showed similar values. Due to the fact that CCMP2297 was
able to acclimate to higher temperatures, we suggest that based on physiological data, this
sea ice diatom has a broad temperature range. Other sea ice diatoms e.g.
Fragilariopsis cylindrus, were also shown to have a broad temperature range (Petrou et al.,
2011). Sea ice algae have to cope with a different set of abiotic factors and have to be able
to thrive within the water column after they melted out of the ice (Pogson et al., 2011), thus
they need to be able to acclimate quickly to different conditions (Petrou et al., 2011).
At -5°C, Fv/Fm values significantly decreased from initial values (ANOVA, F3,8 =
71.811, p < 0.01, Fig. 3A, Table S1) compared with the other treatments, but started to
recover slightly from this initial drop after five days and retained almost initial values after
14 days, although more slowly than cultures grown at 5°C and -2°C (Fig. 3A). Cells
cultured at -5°C showed a significantly decreased growth rate compared with the other
treatments and a chlorophyll a content which is significantly different (p < 0.01) to the 5°C
and -2°C treatment (Table S1). Cold temperatures cause a cold-shock photoinhibition of
photosynthesis due to a lower rate of enzyme-catalysed reactions within the Calvin cycle,
even when light levels are moderate (Huner et al., 1995). Mock and Valentin (2004)
demonstrated that the sea ice diatom F. cylindrus initially decreased its Fv/Fm values after
experiencing freezing conditions (-1.8°C) and 35 µmol photons m-2 s-1 PAR. After five days
of exposure, F. cylindrus acclimated to the cold temperature and increased its Fv/Fm values
again. This initial decrease was likely caused by a cold-shock photoinhibition (Mock &
Valentin, 2004). Although they started the experiments at the beginning of the exponential
growth phase of F. cylindrus and we immediately started the experiments without
acclimation, we could observe the same initial drop of photosynthetic efficiency, which was
most intense at -5°C. This also indicates that there might be a typical cold-shock
photoinhibition. Additionally, it was also shown that high salinity concentrations of 70
PSU, as applied in our -5°C treatment, also inhibits algal photosynthesis (Lund-Hansen et
al., 2014) by resulting in a closure of reactions centres of the PS II (Ralph et al., 2007). This
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process is however minimized by low temperatures in three Antarctic diatoms (Petrou et al.,
2011) due to the fact that this condition represents natural conditions (Cox & Weeks,
1983). CCMP2297 was able to acclimate to -5°C since its photosynthetic efficiency
recovered to almost initial values. Nevertheless, growth rate was lower than at -2°C and
5°C, even after 14 days. This can be explained by the fact that at low temperatures,
photosynthetic rates decrease due to the lower rate of enzyme-catalysed reactions within
the Calvin cycle (Huner et al., 1995).

Fig. 3. Physiological parameters of CCMP2297 during 14 days of different temperature exposure
(10°C, 5°C, -2°C, -5°C) (A) photosynthetic efficiency as maximum quantum yield (Fv/Fm), (B) growth over
14 days (cells/mL) and (C) growth rate (cells/d) and chlorophyll (chl) a content (mg/mL) at the end of the
experiment (n = 3 ± standard deviation).

Gene expression profiles of CCMP2297
Illumina sequencing of cDNA libraries of total RNA from CCMP2297 cells cultured at
four different temperatures (10°C, 5°C, -2°C, -5°C) sampled after 24 hours and 14 days,
yielded a total of 119,208,750 reads, which were assembled into 13,438 contigs larger than
200 bp (Table 1). N50 of contigs was 2,647 bp (minimum length of bp that represent 50 %
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of the assembly). The contig sizes varied between 200 bp and 14,638 bp with a mean size
of 1,840 bp (Table 1).
Table 1. Assembly statistics. Number of total reads, contigs and contig sizes of the complete assembly,
irrespective of the treatment.
total raw reads
number of contigs > 200 bp
total bases
N25 (bp)
N50 (bp)
N75 (bp)
longest (bp)
mean (bp)
median (bp)
shortest (bp)

119,208,750
13,832
25,448,760
4,145
2,647
1,637
14,638
1,840
1,478
200

After excluding contigs < 200 bp, Illumina sequencing of differently treated
CCMP2297 yielded a total of 13,832 transcripts, of which 2,861 (20.7 %) were differently
regulated in at least one of the different treatments (10°C, 5°C, -5°C after 24 hours and
5°C and -5°C after 14 days) compared with the control (-2°C, 24 hours) (Fig. 4, Table S3).
Genes were considered to be expressed differentially with a fold-change of > 2 and a pvalue of > 0.05. Of the 2,861 transcripts, 2,122 transcripts (74.2 %) could not be annotated
and thus have no homologues in public databases. 739 (25.8 %) of the regulated transcripts
were annotated by BLASTx. After 24 hours of exposure, the highest number of differential
expressed genes (DEGs) was observed after the exposure to 5°C (1,407 transcripts, 10.2
%), followed by the 10°C treatment with 776 DEGs (5.6 %) compared with the control.
The lowest number of regulated transcripts (213 = 1.5 %) was found in response to the 5°C treatment. At 5°C, more transcripts were up-regulated than down-regulated (968 vs.
439 contigs), whereas at 10°C and -5°C, most transcripts were down-regulated (423 vs. 353
and 127 vs. 86, respectively) (Fig. 4).
After 14 days of exposure, the number of DEGs was lower compared with the 24
hours treatments: at 5°C and -5°C, 227 and 238 DEGs, respectively (1.6 % and 1.7 %),
were significantly regulated, with a higher number of transcripts being down then upregulated (Fig. 4, Table S3). After 14 days, none of the treatments showed an extensive
regulation pattern. Thus, it can be concluded that short-term exposure at 5°C in
CCMP2297 caused the highest demand of metabolic reorganization to maintain its
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physiological state. Furthermore, the naviculoid sea ice diatom CCMP2297 is able to
respond quickly to changing temperatures and is able to acclimate to these conditions.

Fig. 4. Number of differential regulated genes. Green indicate up-regulated genes and blue indicate
down-regulated genes at the different temperature treatments after 24 hours (10°C, 5°C, -5°C) and 14 days
(5°C, -5°C) compared with the control (-2°C, 24 hours) (n = 1).

eggNOG categories
eggNOG categories were used to describe significant functions in CCMP2297, irrespective
of the treatment. 5437 transcripts were classified into the four eggNOG orders
‘information storage and processing’, followed by ‘metabolism’, ‘poorly characterized’ and
‘cellular processes and signalling’ (Fig. 5, Table S4). The two most abundant eggNOG
categories of the orders ‘information storage and processing’, ‘metabolism’ and ‘cellular
processes and signalling’ were ‘transcription’ and ‘replication, recombination and repair’
(both 9 %) and ‘translation, ribosomal structure and biogenesis’, ‘amino acid transport and
metabolism’ and ‘energy production and conversion’) and ‘posttranslational modification,
protein turnover, chaperones’ and ‘signal transduction mechanisms’), respectively (Fig. 5,
Table S4). Based on these functions, it appears that CCMP2297, irrespective of the
treatment, regulates transcripts mainly involved in protein synthesis and signalling, but also
in protein modification and repair. This might indicate, that CCMP2297 needs to respond
to thermal stress in transcriptional modifications of potential protective pathways, which is
in accordance to Toseland et al. (2013).
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Fig. 5. eggNOG function distribution of the assembly. Functions were assigned to the corresponding
eggNOG orders ‘cellular processes and signalling’ (light green), ‘information storage and processing’ (green),
‘metabolism’ (dark green) and ‘poorly characterized’ (grey) and are given in percental frequency (%) of
transcript counts.

GO enrichments
To further verify the significantly enriched functions of CCMP2297 in general, a Gene
Ontology (GO) term enrichment analysis was conducted. Most of the annotated GO terms
were grouped to ‘biological process’, followed by ‘cellular component’ and ‘molecular
function’ (Fig. 6, Table S5). The specific annotated GO term of each sequence was mapped
to the second level parental GO term to obtain a general overview of the transcripts within
the three GO classes. Most of the frequent annotated GO terms were grouped within
‘biological process’ with ‘cellular process’, ‘single-organism process’ and ‘metabolic
process’. ‘Cell part’, ‘cell’ and ‘organelle’ were the most frequent GO terms of the class
‘cellular component’. In the ‘molecular function’, most of the terms are grouped into
‘binding’, ‘catalytic activity’ and ‘transporter activity’ (Fig. 6, Table S5). 	
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Fig. 6. Overview of 2nd level enriched Gene Ontology (GO) terms of the assembly. GO terms were
classified into ‘biological process’ (light blue), ‘cellular component’ (blue) and ‘molecular function’ (dark blue)
as percental frequency distribution (%) of transcript counts.

Manual inspection of transcripts after short and long term exposure
To identify the most important mechanisms related to thermal stress and the potential of
CCMP2297 to adapt to thermal stress, we manually classified transcripts involved in one of
the three categories: photosynthesis, stress response and protein metabolism after 24 hours
(10°C, 5°C, -5°C) and 14 days (5°C and -5°C). Since the cultures at 10°C did not survive
the two weeks treatment, it was not possible to isolate sufficient RNA from cells grown at
this treatment and thus only the gene expression patterns of algae cultured at 5°C and -5°C
will be discussed in the following.
Photosynthesis
Photosynthesis or photosynthesis-related genes were differently regulated in each of the
temperature treatments. Most of the DEG were regulated in CCMP2297 grown at 5°C,
followed by 10°C and -5°C. First, we will present and discuss transcripts related to pigment
metabolism and light harvesting complexes (LHCs) after 24 hours and 14 days and
afterwards regulated genes related to photosystems after 24 hours and 14 days.
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Pigment metabolism and LHCs
CCMP2297 significantly regulated its photosynthetic pigments and LHCs in response to
different thermal stresses. At both, 10°C and -5°C, a down-regulation of three transcripts
annotated as chlorophyll a-b binding protein genes, with two of them from the LI818
subfamily was observed (Table 2). At 5°C, four transcripts annotated as chlorophyll a-b
binding proteins (two of them from the LI818 subfamily) were up to 8.4-fold up-regulated
(Table 2). For green plants and diatoms, it was shown that LHCs (general LHCs in green
plants and members of Lhcx and LI818 subfamilies of LHCs in diatoms) not only function
in light harvesting, but also in preventing damages of the photosystem by nonphotochemical quenching (NPQ) under high light stress (Bailleul et al., 2010; Zhu & Green,
2010). Additionally to high light stress, the energy transfer from the LHCs to the PS II was
shown to be sensitive to heat-stress in higher plants (Pastenes & Horton, 1996), thus there
might also be a potential protective role of LHCs during heat-stress in CCMP2297.
Sequences annotated as chlorophyll a-b binding protein genes were blasted again
manually against the NCBI database using the BLASTx algorithm. The best hit (and for
one sequence the second best hit) was fucoxanthin a-c binding proteins. Every treatment,
irrespective of the temperature, caused an up-regulation of several fucoxanthin-chlorophyll
a-c binding protein transcripts, with four induced transcripts at -5°C and two up-regulated
genes at 10°C and 5°C (Table 2). The up-regulation of transcripts encoding for fucoxanthin
a-c binding proteins in CCMP2297 at 10°C and 5°C might be due to a photo protective
role of fucoxanthin-chlorophyll proteins (FCPs) and LHCs, which was shown to be
present in higher plants and algae (Green & Kuhlbrandt, 1995; Kruse, 2001; Lavaud et al.,
2003) as a response to light stress. Hwang et al. (2008) showed that heat-stress induced a
down-regulation of several photosynthetic genes in Antarctic Chaetoceros neogracile, but at the
same time an induction of four FCP and five LHC encoding genes. They argued, that some
FCPs and LHCs have unique roles and show a high sequence similarity to a specific set of
proteins present in plants and cyanobacteria that play an important photo protective role
under high-light condition as shown by Heddad & Adamska (2002). Our results agree with
the ones from Hwang et al. (2008) and indicate a potential protection mechanism of LHCs
and FCPs at high temperatures in the diatom CCMP2297.
Like heat-stress, cold-stress might also induce a protective effect of FCPs. Mock
and Hoch (2005) found an up-regulation, similar to the induction in CCMP2297, of
fucoxanthin-chlorophyll a-c binding protein transcripts in Fragilariopsis cylindrus cultured at 1°C compared with 7°C. Low temperatures can mimic increased irradiation (Maxwell et al.,
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1995) and result in increasing NPQ (Olaizola et al., 1994), which is a protective mechanism
to dissipate excess light energy as heat (Müller et al., 2001), and repair of photo damaged
proteins within the plastids (Mock & Hoch, 2005). Although more work has to be done to
exactly find out the process behind the up-regulation of LHCs and FCPs under diverse
thermal stresses, it appears that these transcripts play a role in photo protection in
CCMP2297.
Furthermore, CCMP2297 cultured at warm temperatures of 10°C and 5°C upregulated transcripts involved in chlorophyll biosynthesis. At 10°C, the algae showed an
induction of a magnesium-chelatase, whereas at 5°C four transcripts encoding for
chlorophyll/carotenoid metabolism-related enzymes were up-regulated and genes encoding
for carotenoid metabolism were down-regulated (Table 2). It appears that cells cultured at
5°C strongly up-regulate their chlorophyll containing compounds rather than carotenoid
compounds belonging to violaxanthin and carotene, like a chloroplastic violaxanthin deepoxidase (Table 2). The induction of key enzymes of the chlorophyll metabolism, like
magnesium-chelatase, might be due to the increased requirement of chlorophyll for
induced LHCs production and turnover rates as indicated by a high cellular chlorophyll a
(Fig. 3C) content and an up-regulation of LHC-encoding transcripts. At the same time, the
observed down-regulation of carotenoid-related catabolic enzymes indicates a lower
requirement of carotenoids at moderate high temperatures.
After 14 days of exposure to 5°C and -5°C, CCMP2297 regulated transcripts
related to pigment metabolism in response to -5°C (Table 2). Three transcripts encoding
for fucoxanthin-chlorophyll a-c- binding proteins were around 4-fold down-regulated
(Table 2). Such a down-regulation could be due to an acclimation to the conditions, since
the diatom does not experience the initial stress anymore and thus does not need high
numbers of certain genes. Similar results were observed in F. cylindrus. This diatom
increased its cellular concentrations of chlorophyll a, c and fucoxanthin after cold-shock,
but significantly decreased the cellular pigment concentrations after months of acclimation
(Mock & Hoch, 2005). Due to their normal habitat, sea ice diatoms, like CCMP2297, are
often able to thrive within a broad temperature range (Mock & Hoch, 2005; Petrou et al.,
2011; Petrou & Ralph, 2011), what is in accordance to our physiological data. Although
they normally inhabit sea ice and experience freezing temperatures, they sink out of the ice
into the water column after the onset of the ice melt in July (Wassmann & Reigstad, 2011).
Under ice water of the Arctic Ocean has a temperature near the freezing point of seawater
of ~-1.8°C (Petrich & Eicken, 2010) but as soon as the ice melts in summer, sea surface
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temperatures of the Arctic Ocean can rise to temperatures > 0°C. Thus, sea ice diatoms
must have the capacity to adapt to relatively rapid environmental changes. Our experiments
showed that cells cultured at -5°C were also able to successfully grow and photosynthesise,
although with a lower total rate compared with 5°C and -2°C. This lower rate can be
explained by the overall lower rate of enzyme-catalysed reactions of the Calvin cycle at
lower temperatures (Huner et al., 1995).
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Table 2. Differently regulated genes encoding for pigment metabolism and light harvesting
complexes (LHCs)-related components. Genes that were regulated after 24 hours at 10°C, 5°C and -5°C
and 14 days at 5°C and -5°C were manually inspected and considered to be significantly different to the
control conditions (-2°C) with a p < 0.05. A fold change (FC) of > ± 2 was considered to be significantly
differently up-regulated (bold, black, positive values) or down-regulated (bold, red, negative values).

24 hours

10°C

5°C

-5°C

14 days
-5°C

contig

FC

234676
197564
224284
228421
231574
207430

11.2
5.4
3.5
-6.2
-7.8
-5.0

228421
231574
207430
232044
236624
228383
222005
201333
689
233379
225790
231138
226728
223534

length

e value

Fucoxanthin-chlorophyll a-c binding protein E, chloroplastic
Fucoxanthin-chlorophyll a-c binding protein, chloroplastic
Magnesium-chelatase 67 kDa subunit
Chlorophyll a-b binding protein LI818, chloroplastic *
Chlorophyll a-b binding protein LI818, chloroplastic**
Chlorophyll a-b binding protein 13, chloroplastic***

524
679
2477
934
1001
1202

1.00E-24
1.00E-10
2.00E-124
2.00E-38
2.00E-17
1.00E-11

4.6
4.8
8.4
5.0
3.0
8.3
4.2
5.1
5.6
3.1
-3.1
-3.4
-3.9
-3.5

Chlorophyll a-b binding protein LI818, chloroplastic*
Chlorophyll a-b binding protein LI818, chloroplastic**
Chlorophyll a-b binding protein 13, chloroplastic ***
Chlorophyll a-b binding protein 1B-21, chloroplastic****
Chlorophyll synthase, chloroplastic
Fucoxanthin-chlorophyll a-c binding protein, chloroplastic
Fucoxanthin-chlorophyll a-c binding protein, chloroplastic
Heme oxygenase
Magnesium-chelatase subunit ChlI
Prolycopene isomerase, chloroplastic
Cytochrome P450 97B3, chloroplastic
Light-dependent protochlorophyllide reductase
Violaxanthin de-epoxidase, chloroplastic
Zeta-carotene desaturase

934
1001
1202
891
3819
694
1178
1093
3936
2021
2254
1369
1592
2010

2.00E-38
2.00E-17
1.00E-11
1.00E-19
4.00E-75
3.00E-18
4.00E-16
2.00E-56
0.00E+00
3.00E-39
0.00E+00
1.00E-42
2.00E-18
0.00E+00

197564

6.8

Fucoxanthin-chlorophyll a-c binding protein, chloroplastic

679

1.00E-10

220308

4.3

Fucoxanthin-chlorophyll a-c binding protein E, chloroplastic

300

1.00E-55

234676

11.5

Fucoxanthin-chlorophyll a-c binding protein E, chloroplastic

524

1.00E-24

233874

5.0

Fucoxanthin-chlorophyll a-c binding protein D, chloroplastic

505

1.00E-25

228421

-4.5

Chlorophyll a-b binding protein LI818, chloroplastic *

934

2.00E-38

231574

-6.7

Chlorophyll a-b binding protein LI818, chloroplastic**

1001

2.00E-17

207430

-4.3

Chlorophyll a-b binding protein 13, chloroplastic***

1202

1.00E-11

197564
220308

-4.1
-4.0

Fucoxanthin-chlorophyll a-c binding protein, chloroplastic
Fucoxanthin-chlorophyll a-c binding protein E, chloroplastic

679
300

1.00E-10
1.00E-55

233874

-4.1

Fucoxanthin-chlorophyll a-c binding protein D, chloroplastic

505

1.00E-25
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* Fucoxanthin-chlorophyll a-c protein Phaeo, NBCI, 5E-89
** Fucoxanthin-chlorophyll a-c protein Phaeo, NBCI, 4E-97
*** Fucoxanthin-chlorophyll a-c protein Phaeo, NBCI, 3E-52, 2nd best NCBI hit
**** Fucoxanthin-chlorophyll a-c protein Phaeo, NBCI, 5E-75
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Photosystems
After 24 hours of temperature stress, photosystem-related enzymes were only regulated in
CCMP2297 cultured at 5°C. The sea ice diatom showed a strong up-regulation of the
photosynthetic apparatus of which two transcripts encode for PS I and six transcripts
encode for PS II (Table 3). This strong regulation at 5°C is in contrast to the other
treatments and the physiological data. When comparing the molecular response to the
physiological one, it appears that a medium thermal stress like 5°C do not lead to an altered
phenotypical fitness since no differences in growth or photosynthetic efficiency after 24
hours at 10°C, 5°C and -2°C were observed. Nonetheless, CCMP2297 reacts to 5°C with
the most significant change in its gene expression compared with the control of -2°C. A
similar pattern was shown for the marine brown macroalga Saccharina latissima (Heinrich et
al., 2015). They found that under a combined stress of ultra violet radiation (UVR) and
elevated temperature for two weeks, S. latissima strongly changed its gene expression
pattern without a visible change in the photosynthetic performance. Therefore, they
postulate that this invisible response might help the species to prepare for possible higher
stress levels in the future but also that this species experiences high ‘costs’ of maintaining
its normal state photosynthesis (Heinrich et al., 2015). These ‘hidden costs’ might reduce
the fitness on the long run or lead to a lack of energy for other metabolic processes. PS II
was shown to be more sensitive to heat-stress compared with PS I in several studies
conducted with higher plants (see Kreslavski et al. (2007) for review). It seems, as a ‘good’
Fv/Fm value of the PS II alone is not the most relevant factor for stress identification, as
the alga might still experience stress and might have to invest to overcome it. Rather is a
bad Fv/Fm value an identification for severe stress under which the alga is not likely able to
recover from (Heinrich et al., 2015).
After 14 days of exposure to -5°C, CCMP2297 only regulated one transcript
encoding for photosystem Q(B) protein (Table 3). Again, this suggests that CCMP2297 is
not only able to acclimate its photosynthetic pigment metabolism but also its
photosynthetic apparatus to changing thermal conditions within two weeks by a significant
regulation of its transcriptome.
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Table 3. Differently regulated genes encoding for photosystem-related components. Genes that were
regulated after 24 hours at 10°C, 5°C and -5°C and 14 days at 5°C and -5°C were manually inspected and
considered to be significantly different to the control conditions (-2°C) with a p < 0.05. A fold change (FC)
of > ± 2 was considered to be significantly differently up-regulated (bold, black, positive values) or downregulated (bold, red, negative values).

24 hours

5°C

contig

FC

putative gene product

length

e value

73778
221426

5.7
4.8

Cytochrome c-550
Photosystem I assembly protein Ycf4

1669
2933

9.00E-71

132078

6.0

Photosystem I reaction center subunit II

742

2.00E-110

190432

3.1

Photosystem II CP43 chlorophyll apoprotein

2542

0.00E+00

232882

4.3

Photosystem II CP47 chlorophyll apoprotein

3572

0.00E+00

111186

5.5

Photosystem II reaction center protein K

333

2.00E-15

29525

6.6

Photosystem II reaction center protein Z

675

7.00E-22

23601

3.4

Photosystem Q(B) protein

1132

0.00E+00

23601

-4.4

Photosystem Q(B) protein

1132

0.00E+00

14 days
-5°C

Stress response
Thermal stress can have severe implications on metabolic functions. Thus, in the following
we will first discuss transcripts or genes involved in ‘heat-shock protection’ and afterwards
those genes involved in ‘reactive oxygen species (ROS) scavenging’.
Heat-shock proteins (Hsps)
Molecular chaperones, the so called heat-shock proteins (Hsps), are proteins mostly
involved in protein folding during diverse cellular processes but also during stress
conditions (Hendrick & Hartl, 1993). More transcripts encoding for Hsps were up- than
down-regulated (12 out of 15) in CCMP2297 after exposure to different temperature
stresses. Again, the most intense regulation of Hsp-encoding transcripts occurred at
moderate heat-stress of 5°C with eight of ten genes being up-regulated and only two
repressed, followed by 10°C with three up-regulated genes and at -5°C one up- and one
down-regulated transcript (Table 4). These regulations indicate that in general high
temperatures cause a more intense Hsp regulation than cold temperatures in CCMP2297.
Some transcripts encoding for heat-shock-related enzymes were induced in multiple
treatments, whereas others found to be treatment specific. Heat-shock factor (HSF)
proteins were the only transcripts that were regulated in response to each temperature
treatment. At 10°C, one transcript encoding for heat-shock factor protein HSF8 was up-
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regulated, whereas at the other temperatures, CCMP2297 simultaneously up- and downregulated HSF encoding genes. HSFs play a crucial role as transcriptional activators of
Hsps by binding to heat-shock elements, present in multiple copies in the promoter region
of the hsp genes (Sorger, 1991; Morimoto, 1993). Furthermore, one transcript encoding for
a chaperon protein DnaJ was the only transcript, except HSF-encoding genes, that were
up-regulated simultaneously at both high temperature treatments. DnaJ/Hsp40 is an
essential co-chaperone of Hsp70 by determining its activity via stimulation of ATP
hydrolysis. By this, it stabilizes the interaction of Hsp70s (DnaK Wang et al., 2004) with its
substrate (see Qiu et al., 2006 for review).
However, some treatment specific regulations were observed, i.e. CCMP2297 only
regulated the expression of a chaperone protein ClpB in in response to 10°C. Chaperones
of the family ClpB/Hsp100 are involved in protein disaggregation or degradation and thus
have the primary role of removing non-functional but potential harmful polypeptides that
might arise from misfolding, aggregation or denaturation (Wang et al., 2004). It was also
shown that the expression of ClpB/Hsp100 genes is a response to severe heat stress
(Doyle & Wickner, 2009). Thus, there might be a high degree of protein dysfunction at
high temperatures. Another treatment specific regulation appears to be the up-regulation of
DnaK/Hsp70 transcripts in CCMP2297 cultured at 5°C (Table 4). Hsp70 is the most
abundant and diverse Hsp and is a key cellular component of the cellular chaperone
network by being involved in preventing aggregation (Langer et al., 1992; Martin & Hartl,
1994) and assisting refolding of non-native proteins by re-establishing their original
conformation and thus help achieving cellular homeostasis (Wang et al., 2004).
Additionally, Hsp70 can be expressed due to various stresses, i.e. low and high
temperatures or oxidative stress (Timperio et al., 2008). A similar induction of DnaK and
other Hsps was observed in the brown seaweeds Saccharina latissima (Heinrich et al., 2012)
and S. japonica (Liu et al., 2014) after short-term exposure to heat-stress. Hwang et al. (2008)
also observed an up-regulation of heat-shock related genes of the Antarctic diatom
Chaetoceros neogracile after transferring this species from 4°C to 10°C in a short-term
experiment.
Cold-stress appears to not be as critical as heat-stress for CCMP2297, whereas the
diatom Fragilariopsis cylindrus showed an up-regulation of Hsp70 genes after short- and longterm exposure to cold-shock after transferring them from 5°C to -1.8°C (Mock & Valentin,
2004) and the macroalga S. latissima induced transcripts encoding for e.g. Hsp60 and Hsp90
at cold temperatures after 24 hours of exposure (Heinrich et al., 2012). As CCMP2297
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showed a slight regulation of transcripts encoding for HSFs in CCMP2297 cultured for 24
hours at -5°C, the data indicate that this diatom might not experiences an intense coldshock response after 24 hours of culturing at -5°C, due to cold-adapted cellular
mechanisms. Furthermore, a treatment specific induction of a 60kDa chaperonin transcript
(or Hsp60, Wang et al., 2004) only at 5°C was observed (Table 4). Chaperonins/Hsp60s
assist newly synthesized proteins by facilitating the folding to their native forms (Bukau &
Horwich, 1998) and are especially important in assisting plastid proteins like RubisCO in
plants (Boston et al., 1996). Based on the DEGs and their respective annotations, our data
suggests that there is heat-stressed imposed activity of chaperonin/Hsp60 within the
plastid at 5°C.
The regulation of Hsp transcripts in response to 5°C and -5°C after 14 days was
decreased compared with the regulation pattern after 24 hours. At 5°C, two heat-shock
factor proteins were up to 4.1 - 6.8-fold up-regulated whereas at the same time two
transcripts encoding for heat-shock factor protein 4 were around 4-fold down-regulated
(Table 4). We did not observe any regulated transcripts encoding for Hsp-related
transcripts at -5°C. The simultaneously induction and repression of HSFs again indicate
that there is still a turnover rate of these enzymes after 14 days of exposure, especially
because their transcripts are almost evenly up- and down-regulated. HSFs can be
constitutively expressed in animals and yeast and are not always stimulated by stress. In
tomato, two hsf genes were shown to be expressed after heat-shock whereas another was
constitutively expressed (Scharf et al., 1990). Thus, different transcripts might be differently
regulated by heat-stress, even if they have a similar function.
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Table 4. Differently regulated genes encoding for heat shock protein (Hsp)-related components.
Genes that were regulated after 24 hours at 10°C, 5°C and -5°C and 14 days at 5°C and -5°C were manually
inspected and considered to be significantly different to the control conditions (-2°C) with a p < 0.05. A fold
change (FC) of > ± 2 was considered to be significantly differently up-regulated (bold, black, positive values)
or down-regulated (bold, red, negative values).

24 hours
10°C

5°C

-5°C

14 days

5°C

contig

FC

233619
231399
227672

3.6
3.1
3.6

85407
221953
230602
235327
227672
236407
232346
231339
233241
235695

putative gene product

length

e value

Heat shock factor protein HSF8
Chaperone protein ClpB
Chaperone protein dnaJ 2

1682
1896
1880

2.00E-12
8.00E-81
2.00E-60

5.2
3.1
6.3
3.0
5.1
4.4
4.0
8.1
-3.5
-3.1

60 kDa chaperonin, chloroplastic
Chaperone activity of bc1 complex-like, mitochondrial
Chaperone protein DnaK
Chaperone protein DnaJ
Chaperone protein dnaJ 2
Chaperone protein YajL
Heat shock factor protein 4
Heat stress transcription factor A-4b
Heat shock factor protein HSF8
Heat shock factor protein

391
2084
2891
2080
1880
2957
1791
1309
1069
3156

2.00E-79
2.00E-117
0.00E+00
2.00E-16
2.00E-60
2.00E-22
3.00E-11
4.00E-10
1.00E-10
2.00E-10

232378

5.1

Heat shock factor protein

1398

3.00E-17

211623

-9.2

Heat shock factor protein 1

2320

6.00E-12

233619

4.1

Heat shock factor protein HSF8

1682

2.00E-12

232378

6.8

Heat shock factor protein

1398

3.00E-17

234273

-4.0

Heat shock factor protein 4

1998

9.00E-11

233070

-4.4

Heat shock factor protein 4

2300

6.00E-10

ROS scavenging
Common metabolic processes, but also a wide range of stress conditions can cause the
enhanced production of reactive oxygen species (ROS). Green plants and algal cells have
diverse mechanisms to cope with enhanced amounts of ROS and several studies in marine
macroalgae and diatoms showed an induction of ROS scavenging proteins due to abiotic
stresses (Roeder et al., 2005; Collén et al., 2007; Hwang et al., 2008; Heinrich et al., 2012).
Out of 19 regulated ROS scavenging genes, 11 transcripts were induced and 8 repressed in
CCMP2297 (Table 5). Again, most transcripts related to ROS scavenging were regulated at
5°C, followed by 10°C and -5°C (Table 5). CCMP2297 significantly induced transcripts
involved in ROS scavenging at every treatment but the regulation of ROS scavenging
enzymes appears to be mostly treatment specific in CCMP2297. However, some genes
were regulated simultaneously at several treatments: at 10°C and -5°C, CCMP2297 induced
the transcription of a catalase-peroxidase and repressed transcripts encoding for a probable
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chloroplastic L-ascorbate peroxidase 8. The only transcript that was regulated irrespective
of the temperature stress was a chloroplastic peroxiredoxin Q. Although it was only
induced at 5°C; at 10°C and -5°C, this gene was down-regulated (Table 5). Peroxiredoxins
are ubiquitous thioredoxin-linked chloroplast antioxidants that destroy peroxides and are
reactivated by redoxins, like glutaredoxin and thioredoxin (Rouhier et al., 2004; Meyer et al.,
2008). Interestingly, CCMP2297 did not simultaneously up-regulated thioredoxin-related
enzymes at 5°C but 3.1-fold inducted a mitochondrial thioredoxin transcript at 10°C (Table
5). Thioredoxin is a small, ubiquitous protein with a redox active cysteine-containing
disulfide bridge and also functions in cellular redox signalling (Arner & Holmgren, 2000;
Balmer et al., 2004). It is a very efficient disulfide oxidoreductases in its reduced form
(Holmgren, 1985; Schürmann & Jacquot, 2000) by facilitating the reduction of other
proteins by a cystein disulfide exchange (Liu et al., 2014). It was shown that this enzyme
assist plants in acclimate to temperature by forming such disulfides at high temperatures
and thus increasing stability, whereas it increases flexibility and enhances catalytic activity at
low temperatures by reducing disulfide bridges (Balmer et al., 2004). This induction of
mitochondrial thioredoxin together with the observed repression of a chloroplastic
peroxiredoxin and a chloroplastic L-ascorbate peroxidase might indicate a higher amount
of temperature induced oxidative stress in mitochondria than in chloroplasts of
CCMP2297 at 10°C. An induction of heat-stress induced oxidative stress in the
mitochondria was previously shown in yeast and plants (Davidson & Schiestl, 2001; Vacca
et al., 2004; Schwarzländer et al., 2009), whereas cold temperatures induced oxidative stress
in the chloroplasts in a marine macroalga (Heinrich et al., 2012) and higher plants
(Pfannschmidt, 2003), which was partly due to a reduced activity of the Calvin cycle
(Pfannschmidt, 2003; Haghjou et al., 2009). Although CCMP2297 cultured at -5°C downregulated a chloroplastic peroxiredoxin and a chloroplastic L-ascorbate peroxidase it
simultaneously up-regulated a gene encoding for a chloroplastic/chromoplastic ubiquinol
oxidase 4. At high temperatures of 10°C, ROS scavenging enzymes are mostly up-regulated
within the mitochondrium, whereas at moderate heat stress and cold-stress, oxidative stress
is more intense within the chloroplasts. Since CCMP2297 is a sea ice diatom, it could be
that this species is better adapted to low temperatures and thus did not experience an
intense oxidative stress after short-term exposure to -5°C in the chloroplasts. ROS
scavenging enzymes as well as Hsp-related transcripts were therefore the least regulated at 5°C, although CCMP2297 might experienced a cold-shock photoinhibition indicated by
physiological measurements.
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CCMP2297 cultured at 5°C regulated different ROS scavenging pathways
compared with 10°C and -5°C. At this treatment, CCMP2297 solely inducted glutathioneand methionine-dependent antioxidant reactions. Glutaredoxin, which is induced at 5°C,
but repressed and 10°C, is also a heat-stable disulphide oxidoreductase (Holmgren, 1976)
which is directly reduced by glutathione. Although glutaredoxin is both, up- and downregulated at 5°C, there is a thermal induction of glutathione-dependent antioxidant systems
(Table 5). Such an induction was also observed in macroalgal species due to different
abiotic stresses (Roeder et al., 2005; Collén et al., 2007; Dittami et al., 2009; Heinrich et al.,
2012; Liu et al., 2014). Another interestingly up-regulated antioxidant system at 5°C is that
of plastidal methionine sulfoxide reductases (Table 5). Several amino acid residues of
proteins, i.e. sulfur-containing amino acids of cysteine and methionine, are sensitive to
oxidative stress mediated by several forms of ROS. Both, cysteine and methionine, can
reversibly be oxidized but the oxidation of methionine may cause the loss of function in
many proteins (Brot & Weissbach, 2000). Thus, the methionine sulfoxide reductase serves
as a protection and repair mechanism against abiotic stress (Brot & Weissbach, 2000; Guo
et al., 2009).
Similar to the regulation of Hsps after 14 days of thermal stress, CCMP2297
decreased the regulation of ROS scavenging transcripts. Only two transcripts were upregulated, one at each temperature (5°C and -5°C, Table 5). Although we still observe an
induction of ROS scavenging genes at both temperatures after 14 days, the regulation is
not as strong as after 24 hours. At 5°C this species appears to be able to regulate sufficient
protection mechanisms and is able to acclimate to them within 14 days whereas at 10°C it
is not able to withstand the harsh temperature.
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Table 5. Differently regulated genes encoding for reactive oxygen species (ROS)-related
components. Genes that were regulated after 24 hours at 10°C, 5°C and -5°C and 14 days at 5°C and -5°C
were manually inspected and considered to be significantly different to the control conditions (-2°C) with a p
< 0.05. A fold change (FC) of > ± 2 was considered to be significantly differently up-regulated (bold, black,
positive values) or down-regulated (bold, red, negative values).
length

e value

Catalase-peroxidase
Thioredoxin, mitochondrial
Glutaredoxin-C6
Peroxiredoxin Q, chloroplastic
Probable L-ascorbate peroxidase 8, chloroplastic

2201
2710
896
669
1362

4.00E-148
2.00E-14
1.00E-20
2.00E-41
2.00E-63

4.3
3.1
3.0
3.3
3.6
3.8
4.9
-4.7

Glutaredoxin-C1
Glutathionyl-hydroquinone reductase YqjG
Peroxiredoxin Q, chloroplastic
Peptide methionine sulfoxide reductase A4, chloroplastic
Peptide methionine sulfoxide reductase A4, chloroplastic
Probable peptide methionine sulfoxide reductase
Probable phospholipid hydroperoxide glutathione peroxidase
Glutaredoxin-C4, chloroplastic

1937
4997
669
1255
730
6195
4971
3303

1.00E-19
1.00E-54
2.00E-41
4.00E-38
7.00E-37
3.00E-32
5.00E-30
6.00E-15

232049

4.3

Catalase-peroxidase

2201

4.00E-148

235332

3.9

Ubiquinol oxidase 4, chloroplastic/chromoplastic

1069

7.00E-67

225213

-6.3

Peroxiredoxin Q, chloroplastic

669

2.00E-41

233285

-5.0

Probable L-ascorbate peroxidase 8, chloroplastic

1362

2.00E-63

5°C

232050

4.5

Catalase-peroxidase

2226

2.00E-144

- 5°C

225213

5.4

Peroxiredoxin Q, chloroplastic

669

2.00E-41

24 hours

10°C

5°C

-5°C

contig

FC

232049
229180
233148
225213
233285

5.8
3.1
-3.3
-6.4
-5.0

223172
234575
225213
232768
232767
233328
235919
232988

putative gene product

14 days

Protein metabolism
As photosynthesis, heat-shock protection and ROS scavenging, the largest number of
DEGs in involved in protein metabolism was observed at 5°C, followed by 10°C and -5°C
(Table 6 & Table 7). Based on the different observed DEGs, we will first discuss
transcripts related to protein biosynthesis and afterwards genes involved in protein
modification/degradation after 24 hours and 14 days.
Protein biosynthesis
Protein biosynthesis is a key metabolic process in every organism which may be influenced
by temperature (Toseland et al., 2013). Twenty-five regulated transcripts belonging to
protein synthesis, of which only five were down-regulated. Again, there were some
similarities in the regulation pattern of transcripts at both high temperatures: at both
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temperatures elongation factors were up-regulated and at 10°C a chloroplastic elongation
factor Tu down-regulated (Table 6). Elongation factors (EFs), like the plastidal or
mitochondrial EF-Tu and its cytosolic homolog EF-1α (Fu et al., 2012), are essential
enzymes for protein synthesis in eukaryotes by promoting the aminoacyl tRNA binding
during elongation (Song et al., 1989) and might play a role in heat tolerance in plants (Fu et
al., 2012). An induction of these genes in CCMP2297 might be necessary based on an
enhanced requirement of chaperones and ROS scavenging enzymes at high temperatures
(see section stress response). Especially the down-regulation of chloroplastic EFs and the
induction of cytosolic EFs may be correlated with high temperature induced oxidative
stress within the mitochondria at 10°C. Additionally, no transcripts were regulated at -5°C.
CCMP2297 cultured at 5°C strongly regulated genes involved in protein synthesis
in. Almost all transcripts were up-regulated except one valine--tRNA ligase which was 3.0fold down- but also 3.1-fold up-regulated (Table 6). All other transcripts were significantly
enriched, such as transcripts belonging to translation or RNA-processing. Some
chloroplastic but also mitochondrial transcripts were up-regulated. CCMP2297 induced its
protein metabolism in response to moderate short-term heat-stress, what might increase
heat-stress tolerance (Liu et al., 2014). Core metabolic processes in phytoplankton species,
i.e. translation of proteins, were shown to be highly affected by temperature in a
comprehensive metatranscriptomic study conducted with different global phytoplankton
communities (Toseland et al., 2013). However, they showed that the rate of protein
synthesis was enhanced at high temperatures but the amount of ribosomes and their
associated rRNAs were decreased. The induction of tRNA-related and ribosome assembly
enzymes in the present study also indicate an active protein metabolism after short-term
exposure to thermal stress, likely caused by the observed oxidative stress, the up-regulation
of Hsps and chaperones and a high turn-over rate of photosynthesis related enzymes at
5°C.
After 14 days of exposure, the only transcript that was induced after exposure to
5°C was a translation elongation factor (Table 6), also indicating an acclimation potential of
CCMP2297 of protein biosynthesis in response to different temperatures.
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Table 6. Differently regulated genes encoding for protein biosynthesis-related components. Genes
that were regulated after 24 hours at 10°C, 5°C and -5°C and 14 days at 5°C and -5°C were manually
inspected and considered to be significantly different to the control conditions (-2°C) with a p < 0.05. A fold
change (FC) of > ± 2 was considered to be significantly differently down-regulated (bold, red, negative
values).
contig

FC

36291
232540
11763
220240
213236
223856

9.4
6.0
4.7
-4.6
-3.7
-4.8

5°C

224708
220591
224188
231622
225054
236274
232540
223856
230053
235253
236251
234899
233855
227086
231240
235413
211892

-5°C

24 hours

10°C

putative gene product

length

e value

Elongation factor 1-alpha 2
Elongation factor 2
Putative prolyl 4-hydroxylase
Elongation factor Tu, chloroplastic
Ribosomal RNA small subunit methyltransferase E
Phenylalanine--tRNA ligase beta subunit, chloroplastic

1883
3540
1301
3292
1039
4841

0.00E+00
8.00E-122
8.00E-18
0.00E+00
2.00E-14
0.00E+00

4.0
4.0
3.8
3.0
3.8
2.9
5.7
3.4
3.6
4.9
3.4
4.1
3.1
3.6
6.3
3.1
-3.0

30S ribosomal protein S2, chloroplastic
50S ribosomal protein L2, chloroplastic
Alanine--tRNA ligase
Casein kinase II subunit alpha
CCA tRNA nucleotidyltransferase, mitochondrial
DNA primase
Elongation factor 2
Phenylalanine--tRNA ligase beta subunit, chloroplastic
Pre-mRNA-processing factor 19
Presequence protease 1, chloroplastic/mitochondrial
Probable ATP-dependent RNA helicase DDX11
Replication factor C subunit 2
Ribosome assembly protein 1
Ribosome biogenesis protein ERB1
RNA exonuclease 4
Valine--tRNA ligase
Valine--tRNA ligase

1688
3353
4112
2303
2604
8249
3540
4841
1460
7543
5687
2143
5642
4105
1405
2118
3472

3.00E-132
2.00E-139
1.00E-09
7.00E-60
2.00E-49
9.00E-46
8.00E-122
0.00E+00
3.00E-13
0.00E+00
3.00E-118
4.00E-126
1.00E-118
4.00E-159
2.00E-42
2.00E-30
0.00E+00

213236

-5.3

Ribosomal RNA small subunit methyltransferase E

1039

2.00E-14

225577

3.7

Eukaryotic translation initiation factor 3 subunit A

2897

1.00E-100

14 days
-5°C
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Protein modification or degradation
After 24 hours of exposure to three different temperatures, CCMP2297 only regulated
DEGs involved in protein modification/degradation at 10°C and 5°C (Table 7). At 10°C,
(and at the same time at 5°C) only a gene encoding for E3 ubiquitin-protein ligase SDIR1
was 3.2-fold enriched, but at the same time genes involved in modification/degradation,
like ubiquitin-proteins and other modification enzymes, were strongly regulated in
CCMP2297 cultured at 5°C (Table 7). Protein turnover is characterized by both, protein
biosynthesis and protein degradation. The rates of this process may depend on
environmental stresses such as heat or cold stress, and will change accordingly (Liu et al.,
2014). Thermal stress might cause protein degradation, leading to a higher rate of protein
ubiquitination. Several transcripts encoding for different E3 ubiquitin-protein ligases were
up-regulated, indicating that heat-stress induced damage occurs in CCMP2297 at 5°C and
also in 10°C. E3 ubiquitin-protein ligases belong to a diverse family of ubiquitin ligases
involved in an ubiquitination cascade, which is one of the main pathways of
posttranslational gene expression regulation in eukaryotes (Mazzucotelli et al., 2006). It was
shown that E3 ubiquitin-protein ligases are involved in a wide range of biological
processes, like vegetative growth and plant reproduction (see Mazzucotelli et al. (2006) for
review), but also in abiotic stress tolerance (Lee et al., 2001; Dong et al., 2006; Luo et al.,
2006).
After two weeks of exposure, the only regulated transcript was observed at 5°C and
was involved in DNA repair (Table 7). Interpreting these protein expression patterns in the
light of photosynthesis-related genes, Hsp and ROS scavenging enzymes, it can be
concluded that at moderate heat-stress of 5°C, a high protein-turnover helps CCMP2297
acclimating to changing conditions, whereas 10°C are to severe to regulate sufficient
protection mechanisms. Again, at -5°C CCMP2297 did not regulate a high number of
genes compared with the -2°C control, which is in accordance to the expression patterns of
photosynthesis-related genes, Hsp and ROS scavenging transcripts and protein synthesis.

97

Publication III - Temperature stress transcriptome of the diatom CCMP2297

Table 7. Differently regulated genes encoding for protein modification/degradation-related
components. Genes that were regulated after 24 hours at 10°C, 5°C and -5°C and 14 days at 5°C and -5°C
were manually inspected and considered to be significantly different to the control conditions (-2°C) with a p
< 0.05. A fold change (FC) of > ± 2 was considered to be significantly differently up-regulated (bold, black,
positive values) or down-regulated (bold, red, negative values).

contig

FC

235878

3.2

229387

putative gene product

length

e value

E3 ubiquitin-protein ligase SDIR1

1889

3.00E-12

4.8

ATP-dependent Clp protease ATP-binding subunit clpA homolog

3954

0.00E+00

223918

7.7

ATP-dependent zinc metalloprotease FtsH

1944

0.00E+00

236472

3.5

DNA polymerase delta catalytic subunit

8247

0.00E+00

233429

3.9

E3 ubiquitin-protein ligase DTX3L

1909

1.00E-34

236005

3.8

E3 ubiquitin-protein ligase PUB24

3377

3.00E-12

235420

3.7

E3 ubiquitin-protein ligase RING1-like

878

3.00E-14

235878

3.6

E3 ubiquitin-protein ligase SDIR1

1889

3.00E-12

234391

3.5

Enhancer of mRNA-decapping protein 4

4988

7.00E-11

234078

3.6

PAB-dependent poly(A)-specific ribonuclease subunit PAN3

3643

2.00E-63

227762

3.5

Ubiquitin

1059

1.00E-30

223838

3.2

Ubiquitin and WLM domain-containing protein C1442.07c

1454

2.00E-17

220800

3.3

Ubiquitin hydrolase B

2106

8.00E-11

227904

4.9

DNA repair and recombination protein rti1

1260

4.00E-17

24 hours
10°C

5°C

14 days
5°C

4.4 Conclusion
Our study shows that the sympagic species CCMP2297 responded to different thermal
stresses on both, the physiological and the transcriptional level. However, based on
physiological measurements, photosynthetic efficiency and growth did not change between
the control (-2°C) and moderate heat stress of (5°C), but on the transcriptional level, a
large degree of metabolic reorganization was observed. Different potential protective
mechanisms, e.g. induction of LHCs and FCPs, Hsps, ROS scavenging enzymes and higher
protein turnover rates, were induced to survive at higher temperatures. These
transcriptomic and metabolic investments might have ‘hidden costs’ to keep
photosynthesis and growth optimal. The strong difference between short-term and longterm experiments and the decreased regulation of stress response genes (e.g. Hsps and
ROS transcripts) suggest that CCMP2297 is able to acclimate photosynthesis and protein
metabolism to rapidly changing temperature conditions within days and is able to cope
with a temperature range of 5°C to -5°C. At temperatures above these limits, e.g. 10°C,
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oxidative stress within the mitochondria was observed and no recovery of Fv/Fm or growth
took place, rapidly causing death of this species. The diatom is seemingly not able to even
respond on the transcriptomic level, certainly not for days. On the other hand, cold
temperatures of -5°C caused a cold-shock inhibition on photosynthesis after 24 hours of
exposure, but the species was able to recover. Since CCMP2297 is a cold-adapted diatom, it
only regulated a few transcripts belonging to photosynthesis, stress response and protein
metabolism at -5°C. Low temperatures appear not to be as crucial for survival as higher
temperatures. As only an overall small subset of responding genes could be identified, the
unknown part bears a lot of potential for more and perhaps new ways to acclimate. Thus,
there is still a potential resource for identifying transcripts important in acclimation in Polar
algae.
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Supplementary information
Table S1. Physiological measurements of CCMP2297 cultured at different temperatures after 24
hours (10°C, 5°C, -2°C, -5°C) and after 14 days (5°C and -5°C). Indicated are mean values (± standard
deviation) of photosynthetic efficiency (Fv/Fm), cell numbers (cells/mL), growth rate (cells/day) and
chlorophyll (chl) a content (mg/mL). Growth rate and chl a content values are given at the end of the
experiment (14 days).
mean Fv/Fm

cell number [cells / mL]

mean growth
rate [cells / d]

chl a
[mg / mL]

48646 (± 6487)

-0.05 (± 0.01)

35.98 (± 7.23)

24 h

14 d

24 h

14 d

10°C

0.44 (± 0.00)

0.10 (± 0.00)

68229 (± 5026)

5°C

0.44 (± 0.00)

0.55 (± 0.00)

103958 (± 3861

814583 (± 46515)

0.16 (± 0.00)

379.05 (± 65.43

-2°C

0.44 (± 0.01)

0.54 (± 0.01)

101458 (± 16077)

940625 (± 291916)

0.15 (± 0.01)

347.49 (± 54.88)

-5°C

0.33 (± 0.02)

0.49 (± 0.05)

159271 (± 25156

313542 (± 5311)

0.06 (± 0.01)

61.26 (± 15.57)
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Table S2. Alignment information of the five different treatments (10°C, 5°C, -5°C after 24 hours and
5°C and -5°C after 14 days). Given are the number of raw reads, aligned pairs, multiple and discordant
alignments (alignm) per treatment (% of total).
24 hours
10°C
raw reads
aligned pairs
multiple alignm.
discordant alignm.

5°C

14 days
-5°C

25,896,526
22,908,564
24,482,461
16,793,737 (63.2 %) 13,858,752 (58.7 %) 14,302,879 (55.8 %)
767,930 (4.6 %)
735,945 (5.3 %)
1,033,031 (7.2 %)
430,605 (2.6 %)
407,571 (2.9 %)
631,212 (4.4 %)

5°C

-5°C

24,755,225
21,165,974
14,022,936 (53.1 %) 12,658,437 (57.6 %)
1,483,479 (10.6 %)
731,967 (5.8 %)
873,446 6.2 %)
456,565 (3.6 %)

Table S3. Transcript information of CCMP2297 cultured at different temperatures after 24 hours
(10°C, 5°C, -2°C, -5°C) and after 14 days (5°C and -5°C) against the control (-2°C, 24 hours). Given
are the absolute numbers (and % of total) of up- and down-regulated transcripts of not annotated transcripts
and annotated transcripts. Total number of transcripts is 13832.
all transcripts

not annotated

annotated

regulated
transcripts

downregulated

upregulated

regulated
transcripts

regulated
transcripts

downregulated

up-regulated

- 10°C

776 (5.6 %)

423

353

615 (79.3 %)

161 (20.7 %)

87

74

24 hours
5°C

1407 (10.2 %)

439

968

968 (68.8 %)

439 (31.2 %)

152

287

-5°C

213 (1.5 %)

127

86

159 (74.6 %)

54 (25.4 %)

28

26

total

2396 (17.3 %)

989

1407

1742 (72.7 %)

654 (27.3 %)

267

387

14 days

1

5°C

227 (1.6 %)

157

70

181 (79.7 %)

46 (20.3 %)

27

19

-5°C

238 (1.7 %)

185

53

199 (83.6 %)

39 (16.4 %)

33

6

total

465 (3.4 %)

342

123

380 (81.7 %)

85 (18.3 %)

60

25

total
regulated 1

2861 (20.7 %)

1331

1530

2122 (74.2 %)

739 (25.8 %)

327

412

at least in one of the treatments
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Table S4. eggNOG function distribution of the assembly. Functions were assigned to the corresponding
eggNOG category orders ‘cellular processes and signalling’, ‘information storage and processing’,
‘metabolism’ and ‘poorly characterized’ and are given in percental frequency (% of total) of transcript counts.
category
Y
N
Z
V
U
M
D
T
O

B
A
J
L
K

order

cellular processes and signalling

information storage and
processing

F
Q
H
I
P
G
C
E

metabolism

S
R

poorly characterised

description

frequency (%)

nuclear structure
cell motility
cytoskeleton
defence mechanisms
intracellular trafficking, secretion and vesicular transport
cell wall/membrane/envelope biogenesis
cell cycle control, cell division, chromosome partitioning
signal transduction mechanisms
posttranslational modification, protein turnover, chaperones

2 (0 %)
3 (0 %)
42 (1 %)
65 (1 %)
84 (2 %)
121 (2 %)
155 (3 %)
337 (6 %)
415 (8 %)

chromatin structure and dynamics
RNA processing and modification
translation, ribosomal structure and biogenesis
replication, recombination and repair
transcription

58 (1 %)
109 (2 %)
365 (7 %)
470 (9 %)
503 (9 %)

nucleotide transport and metabolism
secondary metabolites biosynthesis, transport and catabolism
coenzyme transport and metabolism
lipid transport and metabolism
inorganic ion transport and metabolism
carbohydrate transport and metabolism
energy production and conversion
amino acid transport and metabolism

74 (1 %)
118 (2 %)
156 (3 %)
163 (3 %)
201 (4 %)
206 (4 %)
214 (4 %)
306 (6 %)

function unknown
general function prediction only

384 (7 %)
886 (16 %)
total

5437
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Table S5. 2nd level enriched Gene Ontology (GO) terms of the assembly. GO terms were classified into
‘biological process’ (BP), ‘cellular component’ (CC) and ‘molecular function’ (MF) as percental frequency
distribution (%) of transcript counts.
GO ID

GO term

category

frequency (%)

GO:0001906
GO:0044848
GO:0046879
GO:0048511
GO:0040007
GO:0022610
GO:0040011
GO:0002376
GO:0000003
GO:0022414
GO:0051704
GO:0048518
GO:0048519
GO:0023052
GO:0032502
GO:0071840
GO:0032501
GO:0051179
GO:0050896
GO:0050789
GO:0065007
GO:0008152
GO:0044699
GO:0009987

cell killing
biological phase
hormone secretion
rhythmic process
growth
biological adhesion
locomotion
immune system process
reproduction
reproductive process
multi-organism process
positive regulation of biological process
negative regulation of biological process
signalling
developmental process
cellular component organization or biogenesis
multicellular organismal process
localization
response to stimulus
regulation of biological process
biological regulation
metabolic process
single-organism process
cellular process

BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP

2 (0 %)
8 (0 %)
9 (0 %)
32 (0 %)
92 (0 %)
96 (0 %)
130 (0 %)
266 (0 %)
304 (0 %)
350 (0 %)
411 (0 %)
637 (1 %)
682 (1 %)
917 (1 %)
1554 (2 %)
1690 (2 %)
1738 (2 %)
1886 (2 %)
2882 (3 %)
2993 (3 %)
3378 (4 %)
7454 (8 %)
8636 (9 %)
10514 (11 %)

GO:0009295
GO:0044420
GO:0044456
GO:0045202
GO:0031012
GO:0055044
GO:0030054
GO:0044421
GO:0005576
GO:0031974
GO:0032991
GO:0044425
GO:0044422
GO:0016020
GO:0043226
GO:0005623
GO:0044464

nucleoid
extracellular matrix part
synapse part
synapse
extracellular matrix
symplast
cell junction
extracellular region part
extracellular region
membrane-enclosed lumen
macromolecular complex
membrane part
organelle part
membrane
organelle
cell
cell part

CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC

18 (0 %)
25 (0 %)
35 (0 %)
39 (0 %)
40 (0 %)
60 (0 %)
85 (0 %)
179 (0 %)
209 (0 %)
821 (1 %)
1551 (2 %)
1920 (2 %)
3043 (3 %)
3326 (3 %)
5859 (6 %)
9242 (10 %)
9242 (10 %)

GO:0045182
GO:0009055
GO:0016247
GO:0005085
GO:0000988
GO:0016209
GO:0030234
GO:0005198
GO:0001071
GO:0004872
GO:0060089
GO:0005215
GO:0003824
GO:0005488

translation regulator activity
electron carrier activity
channel regulator activity
guanyl-nucleotide exchange factor activity
protein binding transcription factor activity
antioxidant activity
enzyme regulator activity
structural molecule activity
nucleic acid binding transcription factor activity
receptor activity
molecular transducer activity
transporter activity
catalytic activity
binding

MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF

2 (0 %)
7 (0 %)
8 (0 %)
14 (0 %)
51 (0 %)
52 (0 %)
82 (0 %)
96 (0 %)
102 (0 %)
118 (0 %)
207 (0 %)
662 (1 %)
5101 (5 %)
6567 (7 %)

total
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Fig. S1. Photographic monitoring of cell concentration. Documentation of growth of CCMP2297 at for
different temperatures over an experimental duration of 14 days. Photos by Madlen Franze.

Additional annotation data can be found on a CD attached to this thesis.
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Ice station and different sampling procedures in the central Arctic Ocean in August 2012
© A. Stecher
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Abstract
Sympagic metatranscriptome data was generated as part of a comprehensive biodiversity study
conducted on Arctic sea ice protist communities. Here we present three metatranscriptomes
taking from first-year ice (FYI, station 255 and 277) and multi-year ice (MYI, station 360)
during summer 2012. Illumina HiSeq 2500 sequencing yielded between 157.8 and 177.5
million raw reads assembled into 1.4 - 1.6 million contigs. The metatranscriptomes provide
important information on community structures and functions, furthermore the data help
predicting the influence of climate warming on sympagic Arctic protist communities.

Key words: RNASeq, metatranscriptome, sea ice, Arctic Ocean, protists
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5.1 Introduction
Microscopic communities are omnipresent in most ecosystems and play crucial roles in
ecosystem functioning. Each organism of the community contributes to the function of an
ecosystem by their individual metabolic potential but also by forming inter- and intraspecific metabolic networks. Sea ice is such a habitat for a diverse microbial community, it
is influenced by abiotic parameters like low temperatures, low light availability and high
salinities (Thomas & Dieckmann, 2002b; Thomas & Mock, 2005). Thus, the microbial
community living inside the hyper saline brine channels (Eicken, 1992; Weissenberger et al.,
1992) within the sea ice has to cope with these environmental variables (Eicken et al., 1991;
Thomas & Mock, 2005).
Species-specific responses to these variables are encoded in and controlled by the
genome (Cooper et al., 2014). DNA-based metagenomic analyses (i.e. genomes of different
organisms within a community) attempt to characterize community structures and
metabolic potentials of the whole community (Eisen, 2007) without isolating single species
and perform experiments. In contrast, metatranscriptomes are based on RNA and provide
more precise information on community functions, as only expressed gene transcripts
reflect the pool of enzymes active within the community at the time of sampling (Helbling
et al., 2012).
Up to now, several recent environmental metatranscriptome studies of diverse marine
communities (Helbling et al., 2012; Marchetti et al., 2012; Toseland et al., 2013; Cooper et al.,
2014; Kopf et al., 2015; Pearson et al., 2015; Steglich et al., 2015) help understanding the
functional structure of diverse communities and also of low-abundance community
members (Helbling et al., 2012). However, to our knowledge only two studies included sea
ice related metatranscriptomes, one during a global scale marine metatranscriptomic
comparison (Toseland et al., 2013) and one study compared metatranscriptomes of
Antarctic diatom-dominated communities (Pearson et al., 2015). However, no study was
conducted with central Arctic Ocean sympagic communities.
Thus, we here present three metatranscriptomes of Arctic sympagic communities from
two different ice types, first-year ice (FYI) and multi-year ice (MYI). These
metatranscriptomes were generated as part of a larger project and were sampled form the
same stations as our previous 18S rRNA/rDNA-based biodiversity study (Stecher et al.,
2015).
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5.2 Material and Methods
Environmental sampling and RNA extraction
Sampling took place during expedition ARK XXVII/3 of RV Polarstern from the 2nd of
August until the 10th of October 2012 in the central Arctic Ocean. Sympagic communities
were sampled at ice stations 255, 277 and 360 (Fig. 1, original station IDs as assigned onboard of RV Polarstern were chosen to enable traceability between studies; more station
information can be found online http://doi.pangaea.de/10.1594/PANGAEA.792734) by
drilling ice cores (Mark II Coring System, diameter: 9 cm, Kovacs Enterprises, Roseburg,
USA). Ice cores were immediately brought to shipboard laboratories and were crushed
manually to ensure fast melting of the ice. Additionally, per 10 cm section of ice, 200 ml of
salinity-enriched seawater (total of 70 PSU) were added to avoid osmotic shock and
transcriptional changes of sympagic organism. The ice was melted at room temperature
and occasional shaking. Afterwards, the community was extracted by filtering the
completely melted ice core on 1.2 – 2.0 µm IsoporeTM polycarbonate membrane filters (1.2
µm RTTP, 2.0 µm TTTP, Merck Millipore, Schwalbach, Germany). To ensure sufficient
biomass for subsequent RNA extraction, several replicate filters of each ice core were
filtered. Afterwards, the filters were frozen and stored in liquid nitrogen until further
analyses.

Fig. 1. Station map of expedition ARK XXVII/3 (PS80) of RV Polarstern from 2nd of August until
the 10th of October 2012 in the central Arctic Ocean. In total, RNA from four different stations were
successfully extracted and used in a previous 18S biodiversity study (Stecher eta l. 2015). Of these four
stations, RNA from only three stations was sufficient for metatranscriptome analyses as present in this study
(blue dots). White and grey colours indicate the mean sea ice concentration (%) on 7th September 2012.
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Total RNA was extracted from several pooled replicate filters using a modified
version of the manufacturer’s protocol of TRI Reagent® and Direct-Zol RNA MiniPrep kit
(Zymo Research, Freiburg, Germany (Sigma-Aldrich, Munich, Germany) described in
Stecher et al. (2015). Since the samples of the present study were analyzed from the same
RNA samples as a previous 18S diversity study of us, RNA extraction method and quality
control of the total RNA is described in Stecher et al. (2015).
Sequencing procedure
Library preparation was performed with RNA from the three different locations (station
255, 277 and 360). cDNA libraries of approximately 1 µg of total RNA from each station
were prepared using a TruSeq RNA Library Preparation kit v2 (RS-122-200x, Illumina Inc.,
San Diego, USA) and following the manufacturer’s protocol. The quantities of cDNA
libraries were afterwards analyzed using a RNA Nano Chip Assay and the 2100 Bioanalyzer
device (Agilent Technologies, Böblingen, Germany).
The produced libraries were sequenced with a HiSeq 2500 instrument (Illumina
Inc., San Diego, USA) in a high-output paired-end mode with 2 x 100 bp read length
(Bentley et al., 2008). Each RNA sample was loaded on one lane of the FlowCell. The
sequence data in FastQ format was extracted using bcl2fastq version 1.8.4 (provided by
Illumina).
Bioinformatics
De novo assembly
RNA-Seq produces reads made of short pieces of mRNA present in cells at the time of
sampling. These reads have to be combined (i.e. assembled) into larger fragments (i.e.
contiguous sequences = contigs), representing a mRNA transcript; often these contigs do
not cover the complete transcript. Raw reads, derived from the Illumina sequencing, had
already passed adapter clipping and quality trimming, which was conducted by the
sequencing company. Initial characterization of raw reads was performed using FastQC
(version

0.10.1,

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Mean

sequence quality (phred score) of raw sequences for each station was 37. The assembly was
done

using

ABySS

(Assembly

By

Short

Sequences,

version

1.5.2,

http://www.bcgsc.ca/platform/bioinfo/software/abyss, Simpson et al. (2009)) with
different k-mer values (station 255 and 277: 81; station 360: 79). Transcripts below a
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minimum length of 200 bp were removed from the generated transcriptome and thus have
not been taken into account for subsequent analysis.
Functional annotation
Functional annotation (e-value <10-9) was performed using the Trinotate functional
annotation

suite

(release

08.07.2014,

Grabherr

et

al.,

2011).

By

using

R

(R_Development_Core_Team, 2008) and the eggNOG database version 3.0 (Powell et al.,
2012), eggNOG functions were assigned to their corresponding eggNOG categories.
Further, assigned Gene Ontology (GO) terms were mapped to the second level parent
term using the R Bioconductor package ‘GO.db’ (Carlson).

5.3 Results
Assembly statistics
Illumina sequencing of cDNA libraries of total RNA from different sea ice cores sampled
at three different locations in the central Arctic Ocean was conducted to compare these
stations on a metatranscriptomic level. Sequencing yielded a total of 177.1, 157.8 and 177.5
million raw reads from stations 255, 277 and 360, respectively, which were assembled into
1.5, 1.6 and 1.4 million contigs with the highest amount of total bases at station 277 and
the lowest at station 360. Contig length ranged from 200 bp (defined minimum length) to a
maximum of 14,470 (station 277), 8,820 (station 255) and 7,435 (station 360). The mean
and median length varied between 412 bp / 307 bp (station 255) to 395 bp / 300 bp
(station 360) (Table 1). The N25 contig length (minimum bp length that represent 25 % of
the assembly) was longest at station 255 (784 bp) and shortest at station 277 (700 bp, Table
1). N50 and N25 contig length were both longest at station 255 but shortest at station 360.
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Table 1. Assembly statistics. Number of total reads, contigs and different sizes of contigs of the three
metatranscriptomes from ice cores (IC) from different stations (255, 277, 360).

total raw reads
no. of contigs > 200 bp
total bases
N25 (bp)
N50 (bp)
N75 (bp)
longest (bp)
mean (bp)
median (bp)
shortest (bp)

IC 255

IC 277

IC 360

177,140,157
1,518,586
625,886,296
784
424
287
8,820
412
307
200

157,763,608
1,630,864
651,882,316
700
407
285
14,470
400
308
200

177,462,004
1,390,146
549,067,600
712
404
278
7,435
395
300
200

Annotation
Annotation of contigs from the three different stations yielded the most annotated contigs
against all databases (e.g. SwissProt, Pfam, TmHMM, eggNOG, Gene Ontology) at station
277. BLASTx and BLASTp search against the SwissProt database both yielded hits for all
of the stations. BLASTx search yielded the highest number of hits (339,405) at station 277
and the lowest number of hits at station 255 (70,295, Table 2). Based on the BLASTp
search, a higher number of hits for station 255 (181,987) but a lower number of hits for
station 277 (203,784) compared with the BLASTx search was found. Annotations against
other protein related databases like Pfam (predicts protein families), SignalP (predicts the
presence and location of signal peptide cleavage sites in amino acid sequences) and
TmHMM (predicts transmembrane helices in proteins) resulted in a relatively similar
number of annotated contigs throughout the three station, but showed highest annotation
rates at station 277. Furthermore, IC 255 had the lowest number of annotated contigs
using eggNOG classification and GO BLAST compared with the other two station,
whereas annotation of contigs against GO Pfam, however, showed a relatively similar
number of hits ranging from 146,468 hits at station 360 to 180,280 hits at station 277
(Table 2).
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Table 2. Annotation of transcripts. For each station (255, 277 and 360) numbers of hits of different
annotation methods (based on nucleotides and protein sequences) against different databases (Swissprot,
Pfam, SignalP, TmHMM, eggNOG and Gene Ontology) are given.

Number of hits
IC 255

IC 277

IC 360

sprot Top BLASTx hit

70,295

339,405

0

sprot Top BLASTp hit
Pfam
SignalP
TmHMM

181,987
249,482
31,409
87,745

203,784
268,752
31,522
88,821

161,925
218,154
27,757
76,648

eggNOG
Gene Ontology BLAST
Gene Ontology Pfam

28,635
41,044
167,376

216,730
329,876
180,280

103,557
158,453
146,468

eggNOG categories
To investigate which broad metabolic functions were active during the time of sampling
and to compare these functions between the three different stations, eggNOG categories
analysis was performed for each sample. Since 277 featured the highest counts of contigs
and also of annotations, the frequency of eggNOG categories and orders for each samples
as percental frequency was plotted to be able to compare the functions between samples.
In general, of the four eggNOG orders ‘cellular processes and signalling’, ‘information
storage and processing’, ‘metabolism’ and ‘poorly characterized’, most of the contigs were
categorized in ‘metabolism’ and ‘cellular processes and signalling’, irrespective of the
sample location (Fig. 2, Table S1). Within the order ‘metabolism’, the two most abundant
categories were ‘amino acid transport and metabolism’ and ‘translation, ribosomal structure
and biogenesis’, whereas within the order ‘cellular processes and signalling’, the categories
‘posttranslational modification, protein turnover, chaperons’ and ‘signal transduction
mechanisms’ were most frequent (Fig. 2, Table S1). ‘Posttranslational modification, protein
turnover, chaperons’ was overall the most abundant category (except ‘general function
prediction only’ in the ‘poorly categorized’ order), irrespective of the sample.
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Fig. 2. eggNOG function distribution of the assembly. Functions of station 255 (orange), 277 (green)
and 360 (blue) were assigned to the corresponding eggNOG category orders ‘cellular processes and
signalling’, ‘information storage and processing’, ‘metabolism’ and ‘poorly characterized’ are given as
frequency of total in per cent (%) of transcript counts.

GO term analysis
To further investigate general functions of the three metatranscriptomes a Gene Ontology
(GO) term analysis was applied. The specific annotated GO term of each sequence was
mapped to the second level parental GO term to obtain a general overview of the
transcripts within the three GO classes. As for the eggNOG classification, the three
stations appeared to be very similar on the broader level. Most of the annotated GO terms
were grouped to ‘biological process’, followed by ‘cellular component’ and ‘molecular
function’ (Fig. 3, Table S2). Within the ‘biological process’ class, GO terms like ‘cellular
process’, ‘single-organism process’ and ‘metabolic process’ were most frequent, whereas
‘cell part’, ‘cell’ and ‘organelle’ were the most frequent GO terms of the class ‘cellular
component’. In the ‘molecular function’, most of the terms were grouped into ‘binding’,
‘catalytic activity’ and ‘transporter activity’ (Fig. 3, Table S2). 	
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2nd

Fig. 3. Overview of
level enriched Gene Ontology (GO) terms of the assembly. GO terms of
station 255 (orange), 277 (green) and 360 (blue) were classified into ‘biological process’, ‘cellular component’
and ‘molecular function’ and are given as frequency of total in per cent (%) of transcript counts.

5.4 Outlook and perspectives
The present study provides a first insight into metatranscriptomes from sympagic
communities of the central Arctic Ocean. The datasets provide the basis for further
bioinformatic approaches to characterize and describe the community in more detail. Based
on the these metatranscriptomes, it will be possible to not only describe which species is
present within the community but also which genes and/or pathways actively contribute to
the community function at the time of sampling. As the datasets are very comprehensive
(i.e. a huge amount of sequence information), they provide the opportunity to answer
different research question. Depending on the research question, several different
approaches are possible and some of them will be briefly discussed in the following
paragraphs.
First, an interesting approach would be the mapping of different transcriptomes
(i.e. reference transcriptomes) of an abundant species of the community on the
metatranscriptome. By this, it is possible to validate the metatranscriptome assembly. If the
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environmental metatranscriptome and the transcriptome of an isolated and abundant
species of the community (or better more than one species) show large numbers of
identical contigs, this compliance will suggest high accuracy of the metatranscriptome.
Recently, a metatranscriptomic study conducted on a dinoflagellate bloom compared the
environmental assembly to the assembly of a clonal isolate and found a high degree of
compliance (Cooper et al., 2014). Furthermore, reference transcriptomes of species
conducted under different temperature stresses (see publication III) can be mapped on
metatranscriptomes and thus might help to validate the in situ status of this species in the
environment: if the metatranscriptomes are similar to temperature stress reference
transcriptomes, it is possible that this species also encounter temperature stress in the
environment at the time of sampling. This would be a very valuable information with
respect to the on-going climate change (IPCC, 2014). With such datasets, we might be able
to evaluate the state of a species in the environment, i.e. from its in situ transcriptome.
To further describe genes or pathways expressed at the time of sampling, transcript
abundance and expression analyses should be conducted. By aligning the reads of each
sample to the reference assembly, it is possible to compute transcript abundance by
counting the number of reads that align to each transcript (Haas et al., 2013). Afterwards,
statistical tests can be applied to compare the count reads of the sample and test whether
there are reads that have significantly different representations among the samples. Further
analysis based on the number of reads that map to a transcript will estimate the expression
level of transcripts or genes (Young et al., 2010). In this connection it would be ideal to
investigate at least three biological replicates of each sample. However, in the absence of
biological replicates (as in the present study due to low amount of biomass) it is still
possible to identify differential expressed genes (DEGs) by using statistical models of
expected variations, i.e. under the Poisson of negative binomial distribution (Robinson et
al., 2010; Haas et al., 2013). Additionally, in such cases it is possible to perform real-time
PCRs (RT PCR, real-time PCR) to quantity expression levels of specific genes. Pearson et
al. (2015) recently conducted RT PCR with environmental RNA to investigate the
expression patterns 12 genes within Antarctic diatom dominated communities. Although
RT PCR methods can provide absolute transcript numbers, they are limited to a limited
number of functional genes at a time (Gifford et al., 2011).
Based on expression analyses it is possible to investigate the preliminary GO terms
presented in this study in more detail. This can be done by conducting GO enrichments
analyses based on the annotated metatranscriptomes with the R package Bioconductor
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‘GOseq’, that calculates the significance of overrepresentation of each GO category among
DEGs (Young et al., 2010). By this, we would be able to group genes into categories and
find biological functions that might differ between the different samples and/or ice types.
A long-term goal of our metatranscriptomic analysis is the link between phylogeny
and function (phylogenomics) of the species within the sympagic community. It is of great
interest to know which species is present within the community and at the same time
actively contributing with which function (e.g. metabolic pathways, gene expressions) to
the community. That way we would not only evaluate how the Arctic sea ice ecosystems
will change during climate warming, we might also be able to find metabolic functions of
biotechnological interest (i.e. anti-freeze proteins, genes for sexual reproduction, or genes
indication particular limitations or stress such as iron or nutrient limitation). However, it
remains a difficult task since bioinformatic pipelines have to be developed or extended and
a large sequence database that serves as a reference is necessary comprising several
different lineages.

5.5 Conclusion
The metatranscriptome data described in this study provide a valuable sequence resource
for several subsequent investigations concerning the community of sympagic Arctic
communities. It will also add relevant information about the current state of sympagic
communities and thus might help to predict possible future changes of sympagic species
due to higher temperatures and less ice and thus might help to predict changes in
ecosystem functioning.
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Supplementary information
Table S1. eggNOG function distribution of the assembly. Functions were assigned to the corresponding
eggNOG category orders ‘cellular processes and signalling’, ‘information storage and processing’,
‘metabolism’ and ‘poorly characterized’ and are given in percental frequency (%) of transcript counts.

frequency (%)
category

order

description

255

277

360

D
N
M
Z
V
W
U
Y
O
T

cellular processes
and signalling

cell cycle control, cell division, chromosome partitioning
cell motility
cell wall/membrane/envelope biogenesis
cytoskeleton
defence mechanisms
extracellular structures
intracellular trafficking, secretion and vesicular transport
nuclear structure
posttranslational modification, protein turnover, chaperones
signal transduction mechanisms

417 (1 %)
32 (0 %)
477 (2 %)
914 (3 %)
506 (2 %)
0 (0 %)
780 (3 %)
34 (0 %)
3725 (13 %)
2648 (9 %)

3219 (1 %)
187 (0 %)
3764 (2 %)
6121 (3 %)
3790 (2 %)
0 (0 %)
5926 (3 %)
201 (0 %)
27635 (12 %)
19032 (9 %)

1248 (1 %)
105 (0 %)
2024 (2 %)
2422 (2 %)
2298 (2 %)
2 (0 %)
2690 (3 %)
95 (0 %)
13342 (12 %)
9457 (9 %)

B
L
A
K
J

information
storage and
processing

chromatin structure and dynamics
replication, recombination and repair
RNA processing and modification
transcription
translation, ribosomal structure and biogenesis

237 (1 %)
1721 (6 %)
179 (1 %)
801 (3 %)
2563 (9 %)

1865 (1 %)
11018 (5 %)
1435 (1 %)
6009 (3 %)
21394 (10 %)

748 (1 %)
4686 (4 %)
584 (1 %)
2682 (3 %)
10043 (9 %)

E
G
H
C
P
I
F
Q

metabolism

amino acid transport and metabolism
carbohydrate transport and metabolism
coenzyme transport and metabolism
energy production and conversion
inorganic ion transport and metabolism
lipid transport and metabolism
nucleotide transport and metabolism
secondary metabolites biosynthesis, transport and catabolism

2302 (8 %)
1158 (4 %)
734 (2 %)
2091 (7 %)
1080 (4 %)
1406 (5 %)
762 (3 %)
571 (2 %)

15729 (7 %)
9413 (4 %)
4833 (2 %)
15587 (7 %)
8781 (4 %)
10314 (5 %)
5235 (2 %)
4731 (2 %)

7309 (7 %)
4482 (4 %)
2067 (2 %)
7800 (7 %)
4453 (4 %)
5077 (5 %)
2276 (2 %)
2478 (2 %)

S
R

poorly
characterised

function unknown
general function prediction only

1299 (4 %)
3499 (12 %)

11941 (5 %)
28791 (13 %)

6747 (6 %)
13067 (12 %)

29487

223545

106829

total
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Table S2. 2nd level Gene Ontology (GO) terms of the assembly. GO terms were classified into ‘biological
process’ (BP), ‘cellular component’ (CC) and ‘molecular function’ (MF) as percental frequency distribution
(%) of transcript counts.
GO ID

GO category

GO:0022610
GO:0044848
GO:0065007
GO:0001906
GO:0071840
GO:0009987
GO:0032502
GO:0040007
GO:0046879
GO:0002376
GO:0051179
GO:0040011
GO:0008152
GO:0032501
GO:0051704
GO:0048519
GO:0048518
GO:0050789
GO:0000003
GO:0022414
GO:0050896
GO:0048511
GO:0023052
GO:0044699

BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP
BP

GO:0005623
GO:0030054
GO:0044464
GO:0005581
GO:0031012
GO:0044420
GO:0005576
GO:0044421
GO:0032991
GO:0016020
GO:0031974
GO:0044425
GO:0009295
GO:0043226
GO:0044422
GO:0055044
GO:0045202
GO:0044456
GO:0019012
GO:0044423
GO:0016209
GO:0005488
GO:0003824
GO:0016247
GO:0009055
GO:0030234
GO:0005085
GO:0016530
GO:0060089
GO:0001071
GO:0000988
GO:0004872
GO:0030545
GO:0005198
GO:0045182
GO:0005215

frequency (%)

GO term

255

277

360

biological adhesion
biological phase
biological regulation
cell killing
cellular component organization or biogenesis
cellular process
developmental process
growth
hormone secretion
immune system process
localization
locomotion
metabolic process
multicellular organismal process
multi-organism process
negative regulation of biological process
positive regulation of biological process
regulation of biological process
reproduction
reproductive process
response to stimulus
rhythmic process
signalling
single-organism process

462 (0 %)
6 (0 %)
23565 (3 %)
23 (0 %)
14064 (2 %)
78648 (11 %)
12208 (2 %)
917 (0 %)
61 (0 %)
1464 (0 %)
13472 (2 %)
1251 (0 %)
55222 (7 %)
12683 (2 %)
2844 (0 %)
4344 (1 %)
4656 (1 %)
20949 (3 %)
2742 (0 %)
2886 (0 %)
19335 (3 %)
283 (0 %)
6411 (1 %)
66574 (9 %)

4313 (0 %)
45 (0 %)
193319 (3 %)
239 (0 %)
110808 (2 %)
612627 (11 %)
100129 (2 %)
8323 (0 %)
511 (0 %)
14022 (0 %)
111951 (2 %)
10298 (0 %)
422502 (7 %)
104737 (2 %)
25067 (0 %)
35895 (1 %)
39362 (1 %)
170784 (3 %)
20393 (0 %)
23859 (0 %)
159895 (3 %)
2333 (0 %)
52059 (1 %)
523500 (9 %)

2149 (0 %)
10 (0 %)
93433 (3 %)
107 (0 %)
51483 (2 %)
283999 (11 %)
48557 (2 %)
3926 (0 %)
284 (0 %)
6532 (0 %)
55487 (2 %)
4960 (0 %)
194401 (7 %)
52025 (2 %)
12800 (0 %)
17903 (1 %)
18946 (1 %)
82137 (3 %)
9391 (0 %)
11680 (0 %)
77883 (3 %)
1062 (0 %)
25326 (1 %)
248971 (9 %)

CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC

cell
cell junction
cell part
collagen trimer
extracellular matrix
extracellular matrix part
extracellular region
extracellular region part
macromolecular complex
membrane
membrane-enclosed lumen
membrane part
nucleoid
organelle
organelle part
symplast
synapse
synapse part
virion
virion part

71494 (10 %)
632 (0 %)
71494 (10 %)
3 (0 %)
99 (0 %)
33 (0 %)
2368 (0 %)
2176 (0 %)
15188 (2 %)
18435 (3 %)
6057 (1 %)
10304 (2 %)
118 (0 %)
46073 (7 %)
23461 (3 %)
446 (0 %)
232 (0 %)
192 (0 %)
3 (0 %)
3 (0 %)

586167 (10 %)
6963 (0 %)
586167 (10 %)
35 (0 %)
1107 (0 %)
306 (0 %)
20678 (0 %)
18697 (0 %)
118455 (2 %)
163645 (3 %)
46912 (1 %)
90530 (2 %)
848 (0 %)
381228 (7 %)
190364 (3 %)
5053 (0 %)
2453 (0 %)
2036 (0 %)
87 (0 %)
87 (0 %)

276069 (10 %)
3724 (0 %)
276069 (10 %)
15 (0 %)
526 (0 %)
175 (0 %)
10605 (0 %)
9653 (0 %)
52681 (2 %)
84977 (3 %)
21977 (1 %)
47303 (2 %)
435 (0 %)
174749 (7 %)
85073 (3 %)
2726 (0 %)
1275 (0 %)
1072 (0 %)
30 (0 %)
30 (0 %)

MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF
MF

antioxidant activity
binding
catalytic activity
channel regulator activity
electron carrier activity
enzyme regulator activity
guanyl-nucleotide exchange factor activity
metallochaperone activity
molecular transducer activity
nucleic acid binding transcription factor activity
protein binding transcription factor activity
receptor activity
receptor regulator activity
structural molecule activity
translation regulator activity
transporter activity

595 (0 %)
43539 (6 %)
38084 (5 %)
56 (0 %)
49 (0 %)
773 (0 %)
66 (0 %)
26 (0 %)
620 (0 %)
223 (0 %)
243 (0 %)
278 (0 %)
11 (0 %)
1098 (0 %)
16 (0 %)
3724 (1 %)

3980 (0 %)
332492 (6 %)
281990 (5 %)
473 (0 %)
364 (0 %)
6277 (0 %)
893 (0 %)
82 (0 %)
5028 (0 %)
1802 (0 %)
1881 (0 %)
2852 (0 %)
38 (0 %)
13555 (0 %)
154 (0 %)
32655 (1 %)

1865 (0 %)
160326 (6 %)
132739 (5 %)
234 (0 %)
101 (0 %)
2801 (0 %)
280 (0 %)
11 (0 %)
3403 (0 %)
1199 (0 %)
891 (0 %)
2324 (0 %)
15 (0 %)
6265 (0 %)
104 (0 %)
16810 (1 %)

2681984

5653305

2681984

total
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6. Synopsis of discussion
Arctic sea ice is a harsh and complex environment, which is permeated by a labyrinth of
small brine channels filled with hypersaline brine solution. High salinities of brine channels
are correlated to temperature and brine volume: at the top of an ice floe temperatures are
lowest, associated with highest salinities and smallest brine volumes. At the bottom,
temperature and salinities are close to ambient seawater concentrations and temperatures.
At the same time, unlike the upper part of the ice floe, nutrient concentrations are higher
but light intensities are low. Nevertheless, sea ice is inhabited by a diverse community
mainly consisting of bacteria and small protists (Horner et al., 1992). Furthermore, two
different ice types can be observed in the Arctic: first-year ice (FYI), consisting of newly
formed ice that melts within the summer season and multi-year ice, (MYI) persisting for
more than one year without completely melting during summer.
Both ice types are inhabited by sympagic organisms but it is not known whether the
species composition differs between the two. Lange et al. (2015) recently compared
chlorophyll a concentrations of MYI and FYI and showed that, although both ice types did
not significantly differ with respect to chlorophyll a concentrations, MYI includes
underrepresented regions with low snow coverage and high amounts of chlorophyll,
leading to a potential underestimation of MYI productivity in the past. Furthermore,
Hatam et al. (2014) found that bacterial communities differ between components of MYI,
thus it is possible that there are also differences between the two ice types with respect to
protists. Although the annual primary production of sea ice algae is rather low compared
with Arctic pelagic phytoplankton (Legendre et al., 1992; Gosselin et al., 1997) it differs
between the two ice types: in FYI, up to 26% of the total annual primary productivity
whereas MYI can made up more than 50% (Legendre et al., 1992; Gosselin et al., 1997). It is
important to understand how these two ice types and in general the compositions of
sympagic species may differ to predict how these species and thus primary production and
carbon export will change in future scenarios.
This thesis provides insights into the structure and function of Arctic sea ice
communities. Although the Arctic sea ice is a large ecosystem inhabited by a variety of
microorganisms, little is known about its community on a molecular level (Eddie et al.,
2010; Bachy et al., 2011; Comeau et al., 2013). Furthermore, it is not known how sympagic
species will be affected by the currently on-going climate change in the Arctic Ocean. In
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the following section, the findings of the four chapters will be discussed with emphasis on
the three research aims: 1) comparison of the ‘total’ (rDNA-based) and the ‘active’ (rRNAbased) biodiversity FYI and MYI, 2) investigation of the physiological and transcriptional
thermal response of a sympagic diatoms and 3) establishment of metatranscriptomes of
different sea ice communities (see chapter 1.4 Objectives of the thesis).

6.1 ‘total’ vs. ‘active’ biodiversity of FYI and MYI
Overall, members of the ‘SAR’ group (stramenopiles + alveolates + Rhizaria) (Burki et al.,
2007) made up the largest part of operational taxonomic units (OTUs) found in the two
studies based on 454 sequencing of 18S amplicons (publication I & II), irrespective of the
type of library (RNA or DNA) analysed. This is in accordance to another molecular study
investigating the diversity of sympagic communities (Comeau et al., 2013). Nevertheless, on
a lower taxonomic level, the sympagic communities differ from each other based on the
type of library and also based on the ice type.
Sympagic community of Arctic FYI
Of the classified stramenopile OTUs, Bacillariophyceae (diatoms) and Chrysophyceae
(chrysophytes) OTUs were the most abundant phototrophs. In general, diatoms were most
abundant in FYI with less intense melting, whereas Chrysophyceae OTUs were more
abundant in FYI stations with high melting rates (publication I & II). Their abundances
were relatively similar between the rDNA and rRNA libraries irrespective of the location,
although chrysophyte OTUs were slightly more abundant in the rDNA library compared
with the rRNA library, whereas diatom OTUs were slightly more abundant in rRNA
libraries. It was shown, that chrysophytes and their life cycle are closely linked to Antarctic
sea ice conditions (Stoecker et al., 1997; Stoecker et al., 1998; Thomson et al., 2006) with
high degrees of encystment during ice melt in late summer (Stoecker et al., 1997). This
might explain the higher abundances of chrysophytes found in high melt stations and also a
slightly higher amount of them within the rDNA libraries: encystment due to ice melt
already started during the time of our sampling. Comeau et al. (2013) also found
chrysophytes in Arctic sea ice based on 18S DNA analysis in March - May, however in low
abundances. This might be due to the cyst stages during winter season.
Analysing the OTU abundance in more detail, i.e. on a lower taxonomic level based
on the PhyloAssigner pipeline (Vergin et al., 2013) (publication I), the most abundant
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diatoms were Bacillaria, CCMP2297 (naviculoid pennate diatom, Potvin & Lovejoy, 2009)
and Melosira which were most abundant at the highly melt FYI station 277, although the
overall abundance of diatom OTUs was lowest at this station compared with the other
stations. Furthermore, CCMP2297 and Melosira appeared to be more abundant in the
rRNA library, whereas Bacillaria was more abundant in the rDNA library at station 277.
A higher abundance in the rRNA library might indicate activity of the genus
(Blazewicz et al., 2013), whereas a higher number of OTUs in the rDNA library might
indicate inactivity or dormancy of genera (Jones & Lennon, 2010), since DNA can persist
as free or extracellular DNA (Nielsen et al., 2007; Charvet et al., 2012) and is also included
in inactive, dormant or dead cells (Hansen et al., 2007). It should be noted that a higher
amount of rRNA does not necessarily indicate current activity but more likely the potential
of protein synthesis due to a higher amount of ribosomes (Blazewicz et al., 2013).
Interestingly, Melosira OTUs were completely absent from the rDNA library,
irrespective of the station and showed the highest rRNA/rDNA ratio present in station
277 (publication I). Additionally, no other diatom genera were potentially active at this
station. It can be concluded that Melosira was the only abundant diatom at the high melt
and porous station, although CCMP2297 also had high abundances in both libraries.
During ice melt, when ice floes get more porous, larger grazers are able to enter the ice
matrix and graze on sea ice algae (Vancoppenolle et al., 2013; Arrigo, 2014). Thus, high
melt stations may harbour a smaller amount of diatoms and hence a lower amount of
diatoms remain active within the community. However, Melosira, which grows loosely
attached to the bottom of the ice, escapes grazing in its sub-ice environment due to an
unknown mechanism (Gutt, 1995; Fernández-Méndez et al., 2014) and thus remains the
only active genus at the high melt station.
Alveolates are common members of sympagic communities (Bachy et al., 2011;
Majaneva et al., 2012; Comeau et al., 2013) (publication I & II). Depending on the season,
they are even the most abundant part of the community (Bachy et al., 2011; Majaneva et al.,
2012). In all of our FYI rDNA libraries (publication I & II), higher amounts of
dinoflagellates were detected compared with ciliates what could not be correlated to abiotic
properties of the ice floe. Again, the higher amount of dinoflagellates in the rDNA library
might indicate a higher degree of dormancy of this group (Jones & Lennon, 2010). This in
in accordance to microscopic investigations during the cruise: many dinoflagellate cysts
were observed. However, when additionally analysing the 18S rRNA of the community, a
higher abundance of ciliates compared with dinoflagellates was found, irrespective of the
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location indicating a higher potential metabolic activity (Blazewicz et al., 2013) of ciliates
compared with dinoflagellates (publication I).
In publication I, we showed that ciliates were most abundant and also most active
(rRNA/rDNA ratios) in the high melt station 277. Due to the high porosity of this ice floe,
grazers could have had easier access into the ice matrix and thus to prey. Additionally, a
high abundance of the Rhizaria genus Cryothecomonas was detected. It was shown that this
genus may act as indicator for sea-ice melt (Thaler & Lovejoy, 2012) and for advantageous
grazing situations and prey accessibility (Thomsen et al., 1991; Thaler & Lovejoy, 2012;
Comeau et al., 2013). Although more Cryothecomonas OTUs within the rDNA library were
found, some OTUs were also very abundant in the rRNA library indicating a potential
metabolic activity. Together with the ciliates, heterotrophs have likely grazed upon
phototrophs (e.g. diatoms), reducing the abundance of diatoms in high ice melt situations.
The only diatom with high activity at this station was Melosira, which escapes grazing by an
unknown functions (Gutt, 1995) and by growing in large filaments in the sub-ice habitat
(Syvertsen, 1991).
Sympagic community of Arctic MYI
Biodiversity of phototrophs within MYI floes was relatively similar to that in FYI with low
melting rates: as for the FYI floes, a higher amount of diatoms in MYI floes with low
melting compared with highly melting FYI was observed, whereas the amount of
chrysophytes was lower at MYI compared with FYI (publication I & II). Again, the three
most abundant diatom genera were Bacillaria, CCMP2297 and Melosira (publication I).
Compared with the high melt FYI stations, in MYI 360 Bacillaria was also potentially active
together with the highest potential activity of Melosira. The latter was not the most
abundant diatom genus found (but it was the most abundant centric diatoms) although it
accounts for a very high amount of sub-ice biomass (Syvertsen, 1991; Gutt, 1995; Boetius
et al., 2013; Fernández-Méndez et al., 2014) and also for a high net primary production
(Fernández-Méndez et al., 2014). This might be due to the fact that the complete ice core
was sampled and Melosira inhabits the sub-ice habitat with a very patchy distribution (Gutt,
1995; Gosselin et al., 1997). Nevertheless, it appears as if low abundance genera can be very
active and thus contribute to the community and its functions. Furthermore, if the current
loss of MYI proceeds (Kwok & Rothrock, 2009; Maslanik et al., 2011), species that are
mostly active in MYI, as Bacillaria and Melosira, might become less abundant in the future.
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With respect to hetero- and mixotrophic species, MYI did not differ from FYI for
most of the taxonomic groups. Again, a higher amount of dinoflagellates within every
rDNA library compared with the rRNA library was detected (publication I & II), but a
higher amount of ciliate OTUs in every rRNA library compared with the rDNA library
(publication I). Furthermore, in all investigated MYI samples (publication I & II), OTUs
assigned as Bicosoecida were present. Bicosoecida species are known to be halophilic,
living in salinities between 60 to 150 ‰ (Park & Simpson, 2010). The occurrence of this
group especially in MYI, can be explained by high salinity patches that can be found within
MYI (Eicken et al., 1995; Petrich & Eicken, 2010). This indicates that Bicosoecida species
might also be important grazers within older sea-ice, whereas in warmer ice they do not
occur in high abundances. Additionally, higher abundances of Bicosoecida OTUs in the
rRNA library than in the rDNA library in the MYI station 360 were found (publication I)
and none in the rDNA library, although Bicosoecida OTUs were also detected in the
rDNA library of publication II. Bicosoecida species are able to form cysts (Park &
Simpson, 2010), explaining the amount of Bicosoecida OTUs in the rDNA library. Since it
was not possible to investigate the accompanied RNA to the DNA samples of publication
II, it cannot be concluded about activity of Bicosoecida OTUs for the other MYI stations.
Nevertheless, it can be concluded that Bicosoecida species are mostly found in MYI and
thus are also endangered by the on-going change from MYI towards younger (Maslanik et
al., 2011) and thinner (Kwok & Rothrock, 2009) sea ice.

6.2 Physiological & transcriptional response of a sympagic
diatom to thermal stress
To investigate how a typical sympagic diatom reacts under low and high thermal stress,
temperature experiments over a total duration of two weeks were conducted. For this, the
pennate naviculoid sea ice diatom CCMP2297 (Potvin & Lovejoy, 2009) was isolated
directly from central Arctic Ocean ice samples. Both, the physiological responses,
measured as photosynthetic efficiency, growth, chlorophyll a concentration, and the
transcriptional responses of pigment metabolism, light-harvesting complexes (LHCs),
photosystems (PS), heat-shock proteins (Hsps), reactive oxygen species (ROS) scavenging
and protein metabolism to 10°C, 5°C, -2°C and -5°C were analyzed.
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Physiological response to thermal stress
Efficiency of the PS II of CCMP2297 measured as the maximum quantum yield (Fv/Fm) of
the naviculoid diatom CCMP2297 was significantly affected by temperature (publication
III). After 24 hours of exposure, Fv/Fm values decreased at each of the treatments with the
strongest decrease after exposure to -5°C. At 10°C, unlike the other tested temperatures,
Fv/Fm value did not recover after several days of exposure and CCMP2297 did not show
growth at the high temperature. Although higher temperatures can enhance photosynthesis
and growth, temperatures above a certain threshold can expose severe stress to cold
adapted species, even if they occur in the same geographic region. Teoh et al. (2013)
showed that three Antarctic microalgae occurring in the same geographic region have
different temperatures ranges: two of them (Chlorella and Chlamydomonas) had a range of 6 20°C, whereas another one (Navicula) did not grow above 4°C (Teoh et al., 2013). However,
after exposure to moderate high temperature of 5°C, CCMP2297 was able to recover to
initial values and showed similar Fv/Fm values, growth rate and chlorophyll a concentration
as those cells, grown at -2°C (freezing point of seawater ~ -1.8°C, (Petrich & Eicken,
2010)).
Cells cultured at -5°C were also able to recover their photosynthetic efficiency,
although over a longer time period and did not reach initial values. Furthermore, their
growth rate was not as high as after exposure to 5°C and -2°C. At the lowest of the tested
temperatures, CCMP2297 likely experienced a cold-shock photoinhibition caused by cold
temperatures, even at moderate light levels, due to a lower rate of enzyme catalysed
reactions of the Calvin cycle (Huner et al., 1995). Such a photoinhibition was also observed
in the ice algae Fragilariopsis cylindrus after exposure to freezing conditions of -1.8°C (Mock
& Valentin, 2004). As CCMP2297, F. cylindrus was able to recover its Fv/Fm values after a
short-term acclimation period. Sea ice algae have to cope with a wide range of changes in
their abiotic habitat and also have to be able to thrive in the warmer water column after
they melted out of the ice (Pogson et al., 2011). Therefore, they need to be able to acclimate
quickly to changing conditions (Petrou et al., 2011).
Transcriptional response to thermal stress
Illumina sequencing of total RNA from CCMP2297 treated with thermal stress yielded a
total of ~ 119 million reads and were assembled into ~13,000 contigs of which 2,861 were
regulated in at least one of the treatments (publication III). After 24 hours of exposure,
most transcripts were regulated at 5°C (1,407 differential expressed genes (DEGs)),
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followed by 10°C (776 DEGs) and -5°C (213 DEGs) compared with the control (-2°C). At
5°C, most DEGs were up-regulated whereas at 10°C and -5°C most transcripts were
repressed. After 14 days, it was not possible to isolate sufficient RNA from the cells, due to
the fact that biomass already started to decline in response to temperature stress.
CCMP2297 cultured at 5°C and -5°C however, did not respond to the same degree after 14
days as after 24 hours: only around 230 DEGs were regulated at both temperatures, with a
higher number rather being down than up-regulated. In the following sections, I will
summarize the most important regulated mechanisms in response to heat- and cold-stress.
Response to heat stress
Heat stress strongly affected CCMP2297 on the transcriptional level. However, CCMP2297
exposed to 10°C did not regulate as many transcripts as after exposure to 5°C. Based on
the DEGs and their respective annotations, the data indicate that the response to oxidative
stress caused by high temperatures differs between both high temperatures.
High temperatures can cause oxidative stress within the mitochondria due to the formation
of ROS (Davidson & Schiestl, 2001; Vacca et al., 2004; Schwarzländer et al., 2009). ROS
and also high temperatures alone can cause the degradation of enzymes, but eukaryotes
have several mechanisms to protect their cells against this oxidative stress. In CCMP2297
grown at 10°C for 24 hours, an up-regulation of transcripts encoding for the mitochondrial
ROS scavenging enzyme thioredoxin, the ClpB/Hsp100 gene and the induction of
fucoxanthin-chlorophyll proteins (FCPs). At the same time, a repression of the potential
chloroplastic ROS scavenging enzymes was observed.
Mitochondrial thioredoxin and ClpB/Hsp100, both respond to ROS and heat
stress: thioredoxins are very efficient disulfide oxidoreductases (Holmgren, 1985;
Schürmann & Jacquot, 2000; Liu et al., 2014) that assist plants after high temperature
exposure in increasing stability by forming disulfides (Balmer et al., 2004). Despite their
diverse functions within plant chloroplasts and mitochondria (Balmer et al., 2004),
mitochondrial thioredoxins were also shown to be involved in antioxidant defence in
plants (Schürmann & Jacquot, 2000; Balmer et al., 2004). The induction of a ClpB/Hsp100
gene indicates a high degree of protein dysfunction at 10°C in CCMP2297, due to the fact
that chaperones of this family are involved in degradation and disaggregation (Wang et al.,
2004) of insoluble protein aggregates formed during severe stress like heat stress (Doyle &
Wickner, 2009).
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Furthermore, CCMP2297 induced the expression of FCPs. Previous studied
showed that in plants and algae, LHCs and FCPs might have a photo protective role in
preventing damages of the photosystem under high light stress (Green & Kuhlbrandt,
1995; Kruse, 2001; Lavaud et al., 2003; Bailleul et al., 2010; Zhu & Green, 2010). After
exposing Chaetoceros neogracile to high temperatures, an induction of genes coding for FCP
and LHC was observed (Hwang et al., 2008). They postulate that, due to high sequence
similarities to photo protective proteins found by Heddad & Adamska (2002) in plants and
cyanobacteria under high light conditions, FCPs might also have a protective function.
Although CCMP2297 induced potential protection mechanisms, it only regulated a
small set of transcripts related to protein metabolism, indicating either that 10°C heat stress
is not severe enough to regulate large parts of the metabolism and invest more in stress
protection or that this temperature is too severe and may by lethal. Together with the
physiological data and the fact that CCMP2297 drastically declined its biomass over 14
days, these results indicate that a heat stress of 10°C is too severe to maintain an active
metabolism which demonstrates that the organism is not able to cope with this
temperature for extended periods.
Unlike cells cultured at 10°C, CCMP2297 grown at 5°C largely regulate different genes to
overcome heat stress. Like high temperature, moderate heat stress also causes the
formation of ROS and thus oxidative stress. At 5°C, CCMP2297 induced several
protection mechanisms, which differ from the response at 10°C. The diatoms up-regulated
chloroplastic ROS scavenging enzymes, DnaK/Hsp70 and 60kDa chaperonin (or Hsp60)
and several FCP and LHC transcripts.
Based on these DEGs and their annotations, the results suggest a higher amount of
oxidative stress within the chloroplasts compared with mitochondria: both ROS scavenging
enzymes, peroxiredoxin and methionine sulfoxide reductase, were annotated as located in
the plastids and protect proteins against ROS. Peroxiredoxins are ubiquitous thioredoxinlinked antioxidants that destroy peroxides (Rouhier et al., 2004; Meyer et al., 2008), whereas
methionine sulfoxide reductases protect amino acid residues (especially methionine) highly
sensitive to oxidative stress (Brot & Weissbach, 2000; Guo et al., 2009). CCMP2297
cultured at 5°C additionally induced a 60kDa chaperonin transcript. These chaperonins
assist newly synthesized proteins and are especially important in assisting plastid protein
folding, e.g. RubisCO in plants (Boston et al., 1996).
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In addition to activating chloroplast ROS scavenging and HSP protection
mechanism against oxidative stress, CCMP2297 also induced gene expressions of
photosynthesis-related genes. First, as observed in CCMP2297 cultured at 10°C, it upregulated DEGs of FCPs, but also genes encoding for LHCs. Additionally, transcripts
belonging to chlorophyll metabolism and photosystems were induced. Thus, at 5°C there is
a higher need for newly synthesized photosynthetic-related enzymes indicating that
CCMP2297 is able to cope with moderate heat stress and to synthesize new enzymes.
Not only chlorophyll synthesis is induced in CCMP2297 grown at 5°C but also
transcripts encoding for enzymes involved in protein synthesis (i.e. translation) and
degradation procedures (i.e. ubiquitin) were induced. Protein turn-over rates are
characterized by both, protein synthesis and degradation and may depend of environmental
stresses like heat stress (Liu et al., 2014). Core metabolic processes in phytoplankton
species, i.e. translation, were shown to be strongly affected by temperature (Toseland et al.,
2013). The induction of protection mechanisms like ROS scavenging, Hsps and LHCs and
FCP, together with the high turnover rate of photosynthesis related enzymes and
potentially damaged enzymes, could explain both, the induced protein synthesis and
degradation in CCMP2297.
When comparing gene expression analyses to the physiological data, it appears that
although the expression patterns of photosynthesis related genes drastically changed after
the exposure to 5°C, CCMP2297 showed no difference in the photosynthetic efficiency
and growth. Similar results were published from a brown macroalgae (Heinrich et al., 2015):
under combined stress of ultra violet radiation (UVR) and high temperature Saccharina
latissima changed its gene expression pattern without a visible effect on the physiological
level. Heinrich et al. (2015) postulated that the transcriptional regulation for maintaining the
normal state photosynthesis during severe stress conditions might cause ‘hidden costs’
which may reduce the overall fitness of the species on the long run.
After 14 days of exposure, the number of regulated transcripts largely decreased,
indicating the potential of CCMP2297 to acclimate to moderately higher temperatures
within a short period of time. The sea ice habitat is subjected to several changes with
respect to abiotic parameters. In winter, temperature can reach very low values, whereas
during summer when the sea ice is melting, temperature may rise above the freezing
temperature of seawater. Thus, sea ice algae have to cope with a wide range of changes in
their abiotic habitat and also have to be able to thrive in the warmer water column after
they melted out of the ice (Pogson et al., 2011). Therefore, they need to be able to acclimate
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quickly to changing conditions (Petrou et al., 2011) and are often able to thrive within a
wide temperature range (Mock & Hoch, 2005; Petrou et al., 2011; Petrou & Ralph, 2011).
Our results indicate that CCMP2297 is able to withstand moderate high temperatures by
regulating sufficient protection mechanisms and is also able to acclimate its metabolism
within 14 days of exposure to moderate high temperatures.
Response to cold stress
Cold temperatures can cause cold-shock photoinhibition, as they can mimic increased
radiation (Maxwell et al., 1995) and thus an increase of the protective mechanism NPQ
(Olaizola et al., 1994) to dissipate excess light energy as heat (Müller et al., 2001). Together
with the decrease in maximum quantum yield (Fv/Fm), CCMP2297 cultured at -5°C upregulated the expression of FCPs, indicating a cold-shock photoinhibition. Similar results
were shown for the sea ice diatom Fragilariopsis cylindrus grown under cold temperatures
(Mock & Hoch, 2005).
However, CCMP2297 did not regulate many transcripts belonging to other
protection mechanisms after 24 hours of exposure to -5°C: it only regulated some HSF
transcripts (induced and repressed at the same time) and few chloroplastic ROS genes
(again induced and repressed at the same time). These results indicate that either
CCMP2297 did not experienced a severe cold-shock photoinhibition at -5°C, since this
condition corresponds more or less to its natural condition and thus CCMP2297 did not
change its gene expression (compared with the control of -2°C). Or that cold-shock
photoinhibition did occur but maybe regulation was done on the post-transcriptional level.
A similar conclusion can be drawn from the transcriptional analysis after 14 days of
exposure: almost no transcripts were regulated in CCMP2297 at -5° C. Such a response
could be due to an acclimation to the temperature, i.e. the diatom does not experience the
initial stress anymore. This was also shown in the sea ice diatom Fragilariopsis cylindrus,
which was able to increase its cellular concentrations of chlorophyll a right after a coldshock but also decreased this amount after acclimation to the new temperature (Mock &
Hoch, 2005). CCMP2297 experiences a short-term cold-shock in photosynthetic
performance after 24 hours of exposure to -5°C, but is able to recover its photosynthetic
efficiency and is not experiencing high oxidative stress due to its natural adaptation to cold
temperatures.
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6.3 Metatranscriptomes of different sea ice communities
Metatranscriptomic studies help to understand the functional structure of diverse
communities and at the same time shed light on low abundance members (Helbling et al.,
2012). Publication IV of this thesis is a first attempt to analyse metatranscriptomes from
different locations in the central Arctic Ocean. Thus, the aim of this part of the thesis is to
provide the basis for future bioinformatic analyses. Therefore, I will describe the currently
available sequences of publication IV, without describing the exact communities. This will
be done in subsequent studies (section 6.5 Outlook and perspectives).
Illumina HiSeq sequencing of total RNA from three central Arctic ice cores yielded
between 157.8 - 177.5 million raw reads, which were assembled to 1.4 - 1.6 million contigs.
Interestingly, the station with the lowest number of raw reads featured the highest number
of assembled contigs (station 277, high melt FYI station), whereas the only MYI station
(360) showed the highest number of raw reads but the lowest number of assembled
contigs. Furthermore, the assembled sequences of station 277 contained the longest
maximum and mean read length. This also holds true for annotations of contigs: based on
annotation against different databases (e.g. SwissProt, Pfam, TmHMM, eggNOG, Gene
Ontology), station 277 had the highest number of hits.
Gene Ontology (GO) terms were analyzed to perform a first comparison of
functions of the three metatranscriptomes. Each sequence was mapped to the second level
parental GO term to gain a general overview. The three different stations only slightly
differ between each other. The most abundant GO terms were ‘cellular processes’, ‘cell’
and ‘cell part’ (both relatively similar) and ‘single organism process’. These terms, however,
are very basic and do not give enough information to describe the in situ community.
Additionally, eggNOG category analyses were carried out. Plotting of frequencies
of eggNOG categories again revealed that the three stations did only slightly differ between
each other. The three most abundant categories were ‘posttranslational modification,
protein turnover, chaperones’, ‘translation, ribosomal structure and biogenesis’ and ‘amino
acid transport and metabolism’ and ‘energy production and conversion’ (the latter two with
relatively similar frequencies).
Based on these first analyses, in situ metabolisms of the species within the
communities are active but it cannot be concluded about specific mechanisms or pathways
and how the different samples / ice types may differ from each other. For this, more
specified bioinformatic analyses have to be conducted.
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6.4 Conclusion
This study was performed to gain a comprehensive overview and understanding of the
Arctic sympagic community. By applying molecular methods, i.e. 18S sequencing,
transcriptomic and metatranscriptomic analyses, I was able to not only describe the
biodiversity of these communities but also to investigate metabolic responses and to assess
possible community changes in the light of future changes.
Conducting biodiversity studies based on 18S rDNA (publication I & II) and 18S
rRNA (publication II) showed that it is not only necessary to 1) sample different locations
(due to heterogeneity and patchiness of the sea ice), 2) different ice types (due to different
groups like chrysophytes or Bicosoecida preferably inhabiting younger or older ice,
respectively), but also 3) to analyse the community based on rDNA and its accompanying
rRNA. If only one approach is chosen, it is likely that certain genera will be under- or
overestimated. Furthermore, constraints of 18S rDNA applications, like biases form large
18S gene copy numbers (i.e. ciliates and dinoflagellates and large cell sizes/bio volumes,
dormant and dead cells and free and extracellular DNA in the environment) might lead to
an underestimation of biodiversity assessments. Additionally, species interactions affecting
the community like grazing can be observed based on potential metabolic activity analyses
(rRNA/rDNA ratios). Thus, important members that actively contribute to community
functions can be detected.
Knowing the abundance and activity of genera was the first attempt to understand
the community. The next step was to test how these organisms react and how they ‘behave’
in their normal environment. Conducting thermal stress experiments with the highly
abundant naviculoid pennate diatom CCMP2297 gave information about physiological
boundaries and mechanisms behind potential stress protection and acclimation processes
(publication III). The results of this study indicate that the sea ice diatom CCMP2297 is not
able to cope with temperatures of 10°C, but is able to thrive under moderate high
temperatures of 5°C and can acclimate to these. They also showed that physiological
reactions and transcriptional changes are not necessary correlated. Although no different
photosynthetic or growth reaction of CCMP2297 at 5°C compared with the control of 2°C was detected, this sea ice diatom drastically changed its gene expression of FCPs,
LHCs, Hsps, ROS scavenging enzymes and general protein metabolism. Furthermore, -5°C
does not induce severe cold stress, what can be explained by the adaptation to its natural
sea ice habitat. I was not able to identify special mechanisms in this cold adaptation, i.e.
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anti freeze proteins. It would be of great interest to have a deeper and even more complex
insight in such processes on the transcriptional level in cold-adapted species.
The three metatranscriptomes of publication IV represent the first step of a more
detailed analysis on community structure and function. These metatranscriptomes provide
a very large dataset with high potential for further investigations and will help understand in
situ mechanisms within the sea ice (see next section 6.5 Outlook and perspectives).
All these results together highlight the ability of molecular methods to shed light on
community functions. With the help of these methods, I was able to point out connections
between biodiversity and physiological and transcriptional reactions of a very important but
hard to investigate and remote habitat and its members.

6.5 Outlook and perspectives
Although this study provides a comprehensive and large database of sympagic
communities, further studies will be needed to answer open questions. First, it is of great
interest to expand the 18S libraries based on rDNA and rRNA. Since seasonal, temporal
and spatial variety in sea ice communities occur, more samples from different seasons,
locations and especially ice types would be help completing our knowledge of this
important ecosystem. Ideally, these sampling efforts should be repeated and conducted
throughout several years to monitor the abundance of sympagic organisms.
As I have shown, some species preferentially inhabited certain ice types. The ongoing shift of MYI towards FYI observed in central Arctic (Kwok & Rothrock, 2009;
Maslanik et al., 2011) might have tremendous effects on the sympagic community. With
respect to this, it would be interesting to further investigate gene expression patterns of
sympagic species like CCMP2297. Other stress treatments like high light intensities and
nutrient limitations will further provide information about adaptation mechanisms present
in these organisms and higher coverage of the transcriptomes. This would be important to
predict potential winners and loser of climate change.
Furthermore, the transcriptomes of CCMP2297 established should be mapped on
the produced metatranscriptomes of the present thesis. By this, it will be possible to
validate the metatranscriptome: if certain transcriptomes (e.g. of a specific temperature)
and its expressions rates map to the in situ transcriptomes of the environment (from the
metatranscriptomes) of this species, it can indicate the status of the tested species in the
environment. E.g. in case the 5°C transcriptome of publication III would resemble the in
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situ transcriptome, it could indicate that the species already experiences heat stress in the
field. This would be a valuable information, helping to validate the current state of species
endangered by climate change.
To analyse function within the metatranscriptome and thus be able to not only
observe mechanism of one specific species, one should perform gene expression analysis
and GO term enrichments with the three different metatranscriptomes. This can be done
by either investigating at least three replicates per stations to run statistical analyses or by
performing a real-time quantitative PCR (RT PCR). By this, it would be possible to
investigate the expression patterns of certain genes, as done in a recent metatranscriptomic
study conducted on Antarctic communities (Pearson et al., 2015).
A long-term goal is to investigate the link between the phylogeny and the
transcriptional potential of a community. By this, it would not only be possible to know
which species are active within the community but also their contribution to ecosystem
function. With such analyses, we would be able to discover and explore pathways and
mechanism of biotechnological interest (i.e. anti-freeze proteins, genes involved in sexual
reproduction or genes involved in stress conditions).
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