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1. Zusammenfassung

Die Produktion von anthropogem Kohlenstoffdioxid (CO,) z.B. durch die Verbrennung
fossiler Energietrager steigt jahrlich an. Die Konsequenzen sind aber nach wie vor
weitestgehend unbekannt. Ein direkter Effekt der steigenden atmosphérischen CO;
Konzentrationen sind die erhohte Aufnahme durch Ozeane. CO, dissoziiert in Meerwasser,

was schlieBlich zu einem Anstieg der Bikarbonat (HCO5) und Protonen (H") Konzentrationen

fihrt, wahrend gleichzeitig die Konzentration des Karbonates (CO?') sinkt. Der Anstieg von

H* lonen lasst sich auch in der Abnahme des ph-Wertes im Oberflachenwasser sehen und
wird Ozeanversauerung (OV) genannt. Die vorliegende Dissertation untersuchte mittels
Hochdurchsatz-Sequenziermethoden die Auswirkungen der OV auf das Transkriptom von
Thalassiosira oceanica, einer ©kologisch wichtigen Kieselalge, und auf das
Metatranscriptome einer nattrlichen mikrobiellen Artengemeinschaft in der Arktis in

Spitzbergen.

Verschiedene Gene wurden als Funktion der CO, Konzentration unterschiedlich stark
exprimiert. Die urspringlich in Emiliania huxleyi von erhéhten pCO, Konzentrationen
beeinflussten Gene waren jedoch nicht signifikant betroffen. Obwohl kalzifizierende
Organismen wie E. huxleyi im Allgemeinen fur ihre Empfindlichkeit gegentiber OV bekannt
sind, scheinen Kieselalgen wie T. oceanica gar nicht oder sogar vorteilhaft von erhéhtem CO,

Konzentrationen beeinflusst zu sein.

Hochdurchsatz-Sequenziermethoden wurden auch in zwei Experimenten genutzt, die Teil der
grolRangelegten in situ Studie mit pelagischen Mesokosmen im Rahmen der EPOCA 2010
arktischen Kampagne waren. Diese Studien umfasste die erste kombinierte metagenomische
und  metatranskriptomische  Charakterisierung  einer  arktischen  mikrobiellen
Artengemeinschaft. Die 16S rRNA Gen Ampliconsequenzierung wurde genutzt um den
Effekt der OV auf die Struktur der Artengemeinschaft zu erfassen. Die Studie zeigte, dass
CO, nicht eine der strukturierenden Hauptvariablen war, sondern vielmehr Zeit,
Nahrstoffzugabe und Wasserherkunft. AuRerdem verdeutlichte die Studie, dass CO, nur auf
15 seltene Taxa einen signifikanten Einfluss hatte. Um zusétzlich die funktionelle Diversitat
der mikrobiellen Artengemeinschaft zu charakterisieren, wurde das Metagenome und das

Metatranskriptome einer Kontrollprobe und einer Probe aus einem erhéhten CO,-

3



Mesokosmus an finf Zeitpunkten, die Uber die Dauer des gesamten Experiments verteilt
waren, sequenziert. Die phylogenetische Analyse zeigte, wie bereits friiher entdeckt, dass die
Struktur der mikrobiellen Artengemeinschaft in ihrer Gesamtheit nicht stark von den CO,
Konzentrationen beeinflusst wurde, sondern vielmehr signifikant Gber den Verlauf des
Experiments variierte. Die Analyse der Metatranskriptome lieR erkennen, dass wieder nur
eine kleine Anzahl der Arten und Gene signifikant vom CO; beeinflusst wurde. In ihrer
Gesamtheit machte die Mesokosmenstudie deutlich, dass die Effekte der OV auf Struktur und
Metabolismen der arktischen mikrobiellen Artengemeinschaft in Spitzbergen sich auf seltene

Arten und spezialisierte funktionale Gene beschrankte.

Die in dieser Dissertation présentierten Ergebnisse erweitern das Wissen des Effekts der OV
auf die Kieselalge T. oceanica, wie auch auf die arktische mikrobielle Artengemeinschaft in
Spitzbergen. Sie unterstreicht die Bedeutung der Hochdurchsatz-Sequenzierungsanalysen flr

den Nachweis des Effektes des Klimawandels auf unsere Ozeane.



2. Summary

The production of anthropogenic carbon dioxide (CO;) via fossil fuels combustion increases
yearly and the consequences on the environment are still to some extend unknown. The most
direct effect of increased atmospheric CO; is its increased absorption by the oceans. The
result of this absorption is the complex dissociation of CO, in seawater which ultimately

creates an increase in bicarbonate (HCO,) and in proton (H") concentration while it decreases

carbonate ion (cog') concentration. The increase of H* concretely decreases the oceans’

surface pH and is termed ocean acidification (OA). This doctoral dissertation investigated the
effect of OA on Thalassiosira oceanica, an ecologically relevant diatom highly resistant to
iron limitation, as well as on a natural Arctic microbial community. It further compared the

results of unialgal cultures to mesocosms.

High-throughput sequencing was used to investigate how the transcriptome of unialgal
cultures of T. oceanica were affected by elevated pCO; and how it will affect the global gene
expression in this species. Multiple genes were differentially expressed as a function of COy;
however, the genes previously identified in Emiliania huxleyi as influenced by elevated pCO,
were not significantly affected in T. oceanica. Calcifying organisms like E. huxleyi are known
for their sensitivity to OA and in contrast elevated CO, might be neutral or beneficial for
diatoms.

This type of sequencing was also used with two experiments conducted as part of a large-
scale in situ costal pelagic mesocosms study part of the EPOCA 2010 Arctic campaign. These
studies constitute the first combined metagenomic - metatranscriptomic community
characterization of an Arctic fjord microbial community. The 16S rRNA amplicon sequencing
was used to define the effect of OA on the community structure and indicated that CO, was
not one of the main structuring variables whereas time, nutrient addition, water origin were.
This study further established that the effect of CO, was significant on only 15 rare taxa. To
characterize the metabolic diversity of the microbial community and the expression of
functional genes, metagenome and metatranscriptome information was obtained by high-
throughput sequencing of mRNA from one control and one elevated pCO, mesocosms at five
time points throughout the duration of the experiment. Phylogenetic analysis indicated that the

overall microbial community structure was, as previously established (16S analysis), not
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strongly influenced by CO, treatments but varied significantly over time. The analysis of the
metatranscriptome showed that only a small number of species and functional genes were
affected significantly by pCO,. The overall results of the mesocosms study demonstrate that
the effects of OA on the Svalbard’s Arctic microbial community structure and metabolisms
are restricted to low-abundance species and specialized functional genes like for example

DMSP breakdown or acid resistance.

The results presented in this dissertation increase the knowledge on the effect of OA on the
diatom T. oceanica as well as the Svalbard’s Arctic microbial community. It also highlights
the importance of high-sequencing analyses for establishment of the effect of climate changes

on our oceans.



3. Introduction






3. Introduction

3.1 The rise of phytoplankton

The earth was formed approximately 4.6 billion years ago and the first life is believed to have
appeared within the first billion years. At that time only a few organisms thrived in the oceans
and plankton dominated life on the planet, directing the carbon dioxide (CO,) — oxygen (O,)
flows. The infinite availability of seawater, sunlight and CO, drove prokaryotic oxygenic
autotroph, which appeared ~2.4 billion years ago (Falkowski et al., 2004), to take advantage
and proliferated. Coincidentally, a radiation in the evolution of planktonic species happened,
leading to a speciation in compound utilization (photoautotrophic versus chemoautotrophic).
The appearance of phytoplankton populating today’s earth and ocean was directed by
primary, secondary and tertiary endosymbiosis (Timmis et al., 2004; Oudot-Le Secq et al.,
2007; Woodson et al., 2008; Kleine et al., 2009). The first eukaryotic phytoplankton
originated from the primary endosymbiosis of a mitochondrion-containing heterotrophic
eukaryote with a cyanobacterium-like prokaryote ~1.5-1.2 billion years ago; creating primary
chloroplasts in Glaucophyta, Chlorophyta and Rhodophyta (Dyall et al., 2004; Oudot-Le Secq
et al., 2007; Woodson et al., 2008). Subsequently, secondary endosymbiosis occurred several
times throughout the evolutionary history of algae, creating the commonly termed, “green”
and “red lineage”. The green algal lineage is attributed to the absorption of a Chlorophyta by a
heterotrophic host which led to the Chlorarachniophyta and Euglenophyta. Whereas the red
algal lineage resulted from the engulfment of a chloroplast-containing Rhodophyta (=240
million years ago - Falkowski et al., 2004) by a heterotrophic host and gave secondary
photosynthetic chloroplasts of, for instance, the Heterokontophytes (containing
Bacillariophyceae) (Armbrust et al., 2004; Oudot-Le Secq et al., 2007; Kleine et al., 2009).
Recent genomic study further suggests that some diatoms nuclear genes were obtained from
Chlorophyta derivation (Moustafa et al., 2009). A long string of evolutionary processes
produced present-day organisms and much information is yet to be found but Saltzman et al.
(2011) interestingly showed that phytoplankton were present in the ocean at least 500 million

years ago when a large amount of oxygen re-entered the oceans and atmosphere.



3.2 Marine phytoplankton

Phytoplankton is the general assemblage of photoautotrophic organisms containing ~4000-
5000 classified species (Sournia et al., 1991; Tett et al., 1995). Phytoplankton is at the bottom
of the marine food web being the main food source for zooplankton and responsible for about
98% of the net marine primary production (=50Pg carbon per years - Longhurst et al., 1995;
Field et al., 1998). The organisms composing phytoplankton are classified based on their
phylogenetic relationships and are functionally divided in regards to their biochemical uses
(Field et al., 1998) as photoheterotroph, chemoheterotroph, chemoautotroph and
photoautotroph (e.g. Synechococcacles, Bacillariophyta, Chlorophyta, etc. - van den Hoek et
al., 1997; Giovannoni et al., 2000).

3.2.1 Bacillariophyceae

New molecular evidences and earliest fossilized siliceous Bacillariophyceae (diatoms)
frustules place their appearance between ~250 (Raven et al., 2004) and 185 million years ago
(Kooistra and Medlin, 1996). The diatom’s class contain over 250 genera and with species
that colonized marine, brackish and freshwater ecosystems, they are amongst the most diverse
and successful photosynthetic organisms on the planet. Diatoms are divided, based on the
arrangement of their frustules, into two groups: the centric and the pennate diatoms. The
presence of the siliceous cell walls create an elevated demand for silica (Si); making them
important players in controlling the global biogeochemical Si cycle (Falkowski et al., 1998;
Tréguer et al., 2013) and the only living organisms included in the silicon budget of the
world’s ocean (Baines et al., 2012; Tréguer et al., 2013). The fossilized structures of diatoms,
diatomite, has been used commonly in multiple commercial products (filters, deodorants,
decoloring agents, insecticide, drug carriers (Scala et al., 2001; Losic et al., 2009; Losic et al.,
2010) for several decades, demonstrating the immense importance of diatoms in our daily
lives. It was further indicated that the Si cycle is strongly interconnected to the atmospheric
carbon dioxide cycle (Pondaven et al., 2000) via the exponential connection between areas
with numerous opal numbers (Si-bearing solutions precipitation form) and high level of
carbon export or production. Diatoms are further suspected to play an important role in the
phosphate cycle by exporting it in their cells to the sea floors (Diaz et al., 2008). However, the
diatoms’ major role in the marine ecosystem is their contribution to primary production which
accounts for ~40% of the yearly oceanic primary production (Nelson et al., 1995; Dugdale et
al., 1998), making them the most ecologically successful eukaryote of all time (Armbrust et
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al., 2004; Bowler et al., 2008). The exact reasons for their immense ecological success are

still subject to intense investigation today.

3.2.2 Thalassiosira species

The genus Thalassiosira is the most diversified of the Bacillariophyceae, with more than a
hundred species (Round et al., 1990; Hasle et al., 1996). It is, furthermore, the most
investigated and thus the best known genus of its class. The Thalassiosira species wide
distribution around the globe, their occurrence in coastal as well as in oceanic regions and
their ability to be easily cultured in laboratories make them of particular interest for
researchers. Thalassiosira species were identified as major contributors of diatoms’ spring
bloom, often being the dominant organisms (Riebesell, 1989; Shinada et al., 1999; Popovich
et al., 1999). Thalassiosira pseudonana CCMP1335 was one of the first diatoms to have its
complete genome sequenced (Armbrust et al., 2004). Its genome gave the first insights of
diatom’s nuclear genes and revealed unexpected metabolic pathways and adaptations. For
example, their ability to survive long period of darkness has been linked to high lipid content
and storage (used for metabolic intermediate and ATP generation) allowing rapid growth
upon the return of light (Armbrust et al., 2004). In this thesis, experiments were mainly
conducted on Thalassiosira oceanica, a close oceanic relative of the coastal model diatom T.
pseudonana. The availability of the genome offered the opportunity to compare our
sequencing results and thus to make the characterization of different genes and evaluate their

expression under different OA conditions.

3.3  Marine chemistry

Background information on marine chemistry is presented in this section in order to
comprehend the basic principles behinds the experimental setup presented in this thesis. The
short review on the carbonate chemistry is based on a more detailed review by Zeebe and

Wolf-Gladrow (2001) and the iron (Fe) chemistry on diverse peer-reviewed research.
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3.3.1 Basic carbonate chemistry

Carbon chemistry is important to understand because the oceans absorb about 50% of the
anthropogenic released CO, (Sabine et al., 2004) from, for instance, fossil fuel burning and
deforestation. The dissolution of CO, in the ocean is described in relation to temperature and
salinity in Henry’s law ([CO,] = Ky pCO,), where Ky is the Henry’s law constant and pCO;
the partial pressure of CO,. In seawater, the dissolved CO, is reacting with water (H,O) to
form true carbonic acid (H,COg3) which has a 0.3% smaller concentration than the original
CO;, concentration ([CO,]) but is however chemically non differentiable. Its concentration
([H2COs3)) is thus by convention included in the [CO,]. The dissolution of H,CO3 results in

bicarbonate ions (HCO;) and hydrogen protons (H*) which, in turn, dissociate into carbonate

ions (CO?') and hydrogen (H®) ions. Theses dissociations are represented in the famous

equilibrium and simplified equilibrium equations (1) (2).

CO,+ H,0 < H,CO; «» HCO, +H" « COj +2H" (1)
K K,
CO, +H,0 «> HCO,+H  « CO; +2H" )

The dissociation processes are characterized by K; and K, the temperature, salinity and
pressure dissociation constants expressed as stoichiometric dissociation constants (3) (4)

previously determined by Lee et al., (2000).

¥ HCO,] [H'
K = [HCO,] [H'] 3)
[COy]

2- +
* CO; ] [H
K = Lol
[HCO;]

(4)
Once the values of K| and K, are known, it is possible to calculate the proportion of the
elements in (2). For example, in a typical surface water system with temperature of 15°C,
salinity of 35 and pH of 8, the calculations using the constants were done and produced the
reference figure by Roy (Roy et al., 1993) presented in Figure 1. It demonstrated that the
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variation of one carbonate chemistry component directly leads to the variation of all others. A

decrease in [CO,] increases the [HCO;] which thus increases the [CO?'] and [H'].
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Figure 1. Proportion relative of carbonate chemistry species CO,, HCO; , and CO§' in relation

with different pH (free scale) at standard conditions as showed by Roy et al., (1993).

To further fully understand the carbonate system, knowledge of the interaction between the
dissolved inorganic carbon (DIC) and the total alkalinity (TA) in the carbonate system are
essential. Briefly, DIC is the sum of the three dissolved inorganic carbon species (5) and TA
is the number of moles of H" ion equivalent to the excess of proton acceptors over proton

donors in one kilogram of sample as defined by Dickson (Dickson, 1981) (6).
DIC = [CO,] + [HCO3] + [COY ] (5)

TA = [HCO;] + 2[CO3] + [B(OH);3] + [OH] + 2[PO3 ] + [H;SiO3] + [NH3] + [HS']
- [H'] - [HSO;] - [HF] - [H3PO,] (6)

Other parameters, like calcium carbonate, are also important in understanding the complete
carbonate system and how future environmental conditions will influence marine systems.

However for diatoms, other parameters related or affected by carbon are more important; for
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instance, iron (Fe) and silicate (Si) are essential for diatoms and were indicated as influenced

by carbon concentration variation.

3.3.2 Ironin the ocean

Iron is an essential micronutrient for all living microorganisms. In particular, phototrophic
organisms require Fe for many of the photosynthetic enzymes as it is a powerful electron
carrier involved in photosynthetic electron transport and involved in the synthesis of
chlorophyll (Martin et al., 1988; Martin, 1990). The Fe solubility in seawater is controlled by
salinity and is reduced by its increase, resulting in lower dissolved [Fe] in the ocean relative to
freshwater lakes or rivers. Principally, Fe dissolves in coastal areas (Pitchford et al., 1999)
where it reaches high concentrations (in the micromolar range) whereas in tropical oceanic
waters concentrations are in the subnanomolar range (Figueres et al., 1978). Consequently,
large oceanic areas depleted in Fe cover about 20% of the world’s oceans (Pitchford et al.,
1999). These areas are called High-Nutrient Low-Chlorophyll regions (HNLC) because all
essential nutrients for phytoplankton growth are present in excess with the exception of Fe
which limits growth and keeps the chlorophyll concentrations low (Martin et al., 1994;
Pitchford et al., 1999). It was clearly demonstrated that phytoplanktonic growth was directly
correlated to the [Fe] in the oceans (Martin et al., 1988). It was however further observed that
Fe could reach some Antarctic oceanic regions through atmospheric particles of dust
containing Fe (Martin et al., 1988). This phenomenon was later observed in other regions of
the world and guided the reasoning for the Fe hypothesis, stating that by introducing the
limiting element Fe, a fast reaction of the phytoplankton could be triggered and lead to an
increased capture and sequestration of carbon (Martin et al., 1990; Martin, 1990). This
speculation led to the accomplishment of at least 12 Ocean Iron Fertilization mesoscale
experiments (for example: IronEX - Pitchford et al., 1999; SOFeX - Coale et al., 2004; Boyd,
2004; EIFEX Hoffmann et al., 2006; etc.), which globally concluded that dissolved Fe
addition in HNLC region stimulated diatoms biomass as well as small class phytoplankton.
The ability of diatoms to directly respond to Fe allowed them to shortly become the dominant
species. This dominance resulted in significant increased drawdown of CO, and ultimately, to
increased production of particulate organic carbon (Coale et al., 1996; Pitchford et al., 1999;
Jickells et al., 2005; Boyd et al., 2012; Smetacek et al., 2012; Williamson et al., 2012).
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3.3.3 Iron bioavailability

As Fe is highly insoluble in seawater, its dissolution in O,-rich water Fe (oxidized form
Fe(l11)), tends to settle rapidly. Indeed, Fe(l11) tends to dissociate itself and form Fe hydroxide
(Fe(OH)*, Fe(OH);, Fe(OH)s, Fe(OH), ), Fe oxide and various Fe(lll) oxide-hydroxide
(FeOOH) (Nishioka et al., 2005; Cullen et al., 2006; Bergquist et al., 2007; Wu, 2007). The
current dogma states that none of these forms are biologically available for phytoplankton as
photosynthetic organisms can only assimilate Fe(ll). This soluble and biologically available
form of Fe is however scarce in the ocean (Hutchins et al., 1999; Kuma et al., 2000; Chen et
al., 2001). Most Fe species in the ocean are not dissolved freely but rather part of organic
complexes binding to Fe(lll). Therefore, to be assimilated, Fe(Il) must first be extracted from
its organic carriers. Photosynthetic organisms are often deficient in Fe and have developed
special strategies to efficiently incorporate the Fe species needed (Castruita et al., 2007;
Strepek et al., 2004). Consequently, several organisms like yeast, fungi and more importantly
diatoms are found to be able to reduce Fe(lll) into Fe(ll); thus allowing the uptake of

organically complexed Fe (Shaked et al., 2005).

The diatoms’ response to Fe limitation was characterized by the discovery of the replacement
of ferredoxin, a Fe-containing protein, by flavodoxin, a larger protein that does not contain Fe
observed in Fe-limited growth conditions (LaRoche et al., 1996; McKay et al., 1997; McKay
et al., 1999). It was subsequently established that T. oceanica was able to maintain a higher
growth rate than T. pseudonana and Thalassiosira weissflogii under Fe limitation (Sunda et
al., 1991; Maldonado et al., 1996; Strzepek et al., 2004). The tolerance of this species for low
Fe conditions was attributed to a modified photosynthetic architecture, with reduced amounts
of the Fe-rich PSI proteins and the replacement of cytochrome C6 with plastocyanin, a protein
that does not contain Fe (Peers et al., 2006). In order to further characterize the Fe uptake
system of diatom, it is necessary to search in other species. Van Ho (Van Ho et al., 2002)
described in yeast the Fe transport in between membranes as being done by a multicopper
oxidase producing specific permease working on the previous reoxidation. Also, research on
Chlorophyta showed Fe to be stored in cellular surface by specialized Fe-binding molecules
and thereafter assimilate by acidic vacuoles (Paz et al., 2007). Even if these organisms are not
close relatives of diatoms, they contain some genes similar to diatoms (ferric reductases and
multicopper oxidases) indicating that their Fe transport systems could be comparable to the

one of diatoms. It further suggests that diatoms are probably using reductive mechanisms for
15



Fe uptake. It is believed that diatoms Fe uptake systems could comprise receptors for organic
Fe complexes, redox enzymes, ferric reductases, multicopper ferrous oxidase and ion
permeases all involved in Fe imports. The first three manuscripts presented used similar
research techniques to identify candidate components of a high-affinity Fe-uptake system,
cellular Fe requirements as well as the location of ferredoxin to enlighten the possible

adaptation of T. oceanica to low-Fe.

3.3.4 The biological and solubility pumps

The biological pump is the cumulation of all biologically-driven processes using or
transporting carbon to the ocean’s water column. The atmospheric COs is firstly dissolved in
the ocean’s surface and is thereafter used by photosynthetic organisms that generally
constitute the staple diet of higher organisms. These organisms are part of a food web from
which dead organisms or fecal matter containing carbon sink (biologically or physically)
towards the ocean’s floor. The particulate organic carbon is either re-circulated during their
descant or trapped in sediments awaiting remineralization (Figure 2 left side). The physico-
chemical counterpart of the biological pump is the solubility pump which also carries carbon
from the surface (absorbed from the atmosphere) to the water column and ultimately to the
deep, cold ocean water where it enters the deep water circulation for thousands of years. The
physico-chemical pump is, however, controlled by the solubility of carbon dioxide mostly

depending on the thermohaline circulation of the oceans (Figure 2 right side).
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Figure 2. Schematic representation of the biological (left) and solubility (right) pumps from
Chisholm (Chisholm, 2000).

3.4 Increase in anthropogenic CO,

Since the industrial revolution, an increase in the release of anthropogenic CO;, via
deforestation, agriculture, uses of cement and fossil fuels, has been observed. The predicted
atmospheric pressure of CO, (pCO,) for the end of the century (2100) will be greater than 800
uatm (Friedlingstein et al., 2006). The Intergovernmental Panel on Climate Change (IPCC)
has been investigating human-driven climate changes and compiling all related researches to
draw an overall picture of such effects. In 2007, it was concluded that this increase in pCO,
and the lack of success in controlling greenhouse gas emissions has potentially influenced the
planet’s temperature (via greenhouse gas retention - IPCC, 2007). The main results of global

climate changes on the oceans were identified as ocean warming and acidification.
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3.4.1 Ocean warming

The warming of the oceans is indirectly caused by the increased [CO5] in the atmosphere via
greenhouses gases effects (Levitus et al., 2001). This temperature increase is predicted to
have critical impact on the environment such as rising sea level (Bindoff et al., 2007;
Marcelja, 2010; Meehl et al., 2007) or the melting of Arctic ice causing a freshening of polar
regions (Bethke et al., 2006) and an alteration in the global ocean circulation. It will also
influences the evaporation rate (intensified) leading to increase in salinity and water
stratification, thus reducing nutrient exchanges between deep water masses and the euphotic

zone (Yeh et al., 2009) and possibly creating an amplified shortage of nutrients in the oceans.

3.4.2 Ocean acidification

The increased atmospheric CO, absorbed by the ocean (=50% - Sabine et al., 2004) where it
dissolves as shown in (1) results in an increased [H'] which accumulates and alters the
ocean’s pH. It was predicted that the ocean’s pH will decrease by 0.25-0.45 units before 2100
(Orr et al., 2005). The acidification of the oceans, termed Ocean Acidification (OA),
decreases the availability of carbonate ions (Wolf-Gladrow et al., 1999; Zeebe et al., 2001,
Caldeira et al., 2003; Newbold et al., 2012) and is suspected to reduce the Fe bioavailability
(Shi et al., 2010). These alteration’s effects on our oceans are still not completely known but
their influence on the physiology of marine organisms as well as their role in biochemical
cycles and ocean biochemistry is widely recognized. The effect of OA is until now believed to
be species-specific, potentially having a greater negative impact on calcifying organisms

(coral, pteropodes, etc. - Orr et al., 2005).

3.5 Scientific approaches for the study of ocean acidification

3.5.1 Culture and mesocosms

Multiple laboratory cultures using single species have been made to evaluate the effect of
climate changes like increase in light intensities, decrease in pH, increasing pCO,, decrease of
calcium carbonate and Fe or of any of these parameters combined together (Richier et al.,
2011; Wu et al., 2010; Lohbeck et al., 2012; Shi et al., 2010). In the present thesis, two types
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of batch cultures, closed system and open CO, system, were employed. Typical batch cultures
consist of culturing cells in a closed system where media volume, temperature, light (intensity
and duration) as well as the quantity of nutrient are all fixed and controlled. Cells are
normally harvested before all nutrients are consumed and the cells driven into a limitation
state (LaRoche et al., 2010). These closed-system batch cultures were used within the
framework of manuscript I, Il and I11. Variations to typical batch culture protocol in order to
optimize treatments are sometimes possible. Inspired by chemostat systems, special
modifications to batch culture vessels were made to allow constant inflow of CO; and thus
reduce pressure variation in the vessels used for manuscript IV. A new experimental method
called mesocosms was developed in recent years to characterize the reaction of an entire
community to OA (Riebesell et al., 2013). Mesocosms studies are used to manipulate pCO,
and control all other parameters in natural community enclosures allowing conclusions to be
applied to a whole community instead of single species (manuscript V and VI). These two
techniques permit researchers to compare how species actually react and interact with each
other to climate changes by getting a more complete picture.

3.5.2 Sequencing techniques

The emergence of nucleic acid sequencing technique allowed scientists to gather genetic
information on any type of organisms. Sequencing techniques started with the cloning of
environmental DNA and functional expression screening followed by chain terminator Sanger
sequencing (Sanger et al., 1977; Sanger et al., 1975) and was then followed by the rapid
development of direct random shotgun sequencing (Roche 454, Illumina). The 454 is based
on pyrosequencing technology and generates ~400 000 reads per run. Each reads is =400
bases pairs long (Ronaghi et al., 1998) which gives great advantages when de novo assembly
of whole genomes are in order. The Illumina sequencing platform uses a new techniques
called sequencing by synthesis where the, for example, DNA strands are amplified by bridge
amplification resulting in cluster of clonal copies of the given DNA. The Illumina sequencing
techniques can be used on four sequencing systems from which two were used in the present
thesis. The HiSeq2000 generally gave 180 million reads per lane with a length of 2 x 101
reads and can run up to eight individual samples at a time but takes about two weeks to obtain
results. The MiSeq sequencer is the newest technology developed and produces results more
rapidly (=27 hours). It results in 7.5 million reads per lane with a length of 2 x 150 read. Both
sequencers offer the ability to run multiple samples as paired end sequencing which increases
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the number of samples analysed per run and thus reducing sequencing costs. Both methods
allow scientists to precisely qualify communities’ assemblages (metagenome) and gene
expression to the species (transcriptome) or to the community (metatranscriptome) level.
Indeed, the past 10 years have seen the developments of sequencing and bioinformatics
techniques that have enabled researchers of all backgrounds (not only experts) to reinvigorate
the way science is done. The evolution of meta-analyses reviewed by Thomas and colleagues
(Thomas et al., 2012), showed that detailed descriptions of the community structure or gene
expression can be done without the need to cultivate individual environmental isolates
(Margulies et al., 2005; Sogin et al., 2006; Huber et al., 2007; Huse et al., 2008; Gilbert et al.,
2009; Agogue et al., 2011). These methods further allow observing how communities are
influenced by environmental factors or treatments and draw a precise picture of their impact.
Multiple sequencing techniques were used in the making of the present dissertation keeping
up with the technological development of sequencing instrumentation and approaches.
Indeed, the sequencing for manuscript | and Il was done on the 454 sequencer because the
reads length facilitates de novo assembly and other sequencers were not yet available or were
too recent for our use. Sanger sequencing was used in manuscript Il for the rapid sequencing
of a limited number of distinct nucleic acid fragments (almost directly) while the Illumina
HiSeq sequencing platform was used for the T. oceanica transcriptome of manuscript 1V and
for the 16S rRNA amplicon sequencing of the Svalbard’s mesocosms presented in manuscript
VI because it offers a little more sequencing depth which could potentially uncover rare
organisms or genes. Finally, the MiSeq platform sequenced the metagenome and
metatranscriptome of manuscript V because it produces longer reads. However, the quality of
sequencing being the same between the HiSeq and the MiSeq, the sequencer was selected in

regards to their availability.

3.6  Aim of this thesis

The experiments presented in this dissertation underlines the importance of comparing
laboratory cultures to mesocosms approaches in order to understand and qualify the effect of
OA on marine phytoplankton especially on diatoms and Arctic microbial communities. The
present thesis intended to analyze OA effects and influences on community structure and gene
expression of the previously mentioned marine phytoplankton by qualifying changes in uni-
algal cultures, T. oceanica, and in large community; to reduce climate changes extrapolations.
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In order to achieve these goals, multiple essential aims were established:

e Determine if the ferredoxin gene relocation from the chloroplast to the nucleus was solely
present in the T. oceanica CCMP1005 strain or if the relocation was widely spread within
the species or in the Thalassiosira genus by testing multiple strains of two more species

said T. pseudonana and T. weissflogii.

e Establish direct effects of increased pCO, on the transcriptome of T. oceanica CCMP1005

via modified batch cultures respecting OA guidelines.

e Characterizing the effect of OA on Arctic bacterial community structure through time and
pCO, gradient in a large in situ pelagic mesocosm experiment via 16S rRNA amplicon

sequencing and to give some insights on isolating water in mesocosms enclosures.

e Describe further the variation of the Svalbard’s Arctic microbial assemblages and the
differences in their functional gene expression between one un-manipulated control
mesocosm (=185 patm) and one manipulated mesocosm (=1050 patm) through time using

shotgun metagenomic and metatranscriptomic sequencing.

e Demonstrate the importance of high-throughput sequencing in obtaining a better overview
of OA effects.
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4. Manuscripts

4.1  Co-authorship publications

4.1.1 List of co-authorship publications, research focus and declaration of contribution

Publication I:

Research focus:

Contribution:

Publication I1I:

Research focus:

Contribution:

Recent transfer of an iron-regulated gene from the plastid to the nuclear
genome in an oceanic diatom adapted to chronic iron limitation

Sequence, complete and describe the T. oceanica chloroplast genome.

Alexandra-Sophie Roy cultured the algae, carried out the extractions
and RT-gPCR work and commented on the manuscript.

Genome and low-iron response of an oceanic diatom adapted to chronic
iron limitation.

Characterize the response of T. oceanica to deplete iron via genomic,
transcriptomic and proteomic analysis.

Alexandra-Sophie Roy cultured the algae, carried out the extractions
and RT-gPCR work and commented on the manuscript.
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4.1.2 Publication I.

Recent transfer of an iron-regulated gene from the plastid to the nuclear genome in an
oceanic diatom adapted to chronic iron limitation.

Lommer et al., 2010

BMC Genomics 2010, 11:718
do0i:10.1186/1471-2164-11-718
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Recent transfer of an iron-regulated gene from the plastid to the
nuclear genome in an oceanic diatom adapted to chronic iron
limitation

Markus Lommer', Alexandra-Sophie Roy', Markus Schilhabel?, Stefan Schreiber?, Philip
Rosenstiel?, Julie LaRoche®

Abstract

Background: Although the importance and widespread occurrence of iron limitation in the
contemporary ocean is well documented, we still know relatively little about genetic
adaptation of phytoplankton to these environments. Compared to its coastal relative
Thalassiosira pseudonana, the oceanic diatom Thalassiosira oceanica is highly tolerant to
iron limitation. The adaptation to low-iron conditions in T. oceanica has been attributed to a
decrease in the photosynthetic components that are rich in iron. Genomic information on T.
oceanica may shed light on the genetic basis of the physiological differences between the two
species.

Results: The complete 141790 bp sequence of the T. oceanica chloroplast genome [GenBank:
GU323224], assembled from massively parallel pyrosequencing (454) shotgun reads, revealed
that the petF gene encoding for ferredoxin, which is localized in the chloroplast genome in T.
pseudonana and other diatoms, has been transferred to the nucleus in T. oceanica. The iron-
sulfur protein ferredoxin, a key element of the chloroplast electron transport chain, can be
replaced by the iron-free flavodoxin under iron-limited growth conditions thereby
contributing to a reduction in the cellular iron requirements. From a comparison to the
genomic context of the T. pseudonana petF gene, the T. oceanica ortholog can be traced back
to its chloroplast origin. The coding potential of the T. oceanica chloroplast genome is
comparable to that of T. pseudonana and Phaeodactylum tricornutum, though a novel
expressed ORF appears in the genomic region that has been subjected to rearrangements
linked to the petF gene transfer event.

Conclusions: The transfer of the petF from the cp to the nuclear genome in T. oceanica
represents a major difference between the two closely related species. The ability of T.
oceanica to tolerate iron limitation suggests that the transfer of petF from the chloroplast to
the nuclear genome might have contributed to the ecological success of this species.
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4.1.3 Publication IlI.

Genome and low-iron response of an oceanic diatom adapted to chronic iron
limitation.

Lommer et al., 2012

Genome Biology 2012, 13:R66
doi:10.1186/gb-2012-13-7-r66
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Genome and low-iron response of an oceanic diatom adapted to
chronic iron limitation

Markus Lommer’, Michael Specht?, Alexandra-Sophie Roy', Lars Kraemer®’, Reidar
Andreson®®, Magdalena A Gutowska®, Juliane Wolf?>, Sonja V Bergner’, Markus B
Schilhabel®, Ulrich C Klostermeier®, Robert G Beiko’, Philip Rosenstiel®, Michael Hippler®
and Julie LaRoche™®”

Abstract

Background

Biogeochemical elemental cycling is driven by primary production of biomass via
phototrophic phytoplankton growth, with 40% of marine productivity being assigned to
diatoms. Phytoplankton growth is widely limited by the availability of iron, an essential
component of the photosynthetic apparatus. The oceanic diatom Thalassiosira oceanica
shows a remarkable tolerance to low-iron conditions and was chosen as a model for
deciphering the cellular response upon shortage of this essential micronutrient.

Results

The combined efforts in genomics, transcriptomics and proteomics reveal an unexpected
metabolic flexibility in response to iron availability for Thalassiosira oceanica CCMP1005.
The complex response comprises cellular retrenchment as well as remodeling of bioenergetic
pathways, where the abundance of iron-rich photosynthetic proteins is lowered, whereas iron-
rich mitochondrial proteins are preserved. As a consequence of iron deprivation, the
photosynthetic machinery undergoes a remodeling to adjust the light energy utilization with
the overall decrease in photosynthetic electron transfer complexes.

Conclusions

Beneficial adaptations to low-iron environments include strategies to lower the cellular iron
requirements and to enhance iron uptake. A novel contribution enhancing iron economy of
phototrophic growth is observed with the iron-regulated substitution of three metal-containing
fructose-bisphosphate aldolases involved in metabolic conversion of carbohydrates for
enzymes that do not contain metals. Further, our data identifies candidate components of a
high-affinity iron-uptake system, with several of the involved genes and domains originating
from duplication events. A high genomic plasticity, as seen from the fraction of genes
acquired through horizontal gene transfer, provides the platform for these complex
adaptations to a low-iron world.

Keywords

Thalassiosira oceanica, diatoms, iron limitation, genomics, transcriptomics,
proteomics, ISIP1, FBA

30



4.2  First-authorship publications

4.2.1 List of first-authorship publications, research focus and declaration of

contribution

Publication 111:

Research focus:

Contribution:

Publication 1V:

Research focus:

Contribution:

The transfer of the ferredoxin gene from the chloroplast to the nuclear
genome is confined to Thalassiosira oceanica within the genus
Thalassiosira. Roy et al., in revision for Journal of Phycology

Determine if the PETF gene transfer, from the chloroplast to the
nucleus, is unique to T. oceanica in the Thalassiosira genus.

Idea: Alexandra-Sophie Roy and Julie LaRoche
Experimental work: Alexandra-Sophie Roy
Analysis of data: Alexandra-Sophie Roy

Preparation of manuscript: Alexandra-Sophie Roy with comments from
co-authors

Effect of increased pCO, on the transcriptome of Thalassiosira
oceanica (CCMP1005). Roy et al., in prep.

Establish the effect of elevated pCO, on the transcriptome of T.
oceanica.

Idea: Alexandra-Sophie Roy and Julie LaRoche as part of Biological
Impact of Ocean ACIDification (BIOACID)

Experimental work: Alexandra-Sophie Roy

Analysis of data: Alexandra-Sophie Roy, Dhwani Desai and Matthias
Barann (sequencing mapping analysis)

Preparation of manuscript: Alexandra-Sophie Roy with comments from
co-authors
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Publication V:

Research focus:

Contribution:

Publication VI:

Research focus:

Contribution:

Ocean acidification shows negligible impacts on high-latitude bacterial
community structure in coastal pelagic mesocosms. Roy et al., 2013,
Biogeosciences

Characterize the bacterial assemblage of an Arctic community and its
variation in relation to time and pCO; using 16S rRNA database.

Idea: Alexandra-Sophie Roy and Julie LaRoche as part of the European
project on ocean acidification (EPOCA)

Experimental work: EPOCA Svalbard’s mesocosms team (sampling)
and Alexandra-Sophie Roy (samples extraction, distribution and
process)

Analysis of data: Alexandra-Sophie Roy, Sean M. Gibbons
Preparation of manuscript: Alexandra-Sophie Roy with comments from

co-authors

Ocean acidification effects on the community and gene expression of
Arctic bacteria and phytoplankton during a coastal pelagic mesocosms
event. Roy et al., in prep. for ISME Journal

Characterize the influence of time and pCO, on the transcriptome of a
microbial Arctic community using next-generation sequencing.

Idea: Alexandra-Sophie Roy and Julie LaRoche as part of the European
project on ocean acidification (EPOCA)

Experimental work: EPOCA Svalbard’s mesocosms team (sampling)
and Alexandra-Sophie Roy (samples extraction, distribution and
process)

Analysis of data: Alexandra-Sophie Roy, Harald Schunck, Sean M.
Gibbons, Dhwani Desai

Preparation of manuscript: Alexandra-Sophie Roy with comments from
co-authors
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4.2.2 Publication II1.

The transfer of the ferredoxin gene from the chloroplast to the nuclear genome is
confined to Thalassiosira oceanica within the genus Thalassiosira.

Roy et al.,
in revision for Journal of Phycology
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THE TRANSFER OF THE FERREDOXIN GENE FROM THE CHLOROPLAST TO THE
NUCLEAR GENOME IS CONFINED TO THALASSIOSIRA OCEANICA WITHIN THE
GENUS THALASSIOSIRA®.

Alexandra-Sophie Roy?, Markus Lommer and Julie LaRoche”

'GEOMAR Helmholtz Center for Ocean research Kiel, Diisternbrooker Weg 20, 24105, Kiel,
Germany.

*present address: Biology Department Dalhousie University, 5850 University Avenue, B3K
6R8, Halifax, NS, Canada

2Author for correspondence: email sroy@geomar.de, Tel: +49 0431 4262, Fax: +49 0431
4446

Running title: FERREDOXIN IN THALASSIOSIRA’S GENUS
ABSTRACT

The location of the ferredoxin gene (chloroplastic or nuclear) was determined in 12 strains of
Thalassiosira covering three species. DNA sequencing and gPCR were used to establish that
the ferredoxin gene is located in the nuclear genome of all confirmed T. oceanica strains
(CCMP0999, 1001, 1005, 1006) tested. Conversely, all T. pseudonana (CCMP1012, 1013,
1014, 1335) and T. weissflogii (CCMP1010, 1049, 1052) strains tested have retained the gene
in the chloroplast genome, as is commonly found for Bacillariophyceae. We further
demonstrated that the strain-specific location of the ferredoxin gene was reliably determined
from total genomic DNA by using qPCR assay of single copy nuclear and chloroplastic genes.
Sequencing of the 5.8S and ITS regions further established that the classification of T.
oceanica strain CCMP1616 needs to be re-assessed. The ferredoxin gene relocation gives an
insight into the evolutionary processes leading to cp genome reduction and suggests

ecological adaptation for such genomic rearrangements.

Keywords (5-10 words): Ferredoxin, gene location, gene transfer, Thalassiosira genus, T.

oceanica, T. pseudonana, T. weissflogii.

Abbreviation: bp, base pairs; cp, chloroplast; Ct, threshold cycle; e.g., for example; Fe, iron;

HNLC, High-Nutrient-Low-Chlorophyll; ITS, internal transcribed spacer; PETF, ferredoxin;
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PETFcp, cp genome PETF; PETFynuc, nuclear genome PETF; gPCR, quantitative polymerase
chain reaction; rbcs, small subunit of Ribulose-1,5-bisphosphate carboxylase oxygenase or
RuBIisCO; spp., species; TEF1A, translation elongation factor 1 alpha.

36



INTRODUCTION

Diatoms are one of the most ecologically successful eukaryotes of all time. These primary
producers can account for ~40% of the yearly oceanic primary production (Dugdale et al.,
1998, Nelson et al., 1995). Although diatoms have been widely investigated, the reason for
their immense success is still poorly understood. Some correlate diatoms’ success to their
functional plasticity, which is manifested by their dominance in very diverse environments
from nutrient-rich coastal areas to Fe-depleted HNLC oceanic regions (Strzepek et al., 2004).
Although diatoms are not the dominant phytoplankton in HNLC regions, their presence in Fe-
limited ecosystems indicates that they are adapted to survive Fe limitation (Strzepek et al.,
2004). The addition of this limiting element to HNLC waters generally triggers major diatom
blooms (Chisholm et al., 2001, Boyd et al.,, 2007) possibly leading to an increased

anthropogenic carbon sequestration into the deep ocean.

Since the emergence of the photosynthetic eukaryote via primary endosymbiogenesis of a
Cyanobacteria (Martin et al., 2002, Kleine et al., 2009), ancestral eukaryotic algae have
evolved via multiple genomic modifications, creating present day microalgae. In fact, the
photosynthetic apparatus involves more than 700 genes which are coordinated by the plastid
and nuclear genomes. However, modern cp genomes host only about 200 of these genes
(Kleffmann et al., 2004), indicating that a massive transfer of cp genes to the nuclear genome
has taken place after the initial endosymbiosis event. Although 200 genes seem little in
comparison to the whole genome, their regulation under diverse environmental changes is
unquestionably critical to ascertain as the genes in the cp genome are fundamental
photosynthetic genes. Two mechanisms, deletion and relocation, have been identified as
possible drivers for cp genome evolution (Oudot-Le Secq et al., 2007) but cannot guarantee
the disappearance of the selected gene from its original location (Oudot-Le Secq et al., 2007)
nor can it identify if the modification led to a successful integration and functional activation
in the nuclear genome (Timmis et al., 2004). It has recently been demonstrated that gene
relocation from the cp to the nucleus increases with environmental stress, particularly with
heat, in higher plants (Wang et al., 2012). It was further presented that such transfers happen
in open chromatin regions, which have an increased accessibility by temperature stress (Wang
et al., 2013). A similar scenario can be envisioned for unicellular algae, especially for diatoms

that inhabit marine oligotrophic surface waters subject to high light intensities.
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As one of the most widely diversified phylogenetic taxa, diatoms display a remarkable range
in cell and genome size that has had an impact on their evolutionary trajectory (von Dassow et
al., 2008). In particular, their circular cp genome is subject to frequent internal rearrangement
(Oudot-Le Secq et al., 2007) that promotes the transfer of organelle-encoded genes to the
nuclear genome (Martin et al., 2002, Richly et al., 2004, Bock et al., 2008, Sheppard et al.,
2009). In Thalassiosira oceanica Hasle CCMP1005, an oceanic diatom adapted to chronically
low Fe concentrations (Strzepek et al., 2004), the PETF gene encoding for the ferredoxin
protein PETF has been transferred to the nuclear genome (Lommer et al., 2010). This is
unusual because the PETF gene is commonly found in the cp genome of most diatoms
including the closely related coastal species Thalassiosira pseudonana Hasle & Heimdal and
Thalassiosira weissflogii (Grunow) G. Fryxell & Hasle (Gueneau et al., 1998, Lommer et al.,
2012). It has previously been established that T. oceanica maintains a higher growth rate
under Fe limitation than T. pseudonana and T. weissflogii (Sunda et al., 1991, Maldonado et
al., 1996, Strzepek et al., 2004). Its tolerance for low Fe conditions has been attributed to a
modified photosynthetic architecture, with reduced amounts of the Fe-rich PSI proteins and
the replacement of cytochrome C6 with plastocyanin, a protein that does not contain Fe (Peers
et al., 2006). Similarly, the replacement of the Fe-containing protein PETF by flavodoxin,
which does not contain Fe, has often been observed in Fe-limited growth conditions (LaRoche
et al., 1995, McKay et al., 1997). We have previously hypothesized that the transfer of the
PETF gene may provide T. oceanica with an additional advantage to tolerate Fe limitation. To
identify whether this PETF relocation is constrained to T. oceanica species, or whether it is
scattered throughout various isolated strains of the Thalassiosira genus, we designed primers
specific for three Thalassiosira spp. and used qPCR to determine the location of the PETF
gene in five strains of T. oceanica (CCMP0999, 1001, 1005, 1006, 1616), four of T.
pseudonana (CCMP1012, 1013, 1014, 1335) and three of T. weissflogii (CCMP1010, 1049,
1052). The transfer of the PETF gene was assessed by comparing the Ct values of reference
single copy genes with known compartmental locations, either chloroplastic (rbcs) or nucleic
(TEF1A), to the Ct values of the PETF gene (PETFcp or PETFnuc). The presence of multiple
cp in Thalassiosira spp. results in multiple copies of cp genomes and because cp genome
copies are naturally enriched relative to the nuclear genome, single copy cp-encoded genes
are easily separated from single copy nuclear-encoded genes. Single copy genes located in the
nuclear genome of eukaryotic diploid cells are present in two copies per cell while genes

located in the cp genome have several copies. This study aimed to establish whether the PETF
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gene transfer was unique to T. oceanica CCMP1005 or more widely distributed among the

Thalassiosira genus.

MATERIAL AND METHODS

Strains and cultures
A total of 12 strains from three Thalassiosira species (Table 1) were obtained from the
National Center for Marine Algae and Microbiota (NCMA formerly CCMP,

http://ccmp.bigelow.org) and were cultured in /2 artificial seawater medium (Guillard et al.,

1962, Guillard, 1975). Each strain was cultured in duplicate at its optimal temperature and
light conditions (results Table 4) and was harvested in late exponential phase within a time
span of 7 to 15 days. Cells were collected by filtration on polycarbonate filters (Durapore® 47
mm, Millipore, Darmstadt, Germany) with pore sizes compatible to the algae’s size. Each cell
sample was resuspended in a small volume of medium and centrifuged at 11 000 rpm for 10
min at 4°C in order to concentrate the cells in pellets, which were thereafter flash frozen in

liquid nitrogen and stored at —80°C until DNA extraction was performed.

Nucleic acid extraction

Total nucleic acid was extracted using the “DNeasy Plant mini” kits from Qiagen® (Qiagen,
Hilden, Germany) following the standard manufacturer’s protocol with minor modifications.
Changes to the protocol included a 10 sec sonication of the cell pellet following the addition
of lysis buffer, the washing step with AW buffer was done twice, and the rinsing step with
500 ul of 99% ethanol was done thrice as recommended to increase yield. DNA was eluted in
250 pl elution buffer and was finally sheared using a sterile hypodermic needle (30 gauge)
attached to a sterile 1 ml syringe. DNA amounts were assessed as the mean of triplicate
measurements by micro-volume spectrophotometer nanodrop ND-1000 (PegLab GmbH,
Erlangen, Germany) measurements and quality was tested using the automated
electrophoresis system “Experion' DNA-12K” analysis kit from Bio-Rad Laboratories
(Hercules, CA, USA). All samples were kept at =80°C until further analysis.

gPCR
gPCR was performed with SYBR green master mix on the ABI Prism® SDS 7000 (Applied
Biosystem by Life Technologies™, Carlsbad, CA, USA) to determine the location of the gene
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of interest PETF, by comparing its Ct value to single copy gene of reference. Following our
previous work (Lommer et al., 2010), it was established that to accurately determine the
location of the PETF gene, two reference genes were necessary for comparison. The first
selected gene was the TEFL1A, established as a single copy gene by screening diverse
phylogenetically unrelated genomes, representing the nuclear location of the gene and used
for normalization of the Ct values. The second gene chosen was rbcs encoding for the small
subunit of RuBisCO, which represented the single copy cp gene used to characterize the cp
location. The 18S gene was also detected with general primers for all Thalassiosira used in
the study in order to confirm that all strains belonged to the Thalassiosira genus (data not
presented). The qPCR reactions (25 pl) were composed of 12.5 ul Platinum SYBRgreen®
(Invitrogen by Life Technologies ™, Carlsbad, CA, USA), 0.5 pl of 10 pM forward and
reverse primers each, 6.5 pl PCR-H,0 and 5 pl of sheared gDNA template. Triplicates of two
biological samples per strain and no-template controls were run for each primer pair. The
designed primers sets (Primer Express v2.0 by Applied biosystem by Life Technologies™,
Carlsbad, CA, USA), were tested and optimized (Table 2; Lommer et al., 2010) to detect
these specific genes (amplicon of approximately 100 bp) with high amplification efficiency
(>95%). The primer’s efficiency was tested by comparing amplification of same DNA
amount from diverse T. oceanica, T. pseudonana and T. weissflogii and by using the LinReg
program (http://www.gene-quantification.de/) to calculate the PCR efficiency of each primer

sets. These reactions were treated with cycling conditions of 2 min at 50°C (once), 2 min at
95°C (once), 40 cycles of 0:15 min at 95°C and 0:30 min at 60°C, 0:15 min at 95°C (once)
followed by a dissociation stage of 0:20 min at 60°C and a final extension of 0:15 min at
95°C. Relative gene copy number was assessed using relative amplification values
represented by Ct, where each Ct was equal to a 2 fold concentration difference. The mean Ct
values of triplicate reactions of the two biological replicates at a threshold level of 0.2 were
used to compare the values of the gene of interest to the ones of the genes of reference. The
PETF copy number is assumed to be detected at Ct values matching either the rbcs or the
TEF1A gene; thus identifying the potential relocation of the gene to the nuclear genome. To
obtain a clear gene location, the gene copy number was calculated by normalizing the gene of
interest’s Ct values to the TEF1A Ct values and was thereafter used to calculate the relative

ACt.
2Ct

gene copy numbers with the formula ; where the concentration fold difference is

represented by Act = Ct(gene of interest) - Ct(gene of reference) (Pitti et al, 1998, Pelham et al, 2006)
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ITS-5.85 PCR

The ITS1-5.8S-1TS2 regions were prepared for sequencing using standard PCR composed of
2.5 ul of 10 x dreamTaq buffer (Fermentas, Life science, Thermo Fisher Scientific, Waltham,
MA, USA), 1.25 ul of dNTP’s 10 mM, 2.5 ul of each 10Mm primers (Table 2; Eurofins,
Ebersberg, Germany), 0.25 ul of DreamTaq'™ DNA polymerase (Fermentas, Life science,
Thermo Fisher Scientific, Waltham, MA, USA), 1.5 ul of DNA Template and 14.5 pl of PCR
water. These reactions were treated with modified ITS cycling conditions as described in
Kumar and Shukla (2005) with an initial denaturation of 10 min at 95°C, a repeated 10 times
denaturation step of 1:00 min at 95°C, an annealing temperature of 1:00 min at 55°C and an
elongation step of 1:30 min at 72°C. The final extension was of 10:00 min at 72°C. Different
sets of primers were used to assure maximum amplification efficiency of each species. The
size of the PCR products was thereafter verified by electrophoresis on a 1.3 % agarose gel
(>500 bp) to assure presence and amplification of the DNA fragment. Positive samples were

sequenced.

Sequencing

Standard 3730x| Sanger sequencing (Applied biosystem by Life Technologies™, Carlsbad,
Ca) of the ITS1-5.8S-ITS2 regions was done and consensus sequences for each strain
obtained using DNASTAR (http://www.dnastar.com/; Madison, W1, USA.). These sequences

were afterward used to identify closest neighbours (data not presented) by BLASTN analysis

(http://blast.ncbi.nim.nih.gov/Blast.cqi; Bethesda, MD, USA) and to construct phylogenetic

trees. Once different Thalassiosira sequences were gathered from the databases SILVA
(http://www.arb-silva.de/, Bremen, Germany), NCBI (http://www.ncbi.nlm.nih.gov/,

Bethesda, MD, USA) and the present sequencing, two different groups (Thalassiosira sp.’s
18S; T. oceanica-T. pseudonana-T. weissflogii’s 5.8S+ITS2 - Table S1) were created from
which multiple interspecific (18S and 5.8S) and intraspecific (ITS2) alignments were done
using the ClustalW alignment option in the software GENEIOUS (http://www.geneious.com/,

Auckland, New Zealand); these alignments were used to generate neighbour joining
phylogenetic trees with calculated bootstrap values based on 1000 random resampling using

the same software.
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RESULTS

Transfer of PETF gene in Thalassiosira spp.

We applied a gPCR assay to determine the location of the PETF gene in multiple strains of
three Thalassiosira spp., T. oceanica, T. pseudonana and T. weissflogii. Examples of the
results obtained for PETFnuc and PETFcp location are respectively presented in Fig. 1a and b,
where the PETF location is illustrated by identifying which gene of reference values (cp or
nucleus) correspond to the one of the gene of interest. In T. oceanica CCMP 1006 (Fig. 1a),
the mean Ct value +/-SD (18.79 +/-0.12) of the PETF amplification curve was not statistically
different from the mean Ct +/-SD of TEF1A (19.27 +/-0.34; p= 0.01; Table S2) but was from
the one of rbcs (14.28 +/-0.03; p= 3.71E-8; Table S2); confirming a PETFnyc. In contrast, the
T. weissflogii CCMP 1049 (Fig. 1b) mean PETF Ct value +/-SD (14.88 +/-0.45) was not
statistically different than the rbcs mean Ct +/-SD (14.94 +/-0.50; p= 0.36; Table S2), while
the one for TEF1A was (19.56 +/-1.24; p= 1.74E-4; Table S2); confirming the presence of a
PETF in the cp genome. Five strains of T. oceanica (CCMP0999, 1001, 1005, 1006 and 1616)
were tested and in four, the PETF gene transfer to the nuclear genome was confirmed (Fig. 2
and Table 4). However, the gPCR results were not conclusive for T. oceanica CCMP1616 as
gene copies amplification from the species-specific primers failed. T. oceanica CCMP1616
originates from the Mediterranean Sea whereas the four others are from the oceanic North
Atlantic. The strains of T. pseudonana (CCMP1012, 1013, 1014 and 1335) and T. weissflogii
(CCMP1010, 1049 and 1052) were all confirmed to have retained the PETF gene in the cp
genome (Fig. 2 and Table 4).

Phylogenetic PETF tree and classification using 5.8S+ITS2

A phylogenetic tree based on the entire cp genome of diverse taxa (Fig. 3, lower section)
evolved from primary endosymbiosis of the cyanobacteria Synechocystis (Martin et al., 2002)
is used here to show the PETF location in multiple taxa. The right side cluster (A) represents a
typical PETFyuc genome and the left side cluster of the tree (B) a typical PETFcp genome
(branches redrawn from Martin et al., 2002). The Bacillariophyceae class, containing the
Thalassiosirales, is included in the left side cluster with the typical PETFcp gene. As the
gPCR results did not yield a clear answer for the localization of the PETF gene in T. oceanica
CCMP1616, the Thalassiosira phylogenetic 18S tree was used to shed some light on the
taxonomic classification of the Thalassiosirales (Fig. 4). This tree shows five major groups

defining the genus which is divided into a monophyletic (upper) and a polyphyletic (lower)
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cluster. Most strains are grouped with their respective species as expected but some are found
within branches allocated to other spp. as seen for T. oceanica 1001, which clusters within the
T. pseudonana spp., and for an unspecified T. oceanica within the T. weissflogii species. To
further characterize the species used in the present study, a phylogenetic tree was created with
the highly discriminating sequences of the 5.8S gene and the ITS2 region (Fig. 3 upper
section). These two regions were used together in order to obtain a more detailed species
identification (Moniz et al., 2009, Sorhannus et al., 2010). Each cluster contained in the upper
section of the tree (branch annotated 90.3) demonstrated the intraspecific relationship between
each species. The phylogenetic tree presented in Fig. 3 confirmed that four of the strains used
in the present study were T. oceanica and that the T. oceanica CCMP1616 was more closely
related to a different Thalassiosira spp. and may need to be reclassified. The 5.8S gene
sequences are generally very similar between spp. of the same genus, thus a BLAST analysis
of the 5.8S sequence from T. oceanica CCMP 1616 against the NCBI database suggest that
this strain is more closely related to Thalassiosira punctigera (Castacane) Hasle (JQ217344.1-
99% identity), Thalassiosira rotula (CCMP 1018 and 1047) Meunier (EU600777.1 and
EF208798.1-99% identity), and Thalassiosira aestivalis Gran and Angst (EF208797.1-99%
identity) than to the T. oceanica strains used in this study. Finally, the clusters produced for T.
pseudonana and T. weissflogii also confirm the monophyletic origin of each strain in their
respective spp..

DISCUSSION

Phylogenetic classification

The Thalassiosira 18S tree presents multiple major phylogenetic clusters (Fig. 4) with the two
upper groups containing most spp. of Thalassiosira, all originating from a single common
ancestor and making the upper section of the 18S tree a monophyletic Thalassiosira cluster.
The lower sections of the tree contain the two atypical Thalassiosira spp., T. pseudonana and
T. weissflogii, together with some other Thalassiosira spp. and several non-Thalassiosira spp.
(Cyclotella spp.) exhibiting a classic polyphyletic cluster. This 18S clusters pattern
correspond to the ones previously established with one cluster containing multiple
Thalassiosira spp. and separated T. pseudonana, T. weissflogii and Cyclotella spp. clusters
(Luddington et al.,, 2012); thus confirming prior conclusions concerning diverse

Thalassiosira’s ancestral situation. The different ancestral origins of the presented
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Thalassiosira group can be connected to the early arbitrary classification of phytoplankton,
which was for the diatoms mostly based on the physical appearance of the architecture of
frustules. Most T. oceanica strains have not yet been sequenced and are therefore not included
in databases; leaving the T. oceanica branch containing only one representative of the strain
1001, one of unknown strain (HM991) and the strain (1005) sequenced by Lommer et al.
(2010). The taxonomic identity of the strain called T. oceanica CCMP1616 was doubted after
observation of our gPCR results and to clarify the confusion about this organism, a cladogram
was done using the sequences of the 5.8S+ITS2 region (Fig. 3) obtained during the present
experiment. This region was selected for its high sequencing resolution and because it is
known to be a good eukaryotic barcoding region (Coleman, 2003, Coleman, 2009, Sorhannus
et al., 2010, Caisova et al., 2011, Senapin et al., 2011, Whittaker et al., 2012). Our results
clearly demonstrate that CCMP1616 does not belong to the T. oceanica as it is not part of the
monophyletic T. oceanica branch but clusters as an independent branch in the tree. To clarify
the phylogenetic situation of “T. oceanica CCMP1616”, blast searches with the 5.8S DNA
sequence against the NCBI NR database placed this strain in the upper Thalassiosira 18S
cluster as all its close relatives are contained in it; resolving some obscurity around this sp.
(Fig. 3). We further compared our results to the 5.8S and ITS phylogenetic trees drawn by von
Dassow et al. (2008), confirming that most tested strains are grouped within their respective
monophyletic groups as previously established. Fortunately, the uses of new sequencing

technique will resolve many of these misidentifications.

PETF gene transfer

The gene coding for PETF is typically found in the cp of the Rhodophyta, Glaucophyta,
Cryptophyta and Bacillariophyceae (diatoms) whereas some other groups, Alveolata,
Chlorophyta and Streptophyta, were shown to have this gene in their nuclear genome (Martin
et al., 2002, Lommer et al., 2010). The groups with the nuclear PETF have a smaller cp
genome ranging from =30-100 protein genes versus ~>140 for the ones which retained PETF
in the cp (Kleffmann et al., 2004, Lommer et al., 2010). This gene content reduction is
believed to result from gene loss during gene transfer causing genomic rearrangements or just
by the transfer of the genes themselves (Leister, 2005, Lommer et al., 2010). Indeed, when
insertion of organelle DNA to the nucleus happens, a major restructuring follows from
evolutionary pressures to reach the less costly and most functional possible version of the
organism (Timmis et al., 2004, Leister, 2005).
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Stramenopiles (including Bacillariophyceae) typically have a PETFcp however, it was
previously discovered that in T. oceanica CCMP1005, a diatom with the typically large cp
genomic content of Stramenopiles (=140 cp genes), the PETF gene was relocated in the
nuclear genome and replaced by the gene orf127 in the cp genome (Lommer et al., 2010). It
further indicated that the transferred gene is functional. The gene transfer may have been
facilitated by the intrinsic features of the PETFcp gene flanking regions. This functionally
competent transfer might be explained by an energy economy because having a gene in the
nuclear instead of cp genome could save some management energy (Allen et al., 2005,
Woodson et al., 2008). Moreover, large scale cp genome reduction should benefit as well
from an improved regulation of the transferred genes (Woodson et al., 2008) as it is known
that the transfer process could possibly keep the genes in both places creating a duplicate-
gene; thus raising a more complicated management of gene expression regulation and the
protein level control as well (Oudot-Le Secq et al., 2007, Woodson et al., 2008). We can
further speculate that having both gene coding for flavodoxin and PETF located in the same
region, typically the cps, could complicate the alternate regulation of these proteins and make
it more economic to have one in the cp and one in the nucleus. It was previously demonstrated
that when Fe is limited, flavodoxin is up-regulated in many species of diatoms in order to
continue an efficient control of the electron transfer (LaRoche et al., 1995). This type of
plasmid-to-nucleus transfer is only possible in organisms containing multiple organelles
(Wang et al., 2012), here multiple cp, and this cp DNA lysis is considered a very important
source for nuclear genome renewal or adaptation (Allen et al., 2005). Woodson (2008) argued
that plasmid-to-nucleus gene transfers are advantageous as they allow simpler genome
regulation when successfully done as it is for T. oceanica; the possible logistic challenges of
controlling separated genome system (organellar versus nuclear) by the cell therefore avoided.
Present qPCR results showed that all T. oceanica strains tested (except CCMP 1616) had their
PETF gene amplification values corresponding to a location in the nuclear genome (PETFnuc
~ TEF1A, Table S2) whereas the PETF gene of all tested T. pseudonana and T. weissflogii
strains correlated with a cp gene location, presenting a non transfer (PETFcp = rbcs, Table
S2). Organellar DNA transfers were demonstrated to be continuously in progress and more
frequent than anticipated (Fujita et al., 2008, Kleine et al., 2009) and thus, even if only a
handful of research proved such transfer (cp-to-nuclear in transgenic tobacco plant and
mitochondrial-to-nucleus in yeast (Thorsness et al., 1990, Huang et al., 2003). New findings
provided further evidences that high temperature could be the driving condition for functional

gene transfer (Wang et al., 2012). Indeed, temperature stress was connected to the increased
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accessibility of chromatin regions which were identified as the regions where successful
organelle-to-nucleus transfers take place (Wang et al., 2013). In the present Thalassiosira spp.
case, the investigated species evolve in two different environmental temperatures; T. oceanica
grows in warmer water of 22-26°C whereas T. pseudonana and T. weissflogii in 11-16°C
water. This difference but mostly the increase of temperature initially experienced by T.
oceanica might have created the type of stress related to the improved accessibility of
chromatin and thus might have led to the successful PETF transfer.

Lommer et al. (2010) demonstrated that looking thoroughly at the cp genome can help solving
some uncertainties related to gene transfers but here we showed that the use of simple gPCR
analysis with critically well designed primers can in the future be used for such observation.
The reasons for successful organellar gene transfer are still unknown and need to be further
investigated; however, some connections to ecological advantages through evolution are
made. This capacity to adapt or even just to acclimate to a new environment will directly
influence the composition of marine communities and their effect on the oceanic ecosystems
(Ocean Studies Board, 2010). Diatoms are well known for their ability to adapt successfully
to new environmental conditions (von Dassow et al., 2008) and since one of the most
successful diatom classes is Thalassiosira (Round, 1990, Kaczmarska et al., 2006), their
response to environmental trigger to form great blooms in any oceanic water around the globe
must be understood to predict their reaction to major environmental changes (e.g. ocean

acidification and CO, sequestration).

CONCLUSION

The present study showed that all cultivated and analysed algae belong to the Thalassiosira
genus and were correctly classified except strain CCMP1616, which does not appear to be a
T. oceanica. Within these three closely related species, only T. oceanica underwent a PETF
gene transfer from cp to nuclear genome. It also demonstrated that gqPCR is an appropriate
tool for determining such gene transfer in closely related species and strains for which
complete genome information is not available; therefore giving an insight into cp genome
reduction evolutionary processes. Our results showed that the PETF transfer did not occur in
T. pseudonana and T. weissflogii and confirms that the PETF gene transfer happened after

their species differentiation. The high tolerance to severe Fe limitation and the capacity to
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grow in higher temperature of T. oceanica is shown in multiple strains of this species and
demonstrate that this transfer probably occurred once in the ancestor of all present days T.
oceanica. The new hypothesis that temperature might affect the accessibility of chromatin and
its involvement in organelle-to-nucleus gene transfer (Wang et al., 2013) brings some insight
into the mechanisms for such transfer. This hypothesis further supports that the functional
transfer of the PETF gene to the nuclear genome in T. oceanica may have originated from T.
oceanica’s preference for higher growth temperature, coupled with chronically low Fe

concentrations in warm, oligotrophic surface waters.
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Table 1. Tested Thalassiosira strains environmental details (n/a = not available, Env. T = environmental temperature).

Strain Env. T
Species Origin Environment Taxonomic authors
CCMP °C
T. oceanica 999 22-26 Continental slope; North Atlantic warm core eddy (Hustedt) Hasle & Heimdal
T. oceanica 1001 22-26 Continental slope; North Atlantic n/a (Husdedt) Hasle & Heimdal
T. oceanica 1005 22-26 Sargasso Sea oceanic (Husdedt) Hasle & Heimdal
T. oceanica 1006 22-26 Sargasso Sea oceanic (Husdedt) Hasle & Heimdal
T. oceanica 1616 22-26 Eastern Mediterranean Sea n/a (Husdedt) Hasle & Heimdal
T. pseudonana 1012 11-16 Swan River Estuary, Perth, Australia estuarine (Husdedt) Hasle & Heimdal
T. pseudonana 1013 11-16 Conwy, Gwynedd, Wales, United Kingdom estuarine (Husdedt) Hasle & Heimdal
T. pseudonana 1014 11-16 North Pacific Gyre n/a (Husdedt) Hasle & Heimdal
T. pseudonana 1335 11-16 Long Island, NY, USA estuarine shallow bay (Husdedt) Hasle & Heimdal
T. weissflogii 1010 11-16 Stream, between Bermuda and New York oceanic (Husdedt) Hasle & Heimdal
T. weissflogii 1049 11-16 Long Island Sound Sea, NY, USA n/a Fryxell & Hasle
T. weissflogii 1052 11-16 Skagerrak sea, Oslo Fjord, Norway n/a Fryxell & Hasle
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Table 2. Oligonucleotides primers used for gPCR analysis and PCR amplification for the ITS1-5.8S-1TS2 region used for Sanger sequencing

Species Gene Forward primers (5’2 3°) Reverse primer(5°-> 3°)

Thalassiosira sp. 18S GGATTTCTGGCAGGAGCGA GCCCGACAACTTAATGCCAA

T. oceanica PETFnuc GAGGTTGACCAGTCCGAGCA GGATCTCGCAGTCCGACTTG

T. pseudonana/weissflogii ~ PETFcp CGTGCTGGTGCTTGTTCTACAT CAAAACCAGCACCCATTTGAT

T. oceanica TEF1A GTCCGTCTCCCCATCTCCA CAACAACATCTCCAGGGACGA

T. pseudonana TEF1A CCACTACACCATTGTCGATGCT GGCAGGCACAAGAAGAAGACC

T. weissflogii TEF1A CTTCCGGTTCGTCTTCCCAT CATCTCCCGGACGAAGAGTTC

T. oceanica rbes TAGAGTGGACAGATGATCCGCA AATTCAAACATTACTGTCGCAGGA

T. pseudonana
T. weissflogii
T. oceanica

T .pseudonana/weissflogii

rbcs

rbcs

TAGAATGGACAGATGATCCACA

TAGAGTGGACAGATGATCCACA

ITS1-5.85-ITS2 TCCGTAGGTGAACCTGCGG

ITS1-5.85-ITS2 TCCGTAGGTGAACCTGCGG

AATTCGAACATTACTGTTGCAGGA

AATTCGAACATTACTGTCGCAGGA

GCTTAAATTCGGCGGGTAGTCT

TCCTCCGCTTATTAATATG
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Fig. 1. gPCR amplification curves demonstrating the location of the PETF gene respectively

in the nucleus a) T. oceanica (e.g. 1006) and in the cp T. pseudonana and b) T. weissflogii

(e.g. 1049).
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Table 4. Studied gene details for each Thalassiosira cultured under growth preferences of

24.6°C at 70-90 pE for T. oceanica and of 16°C at 100 pE for T. pseudonana and T.

weissflogii under14/10 hr and 12/12 hr light/dark cycles, respectively.

Species Strain Gene Copy number  Location PETF status
T. oceanica 0999, 1001, PETF single copy nucleus transferred
1005, 1006  TEF1A single copy nucleus
18S multiple copy  nucleus
rbcs single copy cp
Unknown 1616 PETF unclear unclear unclear
Thalassiosira TEF1A unclear unclear
18S multiple copy  nucleus
rbcs single copy cp
T. pseudonana  1012,1013, PETF multiple copy  cp not transferred
1014, 1335 TEF1A single copy nucleus
18S multiple copy  nucleus
rbcs single copy cp
T. weissflogii 1010, 1049, PETF multiple copy  c¢p not transferred
1052 TEF1A single copy nucleus
18S multiple copy  nucleus
rbcs single copy cp
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Fig. 3. Phylogenetic tree of the PETF’s location redrawn from Martin et al. (2002), where A
shows Chlorophyta-Plantae division with a PETFyyc and B the Rhodophyta and taxa evolved
from second endosymbyosis of a Rhodophyta with a PETFcp. Bacillariophyceae taxon leads

to 5.8S+ITS2 phylogenetic tree of experimentally cultured Thalassiosira with Pheaodactylum

tricornutum as outgroup.
57



s32 Torotula-1647

T.rotula-x85397

T.rotula-1018
399 T.punctigera
7| T.punctigera-NB02-2
T.punctigera-AWI
T.punctigera-FB02-06
T.delicatula
T.eccentrica-BER0-29
T.eccentrica
T.antartica-982
T.antartica-T1
91 T.tumida-1465
799~ T.tumida-LA09-2
19 T, tumida-1469
T.aff.antartica
%99 T.nordenskioeldii-997
94 T.aestivalis-975
99| T.aestivalis-976
T.pacifica-FB02-35

10— T.curviseriata
458 T.profunda
%95/ T.minima-990
T.nordenskioeldii- FB02-1

] s T.minima-991
#‘j Thalassiosira.sp.-353

T.oestrupii-CC03-15
100) T.psend cpll
! Thalassiosira.sp.-1281
100) T.minuscula-FB02-31
583 T.minuscula-1093

74 7|: T.angulata-BEN0-35
Thalassiosira.sp.-DDZ
T suscul
T.anguste-linea

903 ma T.anguste-BEN02
83 T.hendeyi

52 T.noduloli BEN02-33
———— T.tenera

100 T.oceanica-1001.2
100 T. ica-HM991
T.oceanica-1005

T.psendonana-1335
T.oceanica-1001
T.psendonana-1007
T.pseudonana-ETC1
T.psendonana-1057
T.psendonana-1335.2
T.pseudonana-NEPC70
T.pseudonana

25
444 425

25
425
425

C.gamma
C.cf.scaldensis
C.choctawhatcheeana
C.atomus

C.disti d

48| T.oceanica

408| T.weissflogii-101

08| T.weissflogii-CCAP10
08| T fluviatilis-clp928
25 T.weissflogii-1049

— %41 T.weissflogii-1050
83

T.weissflogii

issflogii-L1296

seg T.weissflogii-1587
T.weissflogii-2

100 100| T.guillardii-988

100} - T.guillardii
T.guillardii-CC03-04

525) T.nordenskioeldii

100/ | Thalassi sp.-1064

Thalassiosira.sp.-1065
T.gessneri-AN020-8

Fig. 4. Interspecific phylogenetic tree of genus Thalassiosira based on 18S gene sequences
from databases and one experimentally acquired (grey highlight) with Cyclotella spp. and

Phaeodactylum tricornutum as outgroup.

58



Table S1. CLUSTALW sequences alignments of the 5.8S+ITS2 regions.

Conseonsus

1. T.weineflogii-1048
2. T.wealssflogl-1010
3. T.woissflogii-1062
4. T.pasudonana-1012
5. T.psaudanang-1014
B. T.psaudonana-1336
7. T.psaudonana-1013
B. T.oceanica-1005

9. T.ocsanka-1008
10. T.oceanica-0585
11. T.oceanlca-1001
12, T.ocemnica-1816
14. P-irlcomutum

Consensus

1. Twelssfingl-104D
2, T.welesfiogl-1010
3. T.welasflogl-1052
4, T.pssudonane-1012
5. T.pssudonana-1014
6. T.pseudanane-1335
7. T.pasudonana-1013

10. T.ocannica-0899
11. T.oceanlca-1001
12. T.oceanlca-1616
13, P-tricomutum

Consengus

1. T.walssflogl-1049
2. T.weigsflegi-1010
3. T.welssflogl-1062
4. T.pssudonang-1012
5. T.pseudonana-1014
. T.pssudonana-1335
7. T.pseudonana-1013
8. T.oceanka-1005

9. T.oceanica-1006
10. T.oceanlca-0990
1. T.oceanica-1001
12. T.oceanlca-1616
13. PAricornutum

Consansus

1. T.weissflogii-1040
2. Twalsshogl-H1010
3, Tweissflogii-1052
4. T.peaudonana-1 012
5. T.pasudangng-1014
6. T.pssudonana-13356

11. T.oceanlca-1001
12. T.ocaanica-1618
13. P.ricomutum

Consensus
1. Twelssfiogl-1048

5. T.pesudonana-1014
6. T.pseudonana-1335
7. T.pasudonana-1013
B. T.ocaanica-1005

9. T.oceankca-1008
10. T.ocmanlca-090g
11. T.oceanlca-1001
12. T.oceanlca-1616
13, P.fricomutum

Conssnaus

1. T.walssflogl-1049
2. T.weissfiogi=-1010
3. T.walssflogll-1062
4. T.pssudonana-1012
5. T.pasudonana-1014
&. T.pasudenana-1335
7. T.pssudonana-1013
8. T.ecsanica-1005

9, T.oceanica-1006
10. T.oceanlca-0994
1. T.ocamnica-1001
12. T.oceanlca-1616
13. Puiricornutum

Consansus

1, T.weinsflogii-1040
2. T.welssfiegi-1010
3, T.weissflogii-1062
4. T.pasudonana-1012
5. T.psoudonans-1014
&. T.pasudonana-1336
7. T.psaudanana-1013
B. T.oceanica-1005

9. Tocsankea-1008
10. T.oceanica-0588
11. T.oceanlea-1001
12, T.oceanica-1515
13. P-irlcomutum

Cansensus

1. Twelssfiogl-1049
2, T.welssfiogl-1010
3. T.welasflogl-1052
4, T.pssudonane-1012
5. T.pasudonana-1014
6. T.pseudanana-1335
7. T.pasudonana-1013
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Table S2. Paired two samples for means t-test with p value between PETF and each reference
gene for 2 strains presented in Fig. 1. Significant p <0.01.

Strains Gene Mean Ct SD p value
1006 PETF 18.79 0.12
rbcs 14.28 0.03 3.71E-08
TEF1A 19.57 0.34 0.01
1049 PETF 14.88 0.45
rbcs 14.94 14.94 0.36
TEF1A 19.55 19.56 1.74E-04

60



4.2.3 Publication IV.

Effect of increased pCO; on the transcriptome of Thalassiosira oceanica (CCMP1005).

Roy et al.,
in prep.
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Effect of increased pCO; on the transcriptome of Thalassiosira oceanica (CCMP1005).

Alexandra-Sophie Roy', Dhwani Desai®, Markus Lommer’, Matthias Barann®, M.
Schillhabel?, Philip Rosenstiel?, Julie LaRoche™®

'GEOMAR - Helmholtz-Zentrum fiir Ozeanforschung Kiel, Diisternbrooker Weg 20, 24105,
Kiel, Germany. “Institut fiir Klinische Molekularbiologie der Christian-Albrechts-Universitat
zu Kiel, Arnold-Heller-StraRe 3, 24105, Kiel, Germany. *Department of Biology, Dalhousie
University, Halifax, N.S. Canada.

ABSTRACT

The increased intake and dissolution of anthropogenic CO; in our oceans result in a decrease
in pH and carbonate ion concentration. The OA process creates new ecological pressures that
impact the entire marine ecosystem from primary producers to large marine organisms. To
further our understanding of the impact of OA on diatoms, axenic diluted batch cultures of
Thalassiosira oceanica were exposed to 380 and 1000 patm to determine the effect of CO,
levels on gene expression. Messenger RNA from replicates cultures were sequenced with the
Illumina HiSeq2000, producing transcriptomes for ambient and elevated CO, treatments.
Multiple unknown or predicted proteins were up-regulated in either one of the CO,
treatments. From the known protein-coding genes, FCP’s, NADH dehydrogenase and TPR-
Sell protein were significantly up-regulated in 1000 patm, while stress indicating (pol
protein) and cell structural proteins were up-regulated in 380 patm. Genes involved in
different carbon or transport mechanisms found to be differentially regulated in function of
pCO; in Emiliania huxleyi did not change significantly, as a function of CO, levels, in T.
oceanica. The fact that elevated CO, does not seem to induce major changes in T. oceanica
suggest that this species may adapt or acclimate to future ocean CO, levels. However, further
research to determine the function of unknown and predicted proteins is needed as it is
essential to evaluate OA’s effect on diatoms, which are among the most important primary

producers in the oceans.

Keywords: Diatoms, ocean acidification, elevated CO,, Thalassiosira oceanica,

transcriptome, Illumina HISeq.
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1 INTRODUCTION

Since the pre-industrial era, anthropogenic atmospheric carbon dioxide (CO,) has been
increasing rapidly and is expected to reach a partial pressure as high as ~1000 patm by the
end of the 21% century (Plattner et al., 2001, Friedlingstein et al., 2006). The increased
absorption of CO; in the oceans, ~30-40% (Hoegh-Guldberg et al., 2010, Hoegh-Guldberg,

2010), reacts with water molecules creating bicarbonate (HCO;) and hydrogen (H") ions.

These newly released H* ions accumulate, decrease the surface ocean pH (predicted to

decrease by 0.25-0.45 units before the end of the century; Orr et al., 2005), and thus decrease

the availability of carbonate ions (CO%’) (Wolf-Gladrow et al., 1999, Caldeira et al., 2003,
Newbold et al., 2012). These chemical alterations, coined ocean acidification (OA), may
affect the physiology of marine organisms and their roles in the global biogeochemical cycles

and ocean biogeochemistry (Falkowski et al., 1998, Worden et al., 2008).

The evaluation of the detailed effects of this increased CO; release and the OA results has
been an active area of marine research (Feely et al., 2004, Orr et al., 2005, Shi et al., 2010,
Richardson et al., 2012, Rossoll et al., 2012, Brussaard et al., 2013, Melzner et al., 2013,
Schulz et al., 2013). The calcification processes in calcifying organisms like coral,
foraminifera, pteropodes, urchins, etc. (Kleypas et al., 2006, Ries et al., 2009, Pespeni, 2013)
have been found to be negatively affected. Emiliania huxleyi for example, increased its
photosynthesis under high CO, pressure (pCOy), high temperatures and reduced light
intensities (Feng et al., 2008) but decreased its cocoliths formation (Mackinder et al., 2011,
Bach et al., 2013, Riebesell et al., 2011). The diazotrophic cyanobacterium Crocosphaera sp.
also increased photosynthesis and N, fixation rates under high CO, and elevated iron (Fe) (Fu
et al., 2008). Evolutionary studies on organisms with short generation times found that
different populations (natural and laboratory) of Chlamydomonas sp. did not developed any
adaptations to elevated CO; but that reaction to elevated pCO, was attributable to ancestral
and chances events (Collins et al., 2006a, Collins et al., 2006b). A more extensive study on E.
huxleyi (Lohbeck et al., 2012) found that most strains could maintain their normal
functionality via evolution. Marine diatoms have also been intensively investigated, however,
most efforts were concentrated on the effect of elevated pCO; on their carbon-concentrating
mechanism (CCM). Indeed, it was found in previous studies that the CCM was down-
regulated by high CO, (Wu et al., 2010, Hopkinson et al., 2011, Young et al., 2012,

Hopkinson et al., 2013) and that organisms would be limited in CO, without its activity
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during low CO; concentration (Riebesell et al., 1993, Hopkinson et al., 2011, Allen et al.,
2012, Reinfelder et al., 2004). Studies on diatoms have found that for both Thalassiosira
pseudonana and Phaeodactylum tricornutum exposure to high pCO; resulted in higher growth
rates (Sobrino et al., 2008, Wu et al., 2010). Increase in photosynthetic rates was also
observed in natural assemblages of phytoplankton subjected to high CO,, however, this was
accompanied by a shift in the community structure favouring large chain-forming species
(Tortell et al., 2008). Laboratory culture work is important for correctly evaluating the
response of single species to elevated CO, as well as the comparison of unialgal culture

response with that of natural communities, such as found in mesocosms studies.

The recent advances in high-throughput molecular techniques enable researchers to obtain
global snapshots of the transcriptome of an organism or microbial community in response to
changes in environmental conditions (reviewed by Thomas et al., 2012). Here, we used high-
throughput sequencing to analyse the effect of CO, on T. oceanica, an ecologically relevant
diatom common in oligotrophic oceans. Diatoms are one of the most ecologically successful
eukaryotes, accounting for ~40% of the yearly oceanic primary production. Indeed, diatom
species are found in a wide range of environments including High-Nutrient Low-Chlorophyll
(HNLC) regions, which are Fe limited, demonstrating that they have acquired adaptation to
tolerate Fe limitation (Strzepek et al., 2004).

In HNLC regions, the importance of Fe for phytoplankton and diatoms is easily demonstrable
by its addition which stimulates phytoplanktonic growth or more precisely, triggers major
diatom blooms (Chisholm et al., 2001, Boyd et al., 2007, Allen et al., 2008). This rapid
phytoplanktonic growth can result in an increased carbon sequestration to the deep ocean by
mass sinking (Timmermans et al., 2001, Raven et al., 2004, Allen et al., 2008, Pollard et al.,
2009). More precisely, this increased carbon sink is created by the aggregation tendency of
high density diatoms which tend to die rapidly (nutrients or space limitation - Bidle et al.,
2004, Bidle et al., 2008), thus carrying the carbon in their cells to the ocean floors. Once on
the ocean floor, the cells and carbon are sedimented (Hoffmann et al., 2006) and trapped for
thousands of years (Smetacek et al., 2008, Buesseler et al., 2004); consequently increasing the
carbon ocean sinks. However, recent work suggests that the bioavailability of Fe will be
reduced in an acidic ocean (Shi et al., 2010), which is believed to have consequences on the
formation of large phytoplankton blooms by, for example, impairing the diatoms and

cocolithophores Fe uptake (grown in acidified media) without reducing their cellular
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requirement (Shi et al., 2010). The presented work investigated the response of the centric
diatom T. oceanica (CCMP 1005) grown under present day, ~380 patm, and predicted end of
the century, ~1000 patm, pCO,. T. oceanica was chosen because it is an ecologically
important species that is tolerant to Fe limitation and inhabits oligotrophic waters where
conditions are stable. In addition, its genome is available (Lommer et al., 2010, Lommer et

al., 2012) permitting detailed transcriptomic studies for this diatom species.

2 MATERIAL AND METHODS

2.1  Algae strains and cultures

Axenic clonal pre-acclimated isolates of T. oceanica CCMP 1005 were cultured in 5 L bottles
filled with f/8 artificial sea water (Kester et al., 1967) supplied with 10 uM FeCl3 at 100 uE,
24.6°C and a 14/10 h light/dark cycle. Pre-mixed CO, (CO, - N45 and synthetic air - N50)
with pCO; of 380 and 1000 patm (Air Liquide, Diisseldorf, Germany) was constantly bubbled
(very low in-flow) in the culture vessel using special axenic Fe-free airtight lids and lines. The
bubbling rates were visually controlled by counting the number of bubbles released per 30 sec
and were equilibrated between bottles. Three bottles for each treatment were cultured at the
same time and each bottle was shaken by delicate rotation and inversion once per day
throughout the experiment. Duplicate or triplicate of each treatment respecting all conditions
for proper OA studies were produced (LaRoche et al., 2010). The cultures were grown until a
predetermined (repeated test cultures) time laps, when a cell density that draws down less than
5% of the initial Dissolved Inorganic Carbon (DIC) was reached. The cell inoculum number
was pre-calculated using the growth rate under the respective treatment in order to produce
multiple generations without surpassing the 5% DIC drawdown. The growth of the cultures
was monitored by regular cell counts and all cultures were kept axenic by working under a

clean bench to avoid bacterial contamination.

2.2 Culture sampling and measurements

Cultures were sampled during the exponential growth phase at the predetermined cell density.
First, 500 ml samples for DIC and total alkalinity (TA) were taken using axenic Fe-free
tubing into axenic, acid-cleaned glass bottles to avoid any contamination. The samples were
immediately poisoned with 100 ul mercury chloride (HgCl,) to avoid CO, consumption from

cells present in the sample. The measurements were executed sequentially with the

65



coulometric SOMMA system (University of Rhode Island, RI, USA) and the Versatile
INstrument for the Determination of Total inorganic carbon and titration Alkalinity
(VINDTA - University of Rhode Island, RI, USA), for DIC and TA, respectively.
Subsequently, 10 ml were collected for pH measurements at growth temperature. Another few
millimeters were used to measure the chlorophyll fluorescence (fv/fm) with a phytoplankton
analyzer system (PHYTO-PAM, Walz GmbH, Eichenring, Germany) to evaluate the status of
each culture. The corresponding pCO, was calculated on the CO,sys program (Lewis et al.,
1998) by using the measured carbonate system parameters DIC, TA and pH, the temperature,
the salinity, the calculated phosphate and silicate concentrations (mmol/KG SW). Cells were
manually counted under the microscope using a Fuchs Rosenthal haemocytometer to control
the number of cells actually present in each culture. The cultures were also sampled by
filtering 3 x 20 ml (for each analysis) on pre-combusted GF/F filters (Whatman GmbH,
Dassel, Germany) to measure chlorophyll (chl a), particulate organic carbon (POC) and
particulate organic nitrogen (PON) following standard measurement protocols (Sharp, 1974).
The final step was to harvest the cells by filtering the whole culture through 47 mm 5 p-
polycarbonate-filters (Durapore® 47 mm, Millipore, Darmstadt, Germany) for RNA and
DNA. The filters were resuspended into a small amount of artificial sea water and were
thereafter centrifugated at 4°C for 10 min at 11 000 rpm in order to prepare a non-denatured
sample for sequencing analysis. Cell pellets were frozen in liquid nitrogen and stored at -80°C

until further analysis.

2.3  DNA extraction and sample preparation

Total nucleic acid was extracted using the “Total RNA and DNA purification - NucleoSpin®
RNA II RNA/DNA buffer” kits from Macherey-Nagel (Macherey-Nagel Gmbh & Co. KG,
Diiren, Germany) following the standard manufacturer’s protocol after sonication of the cell
pellets for 10 sec after the addition of lysis buffer. Both RNA and DNA were isolated during
the experiment; however, DNA was not used in the present study. The quantity of products
was assessed as the mean of triplicate measurements by micro-volume spectrophotometer
nanodrop ND-1000 (PegLab GmbH, Erlangen, Germany) measurements and quality of RNA
was tested with the automated electrophoresis system Experion™ RNA-StdAens analysis kit
from Bio-Rad Laboratories (Hercules, California, USA). All samples were kept at —80°C until

further analysis.
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2.3  Sequencing

Metatranscriptomic paired-end libraries (2 x 100 bp) were generated using mMRNA from the
cultured T. oceanica on the Illumina TruSeq RNA Sample Preparation Kits V2. Libraries
were created by following the manufacturer’s protocol (Illumina Inc., CA, USA) and were

then sequenced on an lllumina HiSeq2000 (lllumina Inc., CA, USA).

2.4  Annotation and Assembly

Reference gene annotation was done by Roche 454 massive parallel pyrosequencing of T.
oceanica cDNA libraries prepared from total RNA extracted from Fe replete and limited
cultures grown at present day pCO, as in Lommer et al. (2010, 2012). This genome is
accessible on the T. oceanica genome browser (http://134.245.218.26/cqi-

bin/gbrowse/Toceanica/) and gives a framework onto which the transcriptome obtained in this

study can be recruited.

2.5  Mapping

Reads were mapped against a multi-fasta file containing the sequences of putative transcripts
applying Burrows-Wheeler Aligner (Li et al., 2009) with a seed length of 35 bp and standard
parameters (default by BWA at http://bio-bwa.sourceforge.net/bwa.shtml). The total number
of reported alignments for each reference sequence was counted, as was the number of unique
alignments (determined by BWA’s X0 flag).

2.6  Statistical analysis

A log likelihood statistic ratio denoted “R” was used to calculate the significance of any gene
differentially expressed (Stekel et al., 2000). The formula for the log likelihood ratio is
presented in (1) and (2).

In formula (1), m is the libraries number of five and six for ambient and elevated pCO,, xi,j is
the number of reads of the gene of interest, j in the ith library, Ni is the total number of reads
in the ith library and fj is total reads number for gene of interest j divided by the sum of reads
in the ith library given by formula (2)
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The statistical limit can be fixed to different value in relation to library size but it is generally
fixed to R > 8. Only the top 500 genes (including unknown and predicted proteins) with the
highest R value and expression ratio (mean read number in elevated divided by mean read
number in ambient) were kept throughout the analysis. Differential gene expression was also
analysed using a metatranscriptomics data overview called Microbial Assemblage
Normalized Transcript Analysis (MANTA) Ratio-Average (RA) plots from the MANTA
package (http://armbrustlab.ocean.washington.edu/download/R-packages/manta-PSA.2011-

Visual.Comparative.Transcriptomics-MANTA.RA.pdf and

http://armbrustlab.ocean.washington.edu/resources/meta/manta) and the statistical test

“exactTest” (edger package) in order to obtain an independent assessment of differentially
expressed genes (effect’s direction). All manta related tasks were done on the R project

software (R Development Core Team, 2011).

3 RESULTS

3.1  Cultures characteristics

As expected, significant differences between pCO; levels were found for the DIC, TA, pH and
C (POOC); indicating that the cultures grew in the initially prescribed conditions of 380 and
1000 patm, as no significant differences were seen between the beginning and the end of the
cultures. Furthermore, no significant effect of elevated pCO, on the cell size and growth rate
of T. oceanica (Table 1) was found.

3.2  Sequencing statistics
Sequencing statistics are presented in Table 2 with about 30,000,000 sequences per library
(except the libraries in 1000 patm BR1c and BR2b) and a maximum of about 28% were

classified as unmapped sequences.
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Table 1. Overview of measured parameters during experimental culturing events. Significant

p-values (p < 0.05) are marked bold, n/d = not defined because of irrelevance and n/a = not

available because of low replication.

380 1000 t-test
Mean (SD) Mean (SD) p value
DIC beg (umol/kg) 2010 (61) 2125 (31) 0.00
DIC end (umol/kg) 1932 (34) 2123 (45) 1.09E-05
DIC % difference 3.9 0.1 n/d
TA beg (umol/kg) 2310 (75) 2240 (28) 0.05
TA end (umol/kg) 2333 (71) 2264 (51) 0.05
TA % difference -1.0 -1.0 n/d
fv/fm 0.54 (0.23) 0.59 (0.02) 0.31
pH beg 8.11 (0.02) 7.76 (0.03) 8.57E-09
pH end 8.25 (0.112) 7.86 (0.04) 3.13E-04
% difference -1.67 -1.32 n/d
~ cell number/ml 96534 (48971) 139705 (43311) 0.08
Cell size
diameter (um) 6.17 (0.69) 6.50 (0.94) 0.11
length (um) 7.09 (1.17) 7.07 (0.53) 0.47
Growth rate 1.54 (0.13) 1.60 (0.05) n/a
DNA (ng/ul) 37.7 (9.6) 28.3 (5.3) n/d
RNA (ng/ul) 353.2 (137.6) 444.0 (138.4) n/d
Chl a (pg/L) 20.1 (8.4) 36.9 (26.6) 0.09
Chl a (ug/cell) 2.17E-07 (0.35E-07)  2.41E-07  (1.31E-07) 0.35
C (umol/kg) 184.95 (58.63) 258.90 (74.08) 0.048
N (umol/kg) 20.79 (8.11) 25.75 (6.48) 0.15
C/N (mean of C/N’s per
filter) 9.30 (1.95) 9.99 (3.37) 0.17
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Table 2. lllumina HISeq sequencing statistics.

co, Biolqgical Sample a}';;:i' q a}';;:i' q ' Total Total Unmapped Unmapped
replicate  replicate fwReads revReads alignments reads reads %
BR1 a 15,802,981 15,644,424 31,447,963 43,341,072 11,893,109 27.44
Ambient b 16,274,705 16,121,391 32,395,810 44,388,858 11,993,048 27.02
(=380 a 14,891,692 14,743,300 29,635,554 39,819,742 10,184,188 25.58
patm) BR2 b 14,507,264 14,368,737 28,875,497 38,739,540 9,864,043 25.46
c 15,744,779 15,597,363 31,342,765 42,866,322 11,523,557 26.88
a 15,666,193 15,519,739 31,185,259 42,746,372 11,561,113 27.05
Elevated BR1 b 14,768,478 14,641,468 29,410,179 40,843,020 11,432,841 27.99
(<1000 c 11,908,972 11,775,221 23,683,809 32,004,876 8,321,067 26.00
atm) a 15,610,359 15,425,302 31,035,127 41,290,862 10,255,735 24.84
BR2 b 9,127,785 9,022,561 18,150,199 24,492,714 6,342,515 25.90
c 18,014,296 17,831,673 35,846,133 47,953,430 12,107,297 25.25
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Table 3. Multiple cellular ribosomal proteins expression ratios. Gene number corresponds to

the T. oceanica browser annotation. Significant p-values (p < 0.05) are marked bold.

Ribosomal Gene Mean reads  Mean reads High/low Mean
Compartment number (380 patm) (1000 patm) ratio ratio +/- SD
MT 927363 10.40 18.33 1.76
MT 930227 98.60 65.33 0.66
MT Tass1192 0.00 0.00
MT 927361 2.40 3.50 1.46
MT Tass2936 0.00 0.00
MT Tass7983 0.00 0.33
MT Tass1077 0.00 0.00
MT 917721 3.40 4.17 1.23
MT Tass2773 0.00 0.33
MT Tass373 3.00 9.67 3.22
MT Tass1096 1.80 2.50 1.39
MT 927369 6.40 12.83 2.01 1.68 +/- 0.8
t-test p-value MT versus CP 0.01
t-test p-value MT versus NC 0.03
CP gl142 26457.80 21923.00 0.83
CP 930197 23.40 19.00 0.81
CP 910714 30.80 18.17 0.59
CP 026201 6.20 4.00 0.65
CP 930232 85.60 46.50 0.54
CP 930219 51.20 44.67 0.87
CP 930227 98.60 65.33 0.66
CP Tass11157 4.40 0.83 0.19
CP 026181 393.00 486.33 1.24
CP 930207 19.20 23.17 1.21
CP 917915 899.60 863.50 0.96 0.78 +/- 0.3
t-test p-value CP versus NC 0.03
NC 918532 8251.60 7890.00 0.96
NC Tass2718 12.80 12.83 1.00
NC g8069 5469.80 5593.50 1.02
NC 034623 31851.60 21497.67 0.67
NC 019689 4560.80 4494.67 0.99
NC g1960 6902.00 7167.17 1.04
NC 917987 13028.80 11842.00 0.91
NC g6278 3159.20 3322.50 1.05
NC 915098 1719.20 2014.17 1.17 0.98 +/- 0.1

71



log2 ( (GeneX380patm/Ns) / (GeneX1000uatm/Ns) )

Norm. fold change

-4

Upregulated
in 380 patm

| Y Upregulated
\ in 1000 patm
I 1 1 I
-25 =20 -15 -10
Norm. amplitude = ( log2(GeneX380patm/Ns) + log2(GeneX1000patm/Ns) )

. = predicted protein

A
. = unknown protein

. = known protein

72



15

16
17

£28627-pol protein
£10592-hypothetical protein BRAFLDRAFT 131122 gb|[EEN53864.1]

233335-hypothetical protein Aasi 0854 gb|ACE06224.1|
g4360-PREDICTED: similar to conserved hypothetical protein, partial
213790-sell repeat protein gb EAR88461.1|

235192-cytoplasmic dynein heavy chain-like protein gb|ACI164606.1|
225299-putative lipoprotein gb EDM77756.1|

£29247-putative lipoprotein gb EDM77756.1|
g14374-hypothetical protein CBG18550 emb|CAP35977.1|
27866-Serine/threonine protein kinase

234366-pol protein

g27435-hypothetical protein Psyc 0360 gb|AAZ18229.1|
23276-myosin heavy chain-like protein gb EED88779.1|

220707-pectate lyase gb|ADEQ1341.1|
223789-epsilon frustilin

231520-myosin heavy chain-like protein gb|EED88779.1|
27638-ATP-dependent DNA helicase (predicted) emb|CAA18870.1|

18
19

20

21

22

23
24

25

26

27

28

29
30

31

32

33

222991-hypothetical protein gb|EDQ93048.1]
237510-tyrocidine synthase 3 gb|AAC45930.1|

21207-fucoxanthin chl. a/c binding protein emb|CAA80677.1|
229769-hypothetical protein NATL1 08871 gb|]ABM75445.1|

g2177-expressed unknown protein

225221-hypothetical protein THAPSDRAFT 33389 gb|EED93256.1|
22906-NNT NAD transhydrogenase gb[EED92787.1

24999-FOG: TPR repeat, SEL.1 subfamily
g6811-fucoxanthin chl a/c light-harvesting protein gbEED86590.1|
226452-conserved hypothetical protein gb[EEY 57439.1|

g778-tripartite motif-containing 65, isoform CRA b

231889-hypothetical protein THAPSDRAFT 261827 gb|[EED93810.1]
225222-shikimate kinase gb|EBA00232.1]

213157-hypothetical protein THAPSDDRAFT 264671 gb|[EED87914.1]
26335-PKD domain containing protein gb|EEG20097.1|

g1579-enhanced entry protein enhc, tetratricopeptide repeat family

Fig. 1. MANTA-RA plot showing the expression of all (grey points) and significantly differentially expressed (blue borders) genes obtained from

the transcriptome of T. oceanica with the 33 known protein-coding genes (#1-33) listed below figure.
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3.3  Cellular ribosomal protein

Ribosomal proteins indicate the basic metabolism of the nucleus (NC), chloroplast (CP) and
mitochondria (MT) and can be used as metabolic reference by looking at the expression of the
genes located in these compartments. Genes within these categories were randomly selected
and the corresponding mean read abundances (mean 380 patm versus mean 1000 patm) were
used to calculate the mean expression ratios (mean 1000 patm / mean 380 patm) (Table 3).
The MT, CP and NC ratios were 1.68, 0.78 and 0.98 respectively indicating an increased
activity of the MT genes while the CP decreased slightly in elevated CO..

3.4  Gene expression overview

All predicted genes on which experimental reads were mapped are presented in the gene
expression overview MANTA-RA plot (Fig. 1). The black horizontal line across the plot
represents the trimmed mean of fold changes and the genes above this line are upregulated in
ambient pCO; (380 patm) or downregulated in 1000 patm. Conversely, the genes presented
under the line are upregulated in 1000 patm or downregulated in 380 patm. All points situated
to the left of the grey dotted lines represent the genes that have zero read under either one or
both conditions. A total of 184 genes of the total 38 993 unique genes (Augustus predicted
and manually assigned genes) entries were statistically differentially expressed and of these,
we concentrated our analysis to the 33 genes which were associated with known proteins
coding genes. Fig. 1 also includes all statistically differentially expressed unknown and
predicted proteins. A complete list of these statistically differentially expressed 184 genes

including their p-values is presented in Table S1.
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B Acetyl-CoA carboxylase @ Cold Shock Protein @ Heat Shock Protein-transcription factor @ PEP-carboxylase
O Actin-related O ion channel B Carbonic anhydrase @ Proline dehydrogenase
O Alanine aminotrasferase O Ala carboxypeptidase O Na+Ga2+ channel B Pro-tRNA ligase
O Ala-tRNA-ligase O Diaminopimelate decarboxylase B Ala aminopeptidase O Propionyl CoA carboxylase
O anion ATPase B EF-1 alpha @ Mevalonate diphosphate decarboxylase 0 Ca2+ hemolysin
O Heat Shock Protein-binding B Flavodoxin B Mt-gly-decarboxylase O Rubisco
O Ferredoxin-related B Fucoxanthin-related B Na+H+ channel B Uroporphyrinogen Ill decarb
O Ca2+ channel O Glutamate decarboxylase B Na+K+ channel @ Proton pump
O cation ATPase O Glycine decarboxylase @ Nitrite reductase
O Cl-channel O HA proline permease @ Ornithine decarboxylase
@ Heat Shock Protein O Histidine decarboxylase @ Phe-tRNA synthase

Fig. 2. MANTA-RA plot showing color-coded genes previously established in E. huxleyi as

being significantly differentially expressed under different CO, pressures, gene numbers taken

from the annotation provided on the T. oceanica browser. Normalised amplitude (average

read counts) called A is the x-axis while normalized fold change called R is represented by

the y-axis (axis formulas presented in Fig. 1.).
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3.5  Genes differentially regulated with CO; levels

The same MANTA-RA plot annotated with genes identified in E. huxleyi as being affected in
any way by changes in CO, and pH is presented in Fig. 2. The genes differentially expressed
in E. huxleyi as a function of CO, were not significantly affected by elevated pCO; in T.
oceanica, although most followed a trend similar to what has been found in E. huxleyi. For
example, vacuolar proton pump proteins (all related proteins) are found in the lower (up-
regulated in 1000 patm) middle part of the figure, ribulose-1.5-biphosphate
carboxylase/oxygenic (RuBisCO) is found in the lower-left side, heat shock and fucoxanthin
to the lower-right side of the MANTA-RA. However, none were identified in the top-ranked,
significantly differentially expressed genes by either of the statistical analyses performed on
our data.

3.6  Log likelihood ratio statistic

As in the previous study by Stekel et al. (2012), the log likelihood ration was fixed to be
significant when above 8 (R > 8) and thus gave a total of 26,520 of the 38,993 total Augustus
unique predicted genes (Augustus predicted and manually assigned genes) significantly
differentially expressed under elevated or ambient pCO,. Of this total, 8532 genes had a R >
100 which contained 1298 with a R > 1000 and finally, of these, 93 genes had a R > 10 000.
Of all these genes, we concentrated our analyses on the 500 genes with the highest expression
in either the ambient or elevated pCO,, resulting in 250 genes in each condition. The complete
list of these genes is presented in Table S2 and Table S3, whereas a short version of the most

important genes is listed in Table 4.
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Table 4. Differentially expressed genes obtained from the log likelihood R calculations; where ratio represents the mean read abundance in elevated
pCO, (1000 patm) / mean read abundance in ambient pCO, (380 patm). Upreg. States in which pCO, (patm) the upregulation is seen. Gene
numbers correspond to unique genes annotated for the T. oceanica browser. The genes found in both present and known proteins of the MANTA-

RA tests are marked with *.

Gene Gene description R ratio Upreg.
g19004  alkaline phosphatase [T. pseudonana CCMP1335] gh|EED95733.1| 14.57 6.67 1000
034583  alkaline phosphatase-like protein [Teredinibacter turnerae T7901] gb|]ACR13720.1| 16.85 10.00 1000
g7758 carboxylesterase [Mycobacterium parascrofulaceum ATCC BAA-614] gb|[EFG79051.1| 13.49 4.17 1000
g2513 cell surface protein [Methanosarcina acetivorans C2A] gb|AAMO07636.1| 351.08 3.12 1000
g35803 COGO0790: FOG: TPR repeat, SEL1 subfamily [Haemophilus influenzae R2846] 367.55 3.60 1000
023643 COGO0790: FOG: TPR repeat, SEL1 subfamily [Haemophilus influenzae R2846] 25.29 3.13 1000
Tass373  cytochrome oxidase subunit I [T. pseudonana] gh|JAAZ99398.1| 14.14 3.22 1000
g1579 enhanced entry protein, tetratricopeptide repeat family [Cox.burnetii Dugway 5J108-111] gh|ABS76720.1| 130.87 15.23 1000
g2532 exonuclease [T. pseudonana CCMP1335] gb|[EED90855.1| 8.57 4.29 1000
015465  expressed protein [Oryza sativa (japonica cultivar-group)] 35.13 3.13 1000
92177 expressed unknown protein [Ectocarpus siliculosus] 1910.60 3.82 1000
924161  flap endonuclease-1 [Candidatus Methanoregula boonei 6A8] gb|ABS56620.1| 14.42 4.32 1000
04999 FOG: TPR repeat, SEL1 subfamily [Butyrivibrio fibrisolvens 16/4] 1494.77 7.05 1000
g6811*  fucoxanthin chl a/c light-harvesting protein [T. pseudonana CCMP1335] gb|[EED86590.1| 1040.18 5.17 1000
025269  Fucoxanthin chlorophyll a/c protein [P. tricornutum CCAP 1055/1] gb|EEC44018.1| 3605.46 3.11 1000
g1207*  Fucoxanthin-chlorophyll a-c binding protein F, chloroplastic emb|CAA80677.1| 51918.00 3.61 1000
g10419  mu subunit of AP4-like protein [T. pseudonana CCMP1335] gh|[EED96067.1] 9.97 3.33 1000
g30046  myosin heavy chain [Dictyostelium discoideum] 14.33 4.06 1000
927367  NADH dehydrogenase subunit 7 [T. pseudonana] gh|AAZ99426.1| 22.13 5.52 1000
Tass9655 NADH dehydrogenase subunit 9 [T. pseudonana] gb|AAZ99425.1| 8.68 6.67 1000
g2906*  NNT NAD transhydrogenase [T. pseudonana CCMP1335] gb|EED92787.1| 1901.60 4.28 1000
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04387 oxidoreductase, short chain dehydrogenase/reductase family gb|EDX85241.1| 518.46 3.44 1000
026335 PKD domain containing protein [Opitutaceae bacterium TAV2] gb|EEG20097.1| 290.39 13.93 1000
028285  replication protein A2 [T. pseudonana CCMP1335] gb|EED92004.1| 22.76 3.55 1000
027362  ribosomal protein S11 [T. pseudonana] gh|AAZ99415.1| 16.72 5.19 1000
g20895  Sell domain protein repeat-containing [alpha proteobacterium BAL199] gb|EDP64864.1| 19.00 5.07 1000
g3129 Sell domain protein repeat-containing [Haemophilus influenzae 7P49H1] gb|EEP45669.1| 9.13 3.17 1000
035956  Sell domain-containing protein [Magnetococcus sp. MC-1] gb|ABK44504.1| 513.86 3.27 1000
032947  Sell repeat-containing protein [Chlorobium chlorochromatii CaD3] gb|ABB29186.1| 12.78 6.17 1000
025222  shikimate kinase [Marinobacter sp. ELB17] gb|[EBA00232.1| 327.52 9.31 1000
021380  subtilisin-like serine protease [T. pseudonana CCMP1335] gb|EED89728.1| 35.93 6.58 1000
01691 thioredoxin [T. pseudonana CCMP1335] gb|EED93987.1| 626.08 3.47 1000
g7664 TPR repeat-containing SEL1 subfamily protein [Acinetobacter baumannii AB900] 12.09 3.19 1000
g3807 TPR repeat-containing SEL1 subfamily protein [Acinetobacter baumannii AB900] 11.31 3.38 1000
g778 tripartite motif-containing 65, isoform CRA_b [Homo sapiens] 460.75 4.22 1000
g9740 zinc finger family protein [Arabidopsis lyrata subsp. lyrata] gb|EFH58975.1| 31.30 9.17 1000
g36264  CBL-interacting serine/threonine-protein kinase [Phytophthora infestans T30-4] gb|EEY62050.1] 25.33 0.22 380
g20706  collagen, type XVIII, alpha 1 [Xenopus laevis] gb|AAL14257.1] 165.75 0.25 380
g36714  conserved hypothetical protein [Phytophthora infestans T30-4] gb|[EEY54214.1| 190.35 0.24 380
g7104 conserved hypothetical protein [Phytophthora infestans T30-4] gb|[EEY68651.1| 184.58 0.24 380
g13132  conserved unknown protein [Ectocarpus siliculosus] 27.23 0.17 380
g9703 conserved unknown protein [Ectocarpus siliculosus] 26.54 0.24 380
g35192* cytoplasmic dynein heavy, chain-like protein [T. pseudonana CCMP1335] gb|ACI64606.1| 130.48 0.21 380
035193  cytoplasmic dynein heavy, chain-like protein [T. pseudonana CCMP1335] gb]ACI64606.1| 76.36 0.21 380
g23789* epsilon frustilin [Navicula pelliculosa] 938.07 0.25 380
gl7677  flagellar associated protein putative: flagellar associated protein [Ectocarpus siliculosus] 45.19 0.24 380
g31520* myosin heavy chain-like protein [T. pseudonana CCMP1335] gb|EED88779.1| 1795.31 0.19 380
g3276*  myosin heavy chain-like protein [T. pseudonana CCMP1335] gb|[EED88779.1| 457.72 0.19 380
g20707  pectate lyase [Haloferax volcanii DS2] gb|ADE01341.1| 450.53 0.24 380
g21711  pol protein [Phaeodactylum tricornutum] 40.05 0.21 380
g34366* pol protein [T. pseudonana] 338.42 0.21 380
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926721
927186
428627
913210
430640
425850
g29247*
g25299*
428690
424620
923160
913790
7866
9409

pol protein [T. pseudonana]

pol protein [T. pseudonana]

pol protein [T. pseudonana]

pol protein [T. pseudonana]

pol protein [T. pseudonana]

pol protein [T. pseudonana]

putative lipoprotein [Plesiocystis pacifica SIR-1] gb|EDM77756.1|
putative lipoprotein [Plesiocystis pacifica SIR-1] gb|EDM77756.1|
putative lipoprotein [Plesiocystis pacifica SIR-1] gb|EDM77756.1|
putative lipoprotein [Plesiocystis pacifica SIR-1] gb|EDM77756.1|
putative lipoprotein [Plesiocystis pacifica SIR-1] gb|EDM77756.1|
sell repeat protein [Tetrahymena thermophila] gb|EAR88461.1]
Serine/threonine protein kinase [Ectocarpus siliculosus]
Serine/threonine-protein kinase PLK4 gb|EAL29859.1|

205.26
62.88
61.88
54.34
38.43
26.79

275.15

235.41

134.41
57.38
46.42

191.55

288.85
25.36

0.25
0.20
0.18
0.18
0.22
0.20
0.18
0.21
0.24
0.14
0.22
0.12
0.25
0.14

380
380
380
380
380
380
380
380
380
380
380
380
380
380
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4 DISCUSSION

Our experiment consisted of characterizing the transcriptome of T. oceanica grown at
elevated and ambient CO, while maintaining defined pCO,, pH, total DIC and TA. This was
achieved by maintaining constant light aeration of the cultures with premixed CO, in a closed
system, thereby avoiding any gas exchanges with the atmosphere. The risk of causing
minimal “bubbling stress” (Richier et al., 2011) was favored over addition of hydrochloric
acid (HCI) and sodium carbonate (Na,CO3’) as multiple pre-cultures identified this technique
as more disturbing (produced large cells aggregate) for T. oceanica. Cultures grown at the
same time with and without constant aeration to evaluate the extension of the “bubbling

stress” were done and demonstrated no difference in cell growth or size (results not shown).

All carbonate system parameters (Table 3) were significantly different between CO, pressures
but not measurements (beginning versus end) making every culture used in this analysis
conforms to conditions outlined by the OA guidelines (Riebesell et al., 2010). The growth,
cell yield and chlorophyll content of the cultured T. oceanica, as assessed, were increased
(even if minimally) by elevated CO, as found in a similar studies on P. tricornutum and T.
pseudonana cultured under high CO, and different light intensities (Sobrino et al., 2008, Wu
et al., 2010). This all indicate that T. oceanica’s photosynthetic rate (fv/fm not significantly
different) seems to be affected by the increase of CO; as previously suggested. Finally, the
C:N ratios indicated that as expected from similar experiment, the C and N mechanisms

increased a little but are not influenced by the CO, pressure (Sugie et al., 2013).

4.1  Cellular activity indication

Evaluation of the influence of elevated pCO; on the general cell metabolism by observation of
cellular ribosomal proteins indicated that the MT activity increased while the CP decreased
under elevated CO,. It was previously observed (Lommer et al., 2012), that under stress like
reduced Fe concentration, the CP genes expression was impaired whereas the MT genes
expression increased; possibly as a stress compensation mechanism. In the present case, the
elevated CO, concentrations provided increased carbon resource (photosynthesis) to the cell
and is considered as optimal growth condition (Wu et al., 2010, Crawfurd et al., 2011). Wu
and colleagues (2010) found that P. tricornutum had an increased photosynthetic rate when
photosynthetic resource was increased, and that the cell’s general systemic functions were

believed to be more active. Consequently the MT, known as the central energy-converting
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compartment, had to increase its activity as the results of increased photosynthesis. It is
similarly hypothesized here for the elevated pCO, treatment, comparatively to the results of

stress as seen in our previous experiment with different Fe concentrations.

4.2  Transcriptomic profile of T. oceanica in elevated CO,

All genes expressed under ambient or elevated COs, are presented in Fig. 1, which shows that
the transcriptome of T. oceanica does not appear, at first glance, to be very sensitive to
varying pCO; and pH levels. However, it is important to note that some of the outliers,
representing the significantly differentially expressed genes, might be essential genes for the
survival or the maintenance of the organism. Here, we looked at 184 statistically differentially
expressed genes (MANTA-RA) with most of them representing either unknown (107 out of
184) or predicted protein (44 out of 184). All known proteins of these 184 genes (33 genes)
are listed under the figure with most of them also established significantly differentially

expressed by the log likelihood R (genes present in both statistical analyses are marked with

*),

If, assuming the possibility that elevated pCO, or in our case the predicted pCO, for the end
of the century, does not necessarily create stress conditions for certain phytoplankton but
might instead be beneficial by creating an increased photosynthesis resource is true; we
compared our top significantly differently expressed genes (R valuessMANTA-RA) to the
ones obtained in our previous transcriptomic research on stress induced Fe-deplete cultures of
the same diatom (Lommer et al., 2012). Only a few of the genes upregulated in either one
treatment, 380 or 1000 patm, are discussed below in making a first characterization of the

effect of elevated CO, on T. oceanica transcriptome.

The gene called NNT producing NADH dehydrogenase (g2906*) and NADH dehydrogenase
subunit 7 & 9 gene (927367, Tass9655) are genes localised in the MT. These genes were
upregulated in 1000 patm, in accordance with the general increased MT gene expression
observed under elevated pCO,. NADH dehydrogenase is an enzyme responsible for
catalysing NADH into NAD but its exact role is currently not completely known. It has been
linked to the CCM which increases or replenishes the CO, concentration at the fixation sites
surrounding the enzyme RuBisCO in order to ensure a proper fixation for vital demands
(Burkhardt et al., 2001, Hopkinson et al., 2011, Alterio et al., 2012, Zabaleta et al., 2012,
Hopkinson et al., 2013). Throughout evolution, diverse RuBisCO and CCM’s have been
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produced to create the optimal version of these enzymes (Young et al., 2012). One of these
CCMs, called basal CCM (bCCM), was described in higher plants and Cyanobacteria by
Zabaleta et al. (2012) as being composed of mitochondrial carbonic anhydrase (CA- both -
CA and y-CA) from the mitochondrial NADH dehydrogenase complex. Therefore, we
hypothesize that the upregulation of the NADH dehydrogenase enzyme in 1000 patm
contributes to the CCMs known to reduce their activity in presence of elevated concentration
of CO, (Burkhardt et al., 2001, Hopkinson et al., 2011, Alterio et al., 2012, Young et al.,
2012, Zabaleta et al., 2012, Hopkinson et al., 2013). Furthermore, the Tass9655 was also
identified as upregulated in the Fe replete condition (Lommer et al., 2012), strongly
underlining the fact that this enzyme seems to be up-regulated under optimal growth
conditions. More research is needed to define the importance of NADH genes but its
involvement with different carbon-related functions definitely marks its importance in OA

research.

Other proteins up-regulated in elevated CO, are the fucoxanthin chl a/c light-harvesting
protein (FCP) (g6811*, g1207*, g25269) localized in the CP. These proteins are part of the
light-harvesting antenna systems present in multiple organisms (Chromophyta,
Bacillariophyta, Cyanobacteria) but are also important pigment binding protein of diatoms
believed to have been acquired during second endosymbiosis of a red algae (Pan et al., 2013,
Ikeda et al., 2013). The function of this protein superfamily (T. pseudonana was demonstrated
to have 30 and P. tricornutum 40 FCP candidates - Armbrust et al., 2004, Nymark et al.,
2009, respectively) can be mainly divided in two types: as harvesting light necessary for
oxygenic photosynthesis or as energy-dissipating proteins (Neilson et al., 2010, Ikeda et al.,
2013, Sturm et al., 2013). The differentiation of these proteins and their distribution between
photosystems (I and I1) is difficult because of the diatoms’ hard silica shells making unaltered
protein’s extraction difficult (Ikeda et al., 2013). However with the present increase of
photosynthetic yield (indicated by fv/fm), the upregulated FCPs, here under 1000 patm, are
the light-harvesting types as carbon substrate is largely available for photosynthesis. The

activity of the FCPs is therefore probably increased in order to complete photosynthesis.

Another protein-coding gene up-regulated under elevated CO, is the group “tetratricopeptide
repeat (TPR) - Sell subfamily domain” proteins (g35803, 223643, g4999, g7664, 23807,
g20895, 93129, g35956, g32947-MANTA 1D g13790). This group of proteins represent the
genes which appeared the most often in the top 500 significantly differentially expressed
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genes (Table S2 and S3). This group of proteins can be divided in two different proteins
types. The first part is the TPR, a repeat of 34 amino acids found in a large variety of proteins,
which form scaffolds that mediate protein to protein interactions or participate in multiple
protein assembly (Das et al., 1998, Lima et al., 2010, Whitfield et al., 2010). These repeats
are believed to have the general task of regulating the complexes of several important
“unknown” processes (Krachler et al., 2010). More elaborate, specialised studies
demonstrated that these repeats were present in several important systems like bacterial
cellulose and poly-b-DGGIcNAc development or biofilm formation (Keiski et al., 2010,
Whitfield et al., 2010). The second part of the group is the Sell protein subfamily, known for
containing repeats (here TPR) and for being found in bacteria. They are identified as proteins
important in pathogens-host cell interactions which down-regulates host-signaling-surface
cells called Notch receptors (Periz et al., 1999, Singh et al., 2009, Schmitz-Esser et al., 2010).
These proteins are known for being components of the endoplasmic reticulum (Kaneko et al.,
2007, Ninagawa et al., 2011) involved in transport for removing unfolded proteins and for
maintaining a high Ca?* concentration in the lumen. The direct function of these repeat-
containing proteins is still widely unknown, however, they may be involved in stress
response, especially in pathogen-host interaction. Further studies (Kaneko et al., 2007,
Sharifmoghadam et al., 2009, Singh et al., 2009, Schmitz-Esser et al., 2010, Ninagawa et al.,
2011) established that Sell proteins are present when the cells are undergoing stress (for
example: osmotic variation, nutrient limitation, symbiont or parasite). TPR-Sell’s presence in
1000 patm is unexpected in regards to the elevated CO, beneficial scenario but it was also
present in the replete Fe experiment (g35803) presented in Lommer et al., (2010, 2012). At
this time, it is not possible to speculate what stressed the cells in both experiments because the
cells were not reacting to the presumed treatments (bottle effect, density, light, etc.).
However, the fact that multiple genes are up-regulated in both experiments (this study and
Lommer et al. 2012), shows that there are similarities between elevated CO, concentration
and high dissolved Fe.

Another gene upregulated in both replete conditions (present elevated CO, and previous
replete Fe) is the cytochrome oxidase subunit Il (Tass373) often abbreviated to cox2. It is a
component of the respiratory chain; more precisely, it is the terminal oxidase of the cell
respiration that catalyzes electron transfer from cytochrome C to oxygen and, protons

translocation reactions across mitochondrial membranes (Cooper et al., 1991, Tsukihara et al.,
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1996). This gene is localised in the MT, again supporting that elevated CO, stimulated MT

gene expression.

The following sections present some of the upregulated in the ambient (=380 patm) pCO,
condition. The first coding genes were the RNA polymerase proteins or pol proteins (921711,
934366, g26721*, 927186, g28627, g13210, 30640, g25850) which were well represented by
8 genes coding for these proteins found in the top 500 genes. These proteins are from viral
origin (retroviruses) and encode multiple enzymatic functions ultimately leading to the
integration of modified cDNA to the organism’s genome (Maumus et al., 2009). These
proteins are possible stress indicators, at which time pol proteins tend to increase mutations
via genomic rearrangements as seen in P. tricornutum during sexual reproduction (Maumus et
al., 2009). These rearrangements ultimately lead to newly recombined genome and these
recombinations have the potential to help the organisms to cope better with new stressors or
changing environments (Maumus et al., 2009). In our case, these proteins are strongly
expressed under present-day pCOg, thus reinforcing that higher CO; levels may provide better

growth conditions for diatoms.

The putative lipoprotein genes (g29247*, g25299*, 928690, g24620, g23160, g13790) were
also found to be up-regulated in the ambient pCO, and in the low Fe condition of our previous
study. The reason for such an expression pattern is unknown, but since a lipoprotein is a
combination of proteins and lipids, allowing the latter to be transported between the
intracellular and extracellular membranes of a cell, is it possible that such lipids are needed in
stressful conditions like low pCO, or depleted Fe. Furthermore, in the event of difficult or
stressful times, diatoms tend to switch from asexual to sexual reproduction (Waite et al.,
1992, Rijstenbil et al., 1994, Armbrust, 1999, Drebes, 1977) as, even if this is energetically
more “costly”, it is a good investment to pool genes for recombination and thus increases the
chances to get advantageous genes for the experienced treat. Sexual reproduction was
established as the driving source of genetic variation in the marine environment (Waite et al.,
1992) with stressed cells evolving in direction of survival of the fittest via either mutation or
genomic adaptation. Despite that the presence of sexual reproduction has not yet been
established in T. oceanica, it was speculated that multiple genes associated with restructuring
proteins could be up-regulated in the ambient CO, (which in our elevated-CO, better scenario
would be considered a limiting environment). In fact, the previously presented pol proteins

are associated with mutation and play a certain restructuring role. Another gene up-regulated
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in ambient CO, was the flagellar protein (g17677) and is associated to cellular mobility.
However since diatoms are non motile organisms, this gene could hypothetically be involved
in spermatozoid motility during sexual reproduction (Drebes, 1977). Another gene up-
regulated in ambient CO; in relation to motility, is the cytoplasmic dynein heavy chain-like
protein (g35192*, g35193). This protein is a converter responsible for the transformation of
ATP into mechanical energy available for movements (Moore et al., 2013). It is responsible
for long-range transfer in between organelles (Barlan et al., 2013) whereas myosin is
responsible for short-range transfer. Concisely, myosin (g31520*, g3276*) was also up-

regulated genes in this pCO,, fitting nicely into the sexual reproduction context.

Stress has also generally been associated to have an effect on cell wall (Davis et al., 2011) and
could be here hypothetically related to collagen protein (type XVIII, alpha 1 - g20706),
another gene up-regulated at ambient pCO.. Indeed, there seems to be an unknown connection
between silica and collagen (collagen/silicate in chimeras in sponge spicules — van der Walle,
2012) and could here mean that some collagen proteins in relation to diatom cell wall are
altered by lower CO; level. Finally, epsilon frustilins (g23789*) were up-regulated in ambient
pCO; and are generally found associated to the outer layers of frustules of diatoms (Kroeger
et al., 1996, van de Poll et al., 1999 Santos et al., 2013). They are further suspected to be
involved in the actual building of the cell walls (Kroeger et al., 1996, van de Poll et al., 1999,
Kroeger et al., 2008) but not to their silicification. These last proteins indicate that diatoms’

cell wall proteins are to some extend downregulated by the increase of CO..

4.3  Carbon influenced genes

Multiple genes identified by previous studies on the calcifying Haptophyta E. huxleyi
(Mackinder et al., 2011, Richier et al., 2011, Lohbeck et al., 2012, Bach et al., 2013) as being
significantly affected by increases of pCO; or by reduction of pH were not part of the 184
significantly differentially expressed genes (MANTA-RA) or part of the top 500 genes from
the log likelihood ratio analysis of T. oceanica. Calcifying organisms like E. huxleyi have
been identified as more susceptive as other organisms to acidification changes because of the
decrease in calcification rate and the increase of calcareous material dissolution (Gattuso et
al., 1998, Riebesell et al., 2000, Langdon et al., 2003, Orr et al., 2005). These genes are
presented in Fig. 2 in order to visualise their expression levels but were not significantly
affected by increase of pCO, in T. oceanica. All genes were found closely above or under the

trimmed mean of fold-changes values; representing a small variation in the gene regulation. It
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is important to note even lacking of marked difference in expression levels, these genes were
widely distributed on the x-axis, representing a significant difference in the expression
abundance. For example, multiple genes coding for fucoxanthin chl a/c proteins (g17964,
925594, 98095, g4329, g25270, g1208, g8131) and heat shock proteins (916293, 28380,
g292360) are found at the end of the tail and represent some of the most abundant genes.
RuBisCO (g30556, g30438, g30440), PSl-ferredoxin-binding protein (926187, g30549,
024369, g28388) and the exchangers/transporters (NA+/H+, vacuolar H+, anion and cation
transporting, Na/Ca, etc. see list) expected to be influenced, are found in the upregulated,
under 1000 patm section but are not significantly differentially expressed. All genes coding
for any type of carboxylase (933731, 9277, 9276, 91842, g14016, g19570, g17573, g11364)
are also found in the middle-left of the graph and are thus also sparsely expressed. These
findings suggest that elevated pCO, does not affect T. oceanica’s carbon related system
greatly. Our results agree with the reaction of T. pseudonana to elevated pCO, as no
significant effect of this increase was found (Crawfurd et al., 2011); except for the C/N ratios
which were found to decrease with the increase of CO, concentration whereas these ratios
were found to increase in the present study. Crawfurd et al., (2011) found only one putative
protein, d-carbonic anhydrase (CA-4), to have a slight decreased transcription after the length
on the experiment (three months continuous culture). Furthermore, after completion of their
long experiment, no adaptation of T. pseudonana could be demonstrated. Both the present
study and the study from Crawfurd and colleagues (2011) confirm the possible benefit of
elevated pCO, on diatoms compare to Haptophyta. Indeed, a previous study (Rost et al.,
2003) established that the reaction to CO, augmentation was species-specific and that the
diatom Skeletonema costatum had a highly efficient and regulated carbon acquisition system
compared to E. huxleyi which had an inefficient carbon uptake system and low carbonic
anhydrase activities. They attributed these differences to the functional group to which the
species belong. Indeed calcifiers are renowned for their sensitivity to acidification. On the
basis of previous and present studies, increasing pCO; are suspected to have minimal effect
on diatoms while others parameters included in global warming (temperature, light intensities,
surface water stratification, etc.) might have the predominant effect on the diatoms’ efficient
ability to make photosynthesis as previously demonstrated (Sobrino et al., 2008, Wu et al.,
2010). However, some effect might be masked by the fact that some CO, affected genes are
not yet known and therefore not yet investigated. In order to counteract this un-
characterization, unknown or predicted protein found to be abundantly or highly significantly

differentially expressed need to be investigated intensively (undergoing investigation).
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5 CONCLUSION

The transcriptomics results on T. oceanica shown in our study, present new elements on the
effect of elevated pCO, on this species and possibly confirm results on other diatoms. A
significant effect of increasing CO, on gene expression was demonstrated with gene such as
FCP’s or NADH dehydrogenase being up-regulated in 1000 patm. However, the genes
previously reported as influenced by increasing CO, in E. huxleyi were not affected here. We
speculate that the genes coding for unknown and predicted proteins presented as statistically
differentially expressed in either pCO, could belong to one of the mechanisms indicted as

vulnerable to OA and need to be further investigated.

T. oceanica was no affected negatively but possibly positively by the acidification as the
enrichment of CO, permits increased photosynthesis and could increase growth rates. It seems
that the scenario considering the effect of elevated CO, as reducing photosynthetic stress
might be possible. However, other conditions created by global warming , like increased light
intensities or surface water stratification, might be the parameters influencing the diatoms’
primary production as similar results on P. tricornutum and T. pseudonana were previously
established (Sobrino et al., 2008, Wu et al., 2010). The global importance of diatoms as
principal player in primary production makes it more than necessary to continue to analyse
and quantify the effects of OA on their remarkable photosynthetic efficiency. However, the
lack of changes in gene expression in regards to the carbon related mechanisms could suggest
that T. oceanica might be able to adapt or acclimate to OA. Experiments involving
transcriptome profiling can help to elucidate the function of all gene expression affected by
changing environmental factors. The combination of the log likelihood ratio and MANTA-RA
analyses allowed the identification of genes significantly affected by CO, and the
characterization of the effect’s direction; resulting in an overview of elevated CO, on the
transcriptome of T. oceanica. It is, furthermore, essential to compare current results from
unialgal cultures to metatranscriptomic results of environmental samples, as cultures may not

represent the response of a community or a mixed natural population of phytoplankton.
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Table S1. List of the 184 outliers significantly differentially expressed identified by the MANTA-RA analysis. up = upregulated at

380 patm and dn = downregulated at 380 patm.

Position Suer:]weber Gene description p-value
up 97638 ATP-dependent_ DNA _helicase_(predicted)_sp|060177|YG42_SCHPO_RecName:_Full=Uncharacterized_ATP-
dependent_helicase_C23E6.02_emb|CAA18870.1| 0.0002285
dn 026452 conserved_hypothetical_protein_gb|EEY57439.1] 1.33E-05
up 035192 cytoplasmic_dynein_heavy_chain-like_protein_gb|AC164606.1| 0.0001293
dn 91579 enhanced_entry protein_enhC,_tetratricopeptide_repeat_family gb|ABS76720.1] 2.61E-05
up 023789 epsilon_frustilin 0.0001198
dn 92177 expressed_unknown_protein 9.44E-05
dn 04999 FOG:_TPR_repeat, SEL1 subfamily 1.15E-07
dn 06811 fucoxanthin_chl_a/c_light-harvesting_protein_gh|[EED86590.1| 6.40E-06
up 033335 hypothetical_protein_Aasi_0854 gb|ACE06224.1| 1.00E-04
up 910592 hypothetical_protein_BRAFLDRAFT_131122_gb|EEN53864.1| 0.0001736
up 014374 Hypothetical_protein_CBG18550_emb|CAP35977.1| 2.86E-06
up 022991 hypothetical_protein_gb|EDQ93048.1| 0.0002137
dn 029769 hypothetical_protein_NATL1_08871_gb|ABM75445.1| 2.24E-10
up 027435 hypothetical _protein_Psyc 0360 _gb|AAZ18229.1| 4.69E-07
dn 931889 hypothetical_protein_ THAPSDRAFT_261827_gb|EED93810.1| 2.37E-05
dn 913157 hypothetical_protein_ THAPSDRAFT_264671_gh|[EED87914.1| 2.55E-06
dn g25221 hypothetical_protein_ THAPSDRAFT_33389_gh|EED93256.1| 5.32E-05
up 03276 myosin_heavy chain-like_protein_gbh|EED88779.1| 7.35E-06
up 031520 myosin_heavy chain-like_protein_gb|EED88779.1| 4.71E-06
dn 02906 NNT_NAD_transhydrogenase_gb|EED92787.1] 3.48E-05
up 920707 pectate_lyase gb|JADE01341.1| 0.0001175
dn 026335 PKD_domain_containing_protein_gb|[EEG20097.1] 1.29E-07
up 028627 pol_protein 0.0002126
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up
up
up
dn
up
up
up
dn
dn
up
up
up
dn
up
up
dn
up
up
up
dn
up
up
up
up
up
up
up
up
dn
up

034366
029247
925299
91207
g37510
913790
g7866
925222
g778
04360
923632
019858
926312
915673
914969
927127
925760
037838
g21839
034984
g2724
915505
916279
020146
g22649
919358
g29613
05654
g4258
024104

pol_protein

putative_lipoprotein_gb|[EDM77756.1|

putative_lipoprotein_gb|EDM77756.1]

RecName:_Full=Fucoxanthin-chlorophyll_a-c_binding_protein_F, chloroplastic;_Flags:_Precursor_emb|CAA80677.1]
RecName:_Full=Tyrocidine_synthase_3; AltName:_Full=Tyrocidine_synthase_IlI;_Includes gb|AAC45930.1|
sell_repeat_protein_gh|EAR88461.1|

Serine/threonine_protein_kinase
shikimate_kinase_gb|EBA00232.1|

tripartite_motif-containing_65,_isoform_CRA b
PREDICTED:_similar_to_conserved_hypothetical_protein, partial

predicted_protein_gb|AC164100.1|

predicted_protein_gb|ACI164335.1|

predicted_protein_gb|AC164480.1|

predicted_protein_gb|ACI164504.1|

predicted_protein_gh|ACO66050.1|
predicted_protein_gb|EEC44967.1|
predicted_protein_gb|EEC45730.1|
predicted_protein_gb|EEC47605.1|
predicted_protein_gb|EEC49229.1|
predicted_protein_gb|EEC49407.1|
predicted_protein_gb|EED86247.1|
predicted_protein_gb|EED86392.1|
predicted_protein_gb|EED87346.1|
predicted_protein_gb|EED87699.1|
predicted_protein_gb|EED88551.1|
predicted protein_gb|EED88827.1|
predicted_protein_gb|EED89370.1|
predicted protein_gb|EED89555.1|
predicted_protein_gb|EED89900.1|
predicted protein_gb|EED90138.1|

3.29E-05
1.22E-05
4.25E-05
0.000151
0.000198
6.69E-07
0.0002464
1.45E-07
0.0001139
9.65E-05
0.0002455
0.0001604
5.67E-06
1.85E-05
1.31E-05
3.86E-06
1.18E-05
0.0001336
0.0001934
9.06E-12
3.33E-05
0.000181
0.0001453
0.0001842
2.31E-05
0.0001202
0.0001697
1.86E-06
0.0001021
2.09E-07
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dn
up
up
up
up
dn
up
dn
up
up
dn
up
up
dn
dn
dn
up
dn
dn
up
up
up
up
dn
dn
dn
dn
dn
dn
dn

017733
921470
025617
gl7424
09305
031184
913797
036876
0509
036024
92080
917395
04085
92412
015967
016223
035783
019676
06566
028470
08305
04663
025904
929771
030492
020586
Tass2435
033243
93347
018672

predicted protein_gb|EED90323.1|
predicted_protein_gh|[EED90337.1|
predicted protein_gb|EED90427.1|
predicted_protein_gh|[EED90483.1|
predicted protein_gb|EED90483.1|
predicted_protein_gh|[EED90970.1|
predicted protein_gb|EED91646.1|
predicted_protein_gh|[EED91931.1|
predicted_protein_gb|EED92045.1|
predicted_protein_gb|EED92555.1|
predicted_protein_gb|EED93488.1|
predicted_protein_gb|EED93652.1|
predicted_protein_gb|EED94366.1|
predicted_protein_gb|EED94446.1|
predicted_protein_gb|EED94525.1|
predicted_protein_gb|EED94684.1|
predicted_protein_gb|EED94913.1|
predicted_protein_gb|EED95041.1
predicted_protein_gb|EED95318.1|
predicted_protein_gb|EED95364.1|
predicted_protein_gb|EED95371.1|
predicted_protein_gb|EED96119.1|
predicted_protein_gb|EED96376.1|
predicted_protein_gb|EED96591.1|
unknown

unknown

unknown

unknown

unknown

unknown

0.0001884
1.32E-05
1.45E-05
4.61E-06
8.95E-06
1.80E-06

0.0001384
1.00E-08

0.0001834
3.35E-09
8.21E-09
7.37E-05
8.84E-05
4.44E-09

0.0001354
1.04E-07

0.0002487
4.37E-09

0.0002212
2.48E-06
7.85E-07
2.61E-05

0.0002017
3.52E-05
3.72E-11
6.30E-10

0.0001454
1.77E-08
9.23E-10
6.11E-06

up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up

033941
013296
016685
g2790
910551
022791
912011
026731
934140
022601
914582
014588
928556
011899
g9212
04896
931299
031500
910331
017478
g37066
018960
g9780
037686
930406
025618
919525
g7853
gl4174
028262

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown

3.44E-05
1.88E-06
3.02E-06
7.20E-07
4.68E-06
2.25E-06
0.0001596
6.14E-06
3.87E-05
6.19E-06
2.13E-05
0.0001142
0.0001021
2.90E-05
4.27E-05
0.0001093
7.32E-06
8.12E-05
3.79E-05
3.10E-05
2.26E-05
8.33E-06
5.42E-05
0.0001951
9.65E-05
2.10E-05
6.99E-06
2.00E-05
9.20E-06
0.0001195
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dn
dn
dn
dn
dn
dn
dn
dn
dn
dn
dn
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up

04949
919604
016582
910378
Tass5711
94049
08518
010652
0299
027029
02691
030151
024699
04559
031662
910920
916788
919274
08722
910184
08304
032908
028934
935300
933713
028662
g17609
033814
926415
06918

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown

4.86E-05
5.21E-06
0.0001072
1.64E-05
2.80E-05
1.81E-05
3.75E-05
0.0001689
0.0001655
0.0001943
0.0002382
0.0001592
1.16E-05
3.07E-10
1.29E-06
1.40E-05
9.88E-10
0.0002148
1.10E-06
9.93E-06
1.18E-07
1.08E-06
9.93E-06
1.19E-05
2.30E-06
2.18E-06
0.000222
7.61E-06
2.64E-05
4.16E-06

up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up
up

g30636
g4561
g653
923148
g10797
g6275
g30141
932426
929942
g33657
g12610
916710
g31120
g18983
g36721
g36613
933668
927710
931345
919074
g23821
g7677
g1506
911422
919566
g10807
934796
g31908
929743
g37640

unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown

3.72E-05
6.55E-05
0.0002037
4.09E-05
2.30E-05
8.50E-05
0.0001977
2.07E-05
3.02E-05
1.76E-05
0.0001083
5.09E-05
3.27E-05
9.62E-05
0.0001
3.03E-05
0.0001066
0.0001066
0.0001764
0.0001768
3.95E-05
7.63E-05
0.0001444
0.0001498
0.0001213
0.0002385
0.00015
7.69E-05
7.82E-05
0.0002399
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up 033564  unknown 2.02E-05 up 032757  unknown 0.0001154
up 09364 unknown 6.11E-06 up 022828  unknown 0.0002208
up 037486  unknown 6.57E-05 up 016763  unknown 0.0001254
up 025917  unknown 6.76E-05 up 027683  unknown 0.0002201
up 031355  unknown 1.99E-07 up 028686  unknown 0.0002003
up 023287  unknown 5.19E-07
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Table S2. List of reference gene number presented in the MANTA-RA plot (Fig.2) showing the corresponding gene number and the
gene description.

Gene Gene description Gene Gene description

number number

43085 acetyl-coa carboxylase 419724 E?r?é isnhgock protein binding / unfolded protein
g3084 acetyl-coa carboxylase 015843 heat shock protein Dnal

g3168 actin- actin related protein 014639 heat shock protein DnaJ domain protein
022655 actin like protein 019016 heat shock protein DnaJ family protein
916346 actin-like protein 911360 heat shock protein Dnal-like

031054 actin-related protein centractin-like protein 03181 heat shock protein HsIVU- ATPase
g30762 alanine aminotransferase 03692 heat shock protein- HSP70- hsc70
036378 alanine aminotransferase- aminotransferase class | 027877 heat shock protein- HSP70- hsc70

g7085 alanine-trna ligase 09925 heat shock protein Hsp90

g15401 alanine-trna ligase 031850 heat shock protein/chaperone

936927 anion transporting ATPase 916293 heat shock protein/chaperone

g20028 calcium channel 01894 heat shock protein-like protein

915834 calcium/proton exchanger- calcium antiporter 06754 high affinity proline permease

034570 cation channel 02802 histidine decarboxylase

936093 cation transport ATPase 02803 histidine decarboxylase

910816 cation transporting ATPase g35038 HSF32- heat shock transcription factor
g20065 channel voltage activated chloride channel g16709 intracellular carbonic anhydrase

08820 chaperone- heat shock protein 70 030682 K-independent Na+/Ca2+ exchanger JSX
918320 cold shock protein 911088 low molecular weight heat shock protein
g34701 cold shock protein CspE g31710 fucoxanthin chlorophyll a/c family- Ihca clade
03613 cold-shock DNA-binding domain-containing protein g27071 membrane alanine aminopeptidase
03612 cold-shock DNA-binding domain-containing protein 014507 membrane alanine aminopeptidase
g3723 cyclic nucleotide and voltage-activated ion channel 937306 membrane alanine aminopeptidase
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915788
911989

932561

92538
436267
95315
427456
913242
932507

7436

96509

911402
g31152
g19008
g9825
g5707
916963
g6811
g35171
929025
934573
032932
g8131
932497
g35518
99862
g5708
025963

D-alanyl-D-alanine carboxypeptidease- putative
diaminopimelate decarboxylase

DNAJ heat shock N-terminal domain-containing protein

DNAJ heat shock N-terminal domain-containing protein
DNAJ heat shock N-terminal domain-containing protein
elongation factor 1-alpha

F-actin-capping protein subunit beta- putative
ferredoxin

ferredoxin oxidoreductase
ferredoxin-dependent glutamate synthase- fusion of large and
small subunits

ferredoxin-nadp reductase

flavodoxin

flavodoxin

flavodoxin

fucoxanthin chl a/c light-harvesting protein
fucoxanthin chl a/c light-harvesting protein
fucoxanthin chl a/c light-harvesting protein
fucoxanthin chl a/c light-harvesting protein
fucoxanthin chl a/c light-harvesting protein- Ihcr type
fucoxanthin chl a/c light-harvesting protein- Ihcr type
fucoxanthin chl a/c protein- Ihca clade

fucoxanthin chlorophyll a/c binding protein
fucoxanthin chlorophyll a/c binding protein
fucoxanthin chlorophyll a/c binding protein
fucoxanthin chlorophyll a/c light-harvesting protein
fucoxanthin chlorophyll a/c light-harvesting protein
fucoxanthin chlorophyll a/c light-harvesting protein-
fucoxanthin chlorophyll a/c protein

98010
08011

914117

917688
917371
914116
934970
935809
92516

34226

34645

916
030934
032402
g18390
033731
0276
9277
91842
919570
914016
032265
024858
918807
920856
gl7129
gl7573
911364

membrane alanine aminopeptidase

membrane alanine aminopeptidase
mevalonate disphosphate decarboxylase-like
protein

mitochondrial glycine decarboxylase T-protein
mitochondrial glycine decarboxylase T-protein
MPDC mevalonate diphosphate decarboxylase
Na+/H+ exchanger

Na+/K+ ATPase

Na-Ca exchanger/integrin-beta4
NADP-dependent ferredoxin reductase and
adrenodoxin reductase- fprA-like protein

NADP-dependent ferredoxin reductase and
adrenodoxin reductase- fprA-like protein

nitrite reductase-ferredoxin dependent
ornithine decarboxylase

phenylalanine tRNA synthtetase-like protein
phenylalanine-trna synthetase-like protein
phosphoenolpyruvate carboxylase
phospoenolpyruvate carboxylase
phospoenolpyruvate carboxylase

precursor of carboxylase pyruvate carboxylase
precursor of carboxylase pyruvate carboxylase
precursor of carboxylase pyruvate carboxylase
precursor of carboxylase pyruvate carboxylase
sodium/hydrogen exchanger 2-like

proline dehydrogenase

proline-specific peptidase

Proline--tRNA ligase

propionyl-coa carboxylase

propionyl-coa carboxylase
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91927
g37647
036248
g17964
94329
g550
02510
g25270
98095
g14109
923429
028991
gl2734
931987
031988
031495
99937
99684
g7575
913633

936273

912525

925288
925185
937891
921084
912165
027430

fucoxanthin chlorophyll a/c protein

fucoxanthin chlorophyll a/c protein

fucoxanthin chlorophyll a/c protein

fucoxanthin chlorophyll a/c protein

fucoxanthin chlorophyll a/c protein

fucoxanthin chlorophyll a/c protein

fucoxanthin chlorophyll a/c protein 4
fucoxanthin chlorophyll a/c protein 4
fucoxanthin chlorophyll a/c protein -L1818 clade
fucoxanthin chlorophyll a/c protein- L1818 clade
fucoxanthin chlorophyll a/c protein- L1818 clade
fucoxanthin chlorophyll a/c protein- L1818 clade
fucoxanthin chlorophyll a/c protein- L1818 clade
fucoxanthin chlorophyll a/c protein- L1818 clade
fucoxanthin chlorophyll a/c protein- L1818 clade
fucoxanthin chlorophyll a/c protein- L1818 clade
fucoxanthin chlorophyll a/c protein- L1818 clade
fucoxanthin-chlorophyll a-c binding protein- plastid precursor
glutamate decarboxylase

glycine decarboxylase h-protein

glycine decarboxylase p-protein

glycine decarboxylase t-protein

heat shock protein
heat shock protein
heat shock protein
heat shock protein
heat shock protein
heat shock protein

gl7441
923425
925269
96305

920855
920854
91208

91207

916761
925594
g7036

926187
930549
924369
028388
g30431
g4704

923720
031413
916667

018188

917139

930556
g30438
928396
030440
926194
924360

protein fucoxanthin chlorophyll a/c protein
protein fucoxanthin chlorophyll a/c protein
protein fucoxanthin chlorophyll a/c protein
protein fucoxanthin chlorophyll a/c protein
protein fucoxanthin chlorophyll a/c protein
protein fucoxanthin chlorophyll a/c protein
protein fucoxanthin chlorophyll a/c protein
protein fucoxanthin chlorophyll a/c protein
protein fucoxanthin chlorophyll a/c protein
protein fucoxanthin chlorophyll a/c protein
protein fucoxanthin chlorophyll a/c protein
PSI ferredoxin-binding protein 11

PSI ferredoxin-binding protein Il

PSI ferredoxin-binding protein 11

PSI ferredoxin-binding protein Il

PSI ferredoxin-binding protein 11

putative Ca2+-binding hemolysin

putative cold-shock protein

pyruvate carboxylase-like protein

reductase of ferredoxin thioredoxin reductase

ribulose-1-5-bisphosphate
carboxylase/oxygenase large subun
ribulose-1-5-bisphosphate
carboxylase/oxygenase small subun
Rubisco expression protein
Rubisco expression protein
Rubisco expression protein
Rubisco expression protein
Rubisco expression protein
Rubisco expression protein
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08626 heat shock protein 030557 Rubisco expression protein

8030 heat shock protein 19323 Similarities Heat shock protein 70-probable
g P g alternative splicing

. suppressor of actin mutations protein-like
910062 heat shock protein 934671 protein
g20807 heat shock protein 09491 actin binding protein cofilin-like protein
94335 gﬁ:ﬁ Sdh(?::;iﬂrggipaﬁl?;éksrg:gitﬁ'n g9007 uroporphyrinogen 11 decarboxylase
028380 heat shock protein 70 431776 vacuolar membrane proton pump- inorganic
pyrophosphatase

930522 heat shock protein 70 g27014 vacuolar proton pump alpha subunit
029236 heat shock protein 70 03282 vacuolar proton pump D subunit
g2414 heat shock protein belonging to the HSP70 family 033026 v-type H+ transporting ATPase
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Table S3. Detailed significantly differentially expressed genes in elevated pCO, where ratio represents the mean read

abundance in elevated pCO; (1000 patm) divided by the mean read abundance in ambient pCO, (380 patm).

Gene Gene description R Ratio
91207 Fucoxanthin-chlorophyll a-c binding protein F, chloroplastic emb|CAA80677.1| 51918.00 3.61
g29771 predicted protein [T. pseudonana CCMP1335] gbh|[EED96591.1| 10326.80 4.12
g8518 unknown 9636.32 4.10
g29769 hypothetical protein NATL1 08871 [Prochlorococcus marinus str. NATL1A] gb|ABM75445.1| 8548.04 10.22
g19604 unknown 6813.28 4.86
g2412 predicted protein [T. pseudonana CCMP1335] gb|[EED94446.1| 6782.36 8.32
g4049 unknown 5810.71 4.38
g10378 unknown 4300.46 4.43
025269 Fucoxanthin chlorophyll a/c protein [P. tricornutum CCAP 1055/1] gb|EEC44018.1| 3605.46 3.11
g2691 unknown 3261.69 3.50
016223 predicted protein [T. pseudonana CCMP1335] gh|[EED94684.1| 2154.41 6.91
g25221 hypothetical protein THAPSDRAFT_33389 [T. pseudonana CCMP1335] gb|EED93256.1| 2151.78 4.04
92177 expressed unknown protein [Ectocarpus siliculosus] 1910.60 3.82
g2906 NNT NAD transhydrogenase [T. pseudonana CCMP1335] gb|[EED92787.1| 1901.60 4.28
015967 predicted protein [T. pseudonana CCMP1335] gb|[EED94525.1| 1743.92 3.73
g4999 FOG: TPR repeat, SEL1 subfamily [Butyrivibrio fibrisolvens 16/4] 1494.77 7.05
026312 predicted protein [T. pseudonana CCMP1335] gh|AC164480.1] 1490.32 5.08
g19255 unknown 1416.30 3.16
034984 predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|[EEC49407.1| 1385.07 15.84
g2213 predicted protein [T. pseudonana CCMP1335] gb|EED93577.1| 1339.24 3.33
93347 unknown 1337.67 10.87
031184 predicted protein [T. pseudonana CCMP1335] gb|EED90970.1| 1330.10 5.63
Tass5711 unknown 1169.02 4.42
g6811 fucoxanthin chl a/c light-harvesting protein [T. pseudonana CCMP1335] gb|EED86590.1| 1040.18 5.17
927029 unknown 1007.84 3.64
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g20820
g299
96566
g2040
gl9676
g2080
gl691
g14812
gl7733
g4387
920586
035956
g30492
026452
gl079
g778
g33243
916860
g33755
g27127
g35803
g37778
g2513
031889
g25222
gl8672
gl7672
036876
gl0738
gl3157

PREDICTED: hypothetical protein XP_843354 [Canis familiaris]

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED95318.1|

predicted protein [T. pseudonana CCMP1335] gbh|[EED94719.1|

predicted protein [T. pseudonana CCMP1335] gb|[EED95041.1|

predicted protein [T. pseudonana CCMP1335] gb|EED93488.1|

thioredoxin [T. pseudonana CCMP1335] gb|[EED93987.1|

hypothetical protein R2601_14365 [Roseovarius sp. HTCC2601] gb|EAU48157.1]
predicted protein [T. pseudonana CCMP1335] gbh|EED90323.1|

oxidoreductase, short chain dehydrogenase/reductase family gb|EDX85241.1|
unknown

Sell domain-containing protein [Magnetococcus sp. MC-1] gb|ABK44504.1|
unknown

conserved hypothetical protein [Phytophthora infestans T30-4] gb|[EEY57439.1|
predicted protein [T. pseudonana CCMP1335] gh|AC164660.1]

tripartite motif-containing 65, isoform CRA_b [Homo sapiens]

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gh|[EED96180.1|

predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|EEC44967.1]
COGO0790: FOG: TPR repeat, SEL1 subfamily [Haemophilus influenzae R2846]
predicted protein [T. pseudonana CCMP1335] gb|EED90826.1|

cell surface protein [Methanosarcina acetivorans C2A] gb|]AAMO07636.1|
hypothetical protein THAPSDRAFT 261827 [T. pseudonana CCMP1335] gb|EED93810.1|
shikimate kinase [Marinobacter sp. ELB17] gh|EBA00232.1|

unknown

predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|[EEC45419.1|
predicted protein [T. pseudonana CCMP1335] gb|EED91931.1|

unknown

hypothetical protein THAPSDRAFT_264671 [T. pseudonana CCMP1335] gb|EED87914.1|

1005.60
959.56
833.96
751.16
699.04
634.08
626.08
598.35
518.76
518.46
515.29
513.86
488.94
485.90
485.86
460.75
436.16
429.78
407.35
404.53
367.55
353.65
351.08
329.43
327.52
317.21
311.18
310.57
304.15
295.45

3.51
3.85
3.69
3.37
11.52
10.52
3.47
3.45
3.96
3.44
15.79
3.27
24.30
5.10
3.16
4.22
11.64
3.36
3.17
6.04
3.60
3.23
3.12
5.44
9.31
6.49
3.29
19.85
3.93
7.73
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g30401 unknown 291.39 3.47

g26335 PKD domain containing protein [Opitutaceae bacterium TAV2] gb|[EEG20097.1] 290.39 13.93
gl2787 unknown 281.37 3.46
g1340 unknown 269.18 3.53
g37400 unknown 266.66 3.21
916582 unknown 233.17 4.54
g19196 unknown 223.78 3.40
g4258 predicted protein [T. pseudonana CCMP1335] gb|EED89900.1| 207.49 5.33
g20948 unknown 192.16 3.36
932826 predicted protein [T. pseudonana CCMP1335] gb|[EED90770.1| 188.07 3.99
031504 predicted protein [Micromonas sp. RCC299] gb|AC067020.1| 178.87 3.59
g31805 predicted protein [T. pseudonana CCMP1335] gb|[EED86462.1| 176.53 3.72
g10652 unknown 174.98 4.05
g4949 unknown 162.53 6.49
915044 hypothetical protein MAB_2456 [Mycobacterium abscessus ATCC 19977] emb|CAM62537.1| 156.95 3.59
g6064 predicted protein [T. pseudonana CCMP1335] gb|[EED95041.1| 153.02 4.50
022699 hypothetical protein all7332 [Nostoc sp. PCC 7120] dbj|BAB77090.1| 144.98 3.22
g1579 enhanced protein,, tetratricopeptide repeat family [C. burnetii Dugway 5J108-111] gb|ABS76720.1| 130.87 15.23
g25705 unknown 126.21 3.64
932267 unknown 125.81 3.17
g15306 unknown 109.36 5.37
0846 predicted protein [T. pseudonana CCMP1335] gb|[EED90428.1| 104.42 4.35
g20729 unknown 101.13 5.85
g6790 predicted protein [T. pseudonana CCMP1335] gb|[EED86325.1| 96.35 4.52
034751 predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|EEC43682.1| 93.65 3.31
g5655 predicted protein [T. pseudonana CCMP1335] gb|[EED95317.1| 91.14 4.65
Tass2435 unknown 87.54 15.37
g5055 predicted protein [T. pseudonana CCMP1335] gb|EED87214.1| 82.55 3.60
g8699 predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|EEC49724.1| 80.95 3.18
Tass604 unknown 77.04 3.58
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936297
gl214
g33281
g34983
927292
g21445
g30941
g36270
923803
Tass5079
921126
g28612
925732
g33147
Tass11045
g33396
g8153
g21381
gl571
g28780
927502
g21380
Tass11054
g15465
931818
g34930
gl7703
g14105
g9740
g8677

unknown

hypothetical protein BRAFLDRAFT_94613 [Branchiostoma floridae] gb|EEN43721.1]
unknown

predicted protein [Nematostella vectensis] gb|EDO43196.1|

predicted protein [T. pseudonana CCMP1335] gh|AC164808.1]

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED94104.1|

unknown

unknown

unknown

unknown

predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|EEC44875.1|
unknown

predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|EEC48580.1|
unknown

conserved hypothetical protein [uncultured Prochlorococcus marinus clone ASNC1092]
predicted protein [T. pseudonana CCMP1335] gbh|[EED92122.1|

unknown

unknown

predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|EEC47111.1]
hypothetical protein PE36_12787 [Moritella sp. PE36] gb|EDM67322.1|
subtilisin-like serine protease [T. pseudonana CCMP1335] gh|[EED89728.1|
unknown

expressed protein [Oryza sativa (japonica cultivar-group)]

unknown

unknown

predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|EEC43604.1|
predicted protein [T. pseudonana CCMP1335] gh|ACI64742.1|

zinc finger family protein [Arabidopsis lyrata subsp. lyrata] gb|[EFH58975.1|
predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|EEC44195.1|

74.40
69.56
68.89
61.99
60.85
57.53
54.76
51.77
51.28
50.92
49.93
44.78
43.81
42.66
41.88
41.13
38.41
38.05
37.97
37.76
36.31
35.93
35.82
35.13
32.58
32.29
32.06
32.02
31.30
30.97

4.05
3.29
3.47
5.40
3.33
3.91
7.33
10.83
3.75
3.63
3.20
3.59
5.29
3.40
3.20
6.79
4.27
4.46
451
3.27
4.08
6.58
3.44
3.13
3.52
3.64
3.57
3.21
9.17
4.04
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922475
Tass9110
g10391
g3720
924747
g4232
g9027
g23643
98952
g596
gl222
g4922
935810
g23542
g3533
g3821
g28285
g36516
g37613
g27367
Tass2293
g32077
911655
g25991
g22457
98260
g34402
g20895
gl4223
925993

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED88426.1|

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED96320.1|

predicted protein [T. pseudonana CCMP1335] gh|ACI64176.1]

hypothetical protein THAPSDRAFT 264671 [T. pseudonana CCMP1335] gb|EED87914.1|
COGO0790: FOG: TPR repeat, SEL1 subfamily [Haemophilus influenzae R2846]
unknown

unknown

unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|EED88309.1|

unknown

unknown

replication protein A2 [T. pseudonana CCMP1335] gb|EED92004.1|

unknown

unknown

NADH dehydrogenase subunit 7 [T. pseudonana] gb|AAZ99426.1|

unknown

unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gh|AC164757.1]

unknown

unknown

Sell domain protein repeat-containing prot. [alpha proteobacterium BAL199] gb|EDP64864.1|
unknown

unknown

30.85
29.55
29.50
29.26
27.52
27.31
27.13
25.29
25.20
24.60
2441
24.24
24.08
23.71
23.26
22.94
22.76
22.65
22.44
22.13
21.59
21.50
21.00
20.91
20.68
20.56
20.22
19.00
18.82
18.79

3.97
4.23
3.37
3.81
3.23
5.21
5.63
3.13
19.17
3.36
3.40
5.06
3.30
3.88
3.60
3.61
3.55
3.62
3.38
5.52
5.30
3.83
3.91
6.30
3.18
417
3.59
5.07
3.30
7.92
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911876
g8036
Tass4713
g22602
913672
g34008
935379
g20188
g30038
g34583
927362
g36877
95434
g36210
g7186
g13314
g29740
g23928
914946
g36895
g30007
g6473
g19004
g6043
931167
g24161
g3646
g30046
g2540
g24625

predicted protein [T. pseudonana CCMP1335] gb|[EED91211.1|

hypothetical protein BRAFLDRAFT_117088 [Branchiostoma floridae] gh|[EEN67695.1|

unknown
unknown
predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|[EEC50029.1|
unknown
unknown
unknown
unknown

alkaline phosphatase-like protein [Teredinibacter turnerae T7901] gh|ACR13720.1|

ribosomal protein S11 [T. pseudonana] gb|AAZ99415.1|

unknown

unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|EED86905.1|
unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED92674.1|
predicted protein [T. pseudonana CCMP1335] gh|ACI65031.1|
unknown

unknown

alkaline phosphatase [T. pseudonana CCMP1335] gb|EED95733.1|
predicted protein [T. pseudonana CCMP1335] gb|EED88523.1|
unknown

flap endonuclease-1 [Candidatus Methanoregula boonei 6A8] gh|ABS56620.1|
unknown

myosin heavy chain [Dictyostelium discoideum]

unknown

unknown

18.61
18.20
17.99
17.97
17.59
17.29
17.12
17.04
16.93
16.85
16.72
16.52
16.21
16.04
16.01
15.82
15.79
15.15
15.03
15.01
14.89
14.66
14.57
14.55
14.52
14.42
14.36
14.33
14.30
14.27

4.22
4.58
4.17
3.45
3.89
6.17
3.21
17.08
4.26
10.00
5.19
3.57
3.99
3.92
3.59
3.13
6.46
3.33
3.59
4.44
3.82
3.72
6.67
3.82
5.00
4.32
4.65
4.06
4.38
3.14
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Tass373
g4694
936596
g7758
928530
g4699
g2083
g15269
911420
g34801
917999
932947
032946
g18881
916246
g32597
g7664
g8766
g32155
g21988
Tass5238
g30589
98333
g3807
g16708
935323
g21221
g22721
g20728
g26547

cytochrome oxidase subunit Il [T. pseudonana] gb|AAZ99398.1|

unknown

unknown

carboxylesterase [Mycobacterium parascrofulaceum ATCC BAA-614] gbh|[EFG79051.1|
unknown

predicted protein [T. pseudonana CCMP1335] gb|EED93532.1|

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gh|[EED88641.1|

unknown

unknown

Sell repeat-containing protein [Chlorobium chlorochromatii CaD3] gh|ABB29186.1|
conserved hypothetical protein [Oxalobacter formigenes HOXBLS] gb|EEO27702.1|
unknown

unknown

unknown

TPR repeat-containing SEL1 subfamily protein [Acinetobacter baumannii AB900]
PREDICTED: similar to predicted protein [Hydra magnipapillata]

unknown

unknown

unknown

unknown

unknown

TPR repeat-containing SEL1 subfamily protein [Acinetobacter baumannii AB900]
predicted protein [T. pseudonana CCMP1335] gh|[EED89884.1|

predicted protein [T. pseudonana CCMP1335] gb|EED86996.1|

unknown

predicted protein [T. pseudonana CCMP1335] gb|EED88043.1|

unknown

unknown

14.14
14.12
13.73
13.49
13.48
13.42
13.40
13.26
13.20
13.11
12.89
12.78
12.68
12.61
12.16
12.15
12.09
12.02
11.91
11.65
11.63
11.52
11.39
11.31
11.05
11.00
10.80
10.77
10.52
10.52

3.22
5.00
15.00
4.17
6.15
3.65
7.08
3.87
3.33
7.71
3.66
6.17
3.65
4.00
4.72
5.00
3.19
3.47
5.36
13.33
3.85
4.24
3.40
3.38
19.17
3.25
6.67
3.29
3.33
4.79
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934396
g28806
08283
Tass4124
934696
g4817
g37627
g3050
Tass2605
g27788
925486
g677
g10419
g21407
924319
g18993
928818
g2922
g137
g32838
032836
g25500
032268
g3129
919404
g30336
g22233
g15126
g31134
g18216

predicted protein [T. pseudonana CCMP1335] gb|[EED91771.1|

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

hypothetical protein Aasi_1217 [Candidatus Amoebophilus asiaticus 5a2] gb|ACE06544.1|
unknown

mu subunit of AP4-like protein [T. pseudonana CCMP1335] gb|EED96067.1|

unknown

unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED94104.1|

hypothetical protein Aasi_0854 [Candidatus Amoebophilus asiaticus 5a2] gb|ACE06224.1|
unknown

unknown

unknown

unknown

Sell domain protein repeat-containing prot. [Haemophilus influenzae 7P49H1] gb|[EEP45669.1|
unknown

unknown

unknown

unknown

unknown

unknown

10.48
10.47
10.45
10.40
10.37
10.36
10.21
10.17
10.06
10.00
10.00
9.99
9.97
9.89
9.83
9.61
9.59
9.53
9.35
9.33
9.19
0.18
9.16
9.13
9.13
8.94
8.84
8.83
8.79
8.71

8.75
3.69
3.13
4.58
3.33
431
3.13
6.25
5.00
3.79
4.33
6.94
3.33
6.39
3.43
3.96
4.72
3.89
10.83
3.15
6.00
3.33
5.33
3.17
4.06
3.53
3.13
3.56
6.94
5.83
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Tass9655
g37604
g3875
g37420
g5761
g2532
911413
g24664
g27911
g20405
911326
g23115
935378
g17804
g9188

NADH dehydrogenase subunit 9 [T. pseudonana] gb|AAZ99425.1|
unknown

hypothetical protein THAPSDRAFT 15858 [T. pseudonana CCMP1335] gh|EED95351.1|
unknown

unknown

exonuclease [T. pseudonana CCMP1335] gh|[EED90855.1|
unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

8.68
8.67
8.66
8.63
8.62
8.57
8.44
8.41
8.30
8.26
8.25
8.21
8.11
8.04
8.01

6.67
3.15
3.47
3.50
5.83
4.29
3.39
5.12
3.33
3.50
6.67
3.52
10.83
3.15
4.38

117



Table S4. Detailed significantly differentially expressed genes in ambient pCO, where ratio represent the mean read

abundance in elevated pCO; (1000 patm) divided by the mean read abundance in ambient pCO, (380 patm).

Gene Gene description R Ratio
031355 unknown 15922.45 0.15
919525 unknown 7325.98 0.20
g24104 predicted protein [T. pseudonana CCMP1335] gb|[EED90138.1| 6671.93 0.15
g8305 predicted protein [T. pseudonana CCMP1335] gb|[EED95371.1] 3793.33 0.17
915673 predicted protein [T. pseudonana CCMP1335] gb|ACI164504.1] 3470.88 0.22
g22649 predicted protein [T. pseudonana CCMP1335] gb|[EED88551.1| 2749.91 0.22
029743 unknown 2500.54 0.24
g2790 unknown 2498.58 0.16
031520 myosin heavy chain-like protein [T. pseudonana CCMP1335] gb|EED88779.1| 1795.31 0.19
g2724 predicted protein [T. pseudonana CCMP1335] gh|[EED86247.1| 1794.52 0.23
036613 unknown 1719.30 0.22
936024 predicted protein [T. pseudonana CCMP1335] gb|[EED92555.1| 1666.85 0.11
014174 unknown 1494.43 0.20
923287 unknown 1470.95 0.16
033657 unknown 1447.62 0.21
932757 unknown 1414.29 0.25
023821 unknown 1248.55 0.23
g31299 unknown 1226.85 0.20
018960 unknown 1123.85 0.20
921470 predicted protein [T. pseudonana CCMP1335] gb|[EED90337.1] 943.87 0.20
g23789 epsilon frustilin [Navicula pelliculosa] 938.07 0.25
925760 predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|EEC45730.1] 880.52 0.20
916788 unknown 836.55 0.09
032426 unknown 828.29 0.21
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916763
931908
04663

927435
gl7424
g7853

g10797
022601
g7677

031120
93276

g20707
913296
928470
g4085

g29942
922791
gl4374
g9305

034366
94559

934796
937066
g23148
919566
025618
926731
97866

g10551
929247

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED96119.1|

hypothetical protein Psyc_0360 [Psychrobacter arcticus 273-4] gb|AAZ18229.1|
predicted protein [T. pseudonana CCMP1335] gh|[EED90483.1|

unknown

unknown

unknown

unknown

unknown

myosin heavy chain-like protein [T. pseudonana CCMP1335] gb|EED88779.1|
pectate lyase [Haloferax volcanii DS2] gb|ADE01341.1|

unknown

predicted protein [T. pseudonana CCMP1335] gh|[EED95364.1|

predicted protein [T. pseudonana CCMP1335] gb|[EED94366.1|

unknown

unknown

Hypothetical protein CBG18550 [Caenorhabditis briggsae] emb|CAP35977.1|
predicted protein [T. pseudonana CCMP1335] gb|[EED90483.1|

pol protein [T. pseudonana]

unknown

unknown

unknown

unknown

unknown

unknown

unknown

Serine/threonine protein kinase [Ectocarpus siliculosus]

unknown

putative lipoprotein [Plesiocystis pacifica SIR-1] gb|EDM77756.1|

807.12
755.98
606.33
536.28
525.15
513.53
493.00
489.28
487.97
459.00
457.72
450.53
427.44
422.84
415.90
372.90
370.14
362.01
345.63
338.42
336.68
333.36
329.64
316.16
312.06
294.09
289.46
288.85
281.03
275.15

0.25
0.24
0.21
0.15
0.18
0.20
0.21
0.18
0.23
0.22
0.19
0.24
0.16
0.17
0.23
0.21
0.17
0.17
0.19
0.21
0.06
0.24
0.20
0.21
0.24
0.20
0.17
0.25
0.16
0.18
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933668
914969
g16710
918983
916685
925299
gl7478
022828
g1506

g37640
926721
98304

914582
930636
g13790
g36714
g10331
gl1422
g9780

g7104

g27710
936721
g20706
g9212

g8722

911899
g17395
g19074
99364

94360

unknown

predicted protein [Micromonas sp. RCC299] gb|ACO66050.1|
unknown

unknown

unknown

putative lipoprotein [Plesiocystis pacifica SIR-1] gb|EDM77756.1|
unknown

unknown

unknown

unknown

pol protein [T. pseudonana]

unknown

unknown

unknown

sell repeat protein [Tetrahymena thermophila] gb|EAR88461.1|
conserved hypothetical protein [Phytophthora infestans T30-4] gb|[EEY54214.1|
unknown

unknown

unknown

conserved hypothetical protein [Phytophthora infestans T30-4] gb|[EEY68651.1]
unknown

unknown

collagen, type XVIII, alpha 1 [Xenopus laevis] gb|AAL14257.1|
unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED93652.1|
unknown

unknown

PREDICTED: similar to conserved hypothetical protein, partial [Ciona intestinalis]

269.27
254.96
247.06
240.33
236.09
235.41
233.96
221.34
215.52
212.33
205.26
204.41
203.10
201.44
191.55
190.35
187.45
185.65
184.60
184.58
178.61
177.10
165.75
164.69
161.95
159.62
151.55
150.47
148.41
145.58

0.22
0.18
0.21
0.22
0.16
0.21
0.20
0.25
0.24
0.25
0.25
0.10
0.18
0.20
0.12
0.24
0.20
0.24
0.20
0.24
0.22
0.22
0.25
0.19
0.09
0.19
0.21
0.23
0.14
0.20
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29613
425617
911773
930280
915441
915398
428690
937838
94561

912315
7225

935192
95654

919858
933713
10807
912610
917608
934140
930141
96275

96918

931345
428556
931662
937686
930406
932908
428262
931500

predicted protein [T. pseudonana CCMP1335] gh|[EED89370.1]
predicted protein [T. pseudonana CCMP1335] gh|[EED90427.1]
hypothetical protein [Monosiga brevicollis MX1] gb|EDQ88709.1|
unknown

unknown

predicted protein [Micromonas sp. RCC299] gh|AC062854.1|
putative lipoprotein [Plesiocystis pacifica SIR-1] gb|EDM77756.1]
predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gh|[EEC47605.1|
unknown

unknown

unknown

cytoplasmic dynein heavy chain-like protein [T. pseudonana CCMP1335] gh|ACI64606.1]
predicted protein [T. pseudonana CCMP1335] gb|EED89555.1|
predicted protein [T. pseudonana CCMP1335] gb|AC164335.1|
unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

141.45
140.47
140.19
136.42
136.03
135.35
134.41
134.26
133.04
133.02
132.97
130.48
126.75
126.63
125.06
123.30
122.89
122.31
119.22
119.14
119.09
118.53
114.74
112.26
110.98
110.72
106.94
106.00
105.94
104.76

0.22
0.17
0.25
0.25
0.25
0.24
0.24
0.22
0.20
0.23
0.24
0.21
0.12
0.19
0.11
0.24
0.21
0.23
0.18
0.21
0.21
0.13
0.23
0.18
0.08
0.20
0.20
0.10
0.20
0.20
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g33814
g37486
gl7574
033564
925904
033941
922068
028662
99749
g19191
936577
028934
910184
94896
9653
033335
96114
914588
935300
g33059
g7238
925116
912286
g35193
910592
g25917
922424
gl13797
919821
924353

unknown

unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED96376.1|

unknown

unknown

unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|ACI165036.1|

unknown

unknown

unknown

unknown

hypothetical protein Aasi_0854 [Candidatus Amoebophilus asiaticus 5a2] gh|ACE06224.1|
unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|EED86272.1|

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED91579.1|

cytoplasmic dynein heavy chain-like protein [T. pseudonana CCMP1335] gb|ACI64606.1]
hypothetical protein BRAFLDRAFT_131122 [Branchiostoma floridae] gb|EEN53864.1]
unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED91646.1|

unknown

unknown

104.30
102.70
102.66
102.46
100.48
98.54
98.37
98.02
96.77
96.17
94.42
93.90
93.82
93.05
90.51
88.91
88.02
84.72
82.89
79.16
78.36
77.27
76.91
76.36
75.18
75.06
74.71
74.69
72.99
72.61

0.13
0.14
0.22
0.13
0.20
0.16
0.24
0.11
0.23
0.25
0.24
0.10
0.10
0.19
0.20
0.19
0.23
0.18
0.11
0.18
0.23
0.23
0.24
0.21
0.18
0.15
0.21
0.17
0.24
0.25
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926415
034904
935665
919358
g19375
g17609
937892
g13991
gl2011
918566
927186
g9066

928627
036186
033895
g31811
910920
924620
914869
923666
g3974

920724
913210
913828
026048
06917

916279
92096

g9171

g5389

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED93640.1|
predicted protein [T. pseudonana CCMP1335] gh|[EED88827.1|
unknown

unknown

unknown

unknown

unknown

predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gh|[EEC43895.1|
pol protein [T. pseudonana]

unknown

pol protein [T. pseudonana]

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED87337.1]
unknown

unknown

putative lipoprotein [Plesiocystis pacifica SIR-1] gb|EDM77756.1|
unknown

predicted protein [Phaeodactylum tricornutum CCAP 1055/1] gb|[EEC46601.1|
unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED86411.1|
pol protein [T. pseudonana]

unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED87346.1|
unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED86536.1|
unknown

72.32
71.75
67.90
67.78
67.06
66.38
64.89
64.78
64.27
64.01
62.88
62.66
61.88
60.48
60.18
58.59
57.92
57.38
56.80
56.67
56.45
54.98
54.34
54.14
52.15
51.82
51.37
51.26
50.86
50.10

0.13
0.23
0.24
0.17
0.18
0.12
0.24
0.24
0.17
0.22
0.20
0.20
0.18
0.22
0.22
0.22
0.08
0.14
0.17
0.25
0.25
0.25
0.18
0.17
0.25
0.19
0.15
0.24
0.15
0.18

123



929131
g24699
936959
g27762
04783
g27690
9340
g30691
g30151
g912
923160
916956
gl7677
g5879
029495
Tass7588
910309
911495
gl7542
g19274
021686
g30755
910724
936539
g21711
917637
925189
g7425
g7971
930640

predicted protein [T. pseudonana CCMP1335] gb|[EED89253.1|
unknown

predicted protein [Phaeodactylum tricornutum CCAP 1055/1] ref|XP_002185602.1|
unknown

unknown

unknown

unknown

unknown

unknown

unknown

putative lipoprotein [Plesiocystis pacifica SIR-1] gb|EDM77756.1|
unknown

flagellar associated protein putative: flagellar associated protein [Ectocarpus siliculosus]
predicted protein [T. pseudonana CCMP1335] gb|EED93667.1|
unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED88050.1|
pol protein [Phaeodactylum tricornutum]

unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gb|[EED90321.1]
pol protein [T. pseudonana]

49.63
49.40
49.23
48.67
48.58
47.78
47.77
46.76
46.68
46.63
46.42
46.34
45.19
45.00
44.38
4421
43.28
42.58
42.47
42.22
42.06
40.83
40.59
40.36
40.05
39.90
39.15
39.02
38.66
38.43

0.21
0.05
0.23
0.24
0.20
0.25
0.18
0.19
0.03
0.08
0.22
0.25
0.24
0.25
0.15
0.25
0.23
0.24
0.21
0.09
0.24
0.11
0.20
0.22
0.21
0.19
0.24
0.19
0.22
0.22
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g7911
g37002
018956
924244
031630
g17898
025846
g24917
g6095
g37001
018364
g1175
023954
gl6711
g7869
029982
025243
Tass2979
035975
935670
032699
931631
029219
933777
016841
015628
034416
919029
028417
029922

unknown
unknown
predicted protein [T. pseudonana CCMP1335] gb|[EED86982.1|
hypothetical protein LgasM_08201 [Lactobacillus gasseri MV-22]
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown
unknown

38.37
37.42
37.36
37.34
37.12
36.67
36.50
35.47
35.11
35.03
34.67
34.56
33.90
33.62
33.04
32.94
32.15
32.11
32.09
32.05
31.77
31.45
31.28
31.08
30.76
29.76
29.67
29.49
29.12
29.07

0.19
0.10
0.23
0.23
0.24
0.18
0.18
0.21
0.24
0.18
0.11
0.08
0.18
0.20
0.19
0.19
0.13
0.21
0.25
0.18
0.24
0.14
0.15
0.22
0.25
0.13
0.24
0.19
0.20
0.17
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929364
g35064
g34144
925662
9917
gl7208
gl3132
925850
916132
g9703
923210

919254
425600
9409

436264
921476

predicted protein [T. pseudonana CCMP1335] gb|[EED95057.1|
unknown

unknown

unknown

unknown

predicted protein [T. pseudonana CCMP1335] gh|[EED89950.1|
conserved unknown protein [Ectocarpus siliculosus]

pol protein [T. pseudonana]

unknown

conserved unknown protein [Ectocarpus siliculosus]

unknown
hypothetical protein DORFOR_00347 [Dorea formicigenerans ATCC 27755]
gb|EDR48223.1|

predicted protein [T. pseudonana CCMP1335] gb|[EED86325.1|

Serine/threonine-protein kinase PLK4 gb|EAL29859.1|
CBL-interacting serine/threonine-protein kinase [Phytophthora infestans T30-4]
gb|EEY62050.1|

unknown

28.47
27.93
27.93
27.68
27.62
27.47
27.23
26.79
26.78
26.54
26.32

25.74
25.46
25.36

25.33
24.87

0.15
0.08
0.22
0.20
0.17
0.22
0.17
0.20
0.23
0.24
0.17

0.21
0.13
0.14

0.22
0.25
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4.2.4 Publication V.

Ocean acidification shows negligible impacts on high-latitude bacterial community
structure in coastal pelagic mesocosms.

Roy et al., 2013

Biogeosciences 2013, 10, 555:566
doi:10.5194/bg-10-555-2013
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Abstract. The impact of ocean acidification and carbona- primary driver of the change in mesocosm community struc-
tion on microbial community structure was assessed duringure. The relative importance of each structuring variable de-
a large-scale in situ costal pelagic mesocosm study, includegended greatly on the time at which the community was sam-
as part of the EPOCA 2010 Arctic campaign. The meso-pled in relation to the phytoplankton bloom. The sampling
cosm experiment included ambient conditions (fjord) andstrategy of separating the small and large size fraction was
nine mesocosms witlpCO; levels ranging fronr~ 145 to  the second most important factor for community structure.
~ 1420 patm. Samples for the present study were collectedVhen the small and large size fraction bacteria were analysed
at ten time points (+1,71,15,17,t12,¢14,118,1t22,t26 to separately at different time points, the only taxe@0, was

t28) in seven treatments (ambient fjord {45), 2x ~185,  found to significantly affect were the Gammaproteobacteria
~ 270, ~ 685, ~ 820, ~ 1050 patm) and were analysed for after nutrient addition. FinallypCO, treatment was found
“small” and “large” size fraction microbial community com- to be significantly correlated (non-linear) with 15 rare taxa,
position using 16S rRNA (ribosomal ribonucleic acid) am- most of which increased in abundance with highen,CO

plicon sequencing. This high-throughput sequencing analy-
sis produced- 20 000 000 16S rRNA V4 reads, which com-
prised 7000 OTUs. The main variables structuring these com-

munities were sample origins (fiord or mesocosms) and thel ~ Introduction

community size fraction (small or large size fraction). The

community was significantly different between the unen- The acidification of our oceans, caused predominantly by
closed fjord water and enclosed mesocosms (both control anélissolution of anthropogenic carbon dioxide (8@n sea-
elevated COQ treatments) after nutrients were added to theWater, has the potential to affect the physiology of marine

mesocosms, suggesting that the addition of nutrients is théicrobes. Therefore, because marine microbes play a ma-
jor role in global biogeochemical cycles, this increase may

Published by Copernicus Publications on behalf of the European Geosciences Union.
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have unforeseen consequences on ocean biogeochemist210. Throughout the experiment, diverse environmental pa-
(Falkowski et al., 2008; Worden and Not, 2008). Experi- rameters were measured to explore the effect of ocean acidi-
mental manipulation of the partial pressure of carbon diox-fication (OA) on multiple biological processes. Briefly, nine
ide (pCQy) in marine mesocosms has demonstrated speciesnesocosms containing about 48 wf seawater and reach-
specific physiological responses to elevated dissolved COing down to 15 m depth were deployed from D&jesund
concentrations. For example, delayed or decreased coccoand pCO, was manipulated by the addition of G@aturated
ithophore calcification (Delille et al., 2005), a significant in- seawater in seven mesocosms, resulting in init@&0, rang-
crease in photosynthetic capacity (Fu et al., 2008), higheing from~ 286 to~ 1420 patm. Two of the mesocosms were
COy and N\ fixation (Hutchins et al., 2007), and a decreasednot manipulated and served as controls with starp@,
abundance of picoeukaryotes (Newbold et al., 2012) haveof ~ 185 patm. Additionally, samples were taken directly
been observed. However, the response of bacterial commurom the fjord (initial pCO, ~ 145 patm) in which the meso-
nities to elevategpCO, concentrations is less defined, with cosms were suspended and from which the mesocosm wa-
mixed reports of both significant increases in bacterial pro-ter originated. These samples were used to monitor any nat-
tein production (Grossart et al., 2006), and no significantural changes irpCO, that may occur in the ambient wa-
changes in microbial community structure (Tanaka et al.ter during the course of the experiment and were also im-
2008; Allgaier et al., 2008; Newbold et al., 2012). For exam- portant for detecting deviations inCO, between the fjord
ple, during the 2008 PeECE Ill mesocosms study, elevatednd the untreated mesocosms with time. To promote phyto-
pCO, had no significant impact on bacterial abundance, di-plankton growth, all nine mesocosms were subjected to nu-
versity, or activity; however, the community structure of the trient additions (nitrate (Ng), phosphate (P&) and silicate
small size fraction bacteria was significantly altered by the(Si)) on day () 13, creating pre-nutrient {1 to 112) and
induced phytoplankton bloom (Allgaier et al., 2008; Arnosti post-nutrient (13 tor30) periods (Fig. 1). Detailed informa-
etal., 2011; Riebesell et al., 2008). tion about the experimental set-up, the mesocosms deploy-
While these existing studies have observed little impact ofment, the carbonate chemistry, and the nutrients additions
elevatedpCO, on microbial community structure, they were can be found in this issue in Riebesell et al. (2013), Czerny et
all performed with molecular techniques that offered limited al. (2013a, b), Bellerby et al. (2013), and Schulz et al. (2013),
taxonomic resolution (e.g. High-Performance Liquid Chro- respectively.
matography, Denaturing Gradient Gel Electrophoresis, Ter-
minal Restriction Fragment Length Polymorphism). To im- 2.2 Sampling, filtration and sample selection
prove that resolution, this study employed high-throughput
amplicon sequencing of 16S rRNA to characterize micro-A total of 10L of water was collected using integrated wa-
bial taxonomic community dynamics. High-throughput am- ter sampler (Hydrobios, Kiel, Germany) between 0 and 12m
plicon sequencing provides an efficient method to obtain avater depth, from the fjord (45 patm), and six meso-
deep molecular overview of microbial community structure, cosms (startingpCO, = 2x ~ 185, ~ 270, ~ 685, ~ 820,
without having to cultivate environmental isolates (Agégu ~ 1050 patm) on—1,11,¢5,17,112,114,¢18,122,126 and
et al., 2011; Gilbert et al., 2009; Hubert et al., 2007; Huse?28 (Fig. 1). Only six of the mesocosms were chosen for this
et al., 2008; Margulies et al., 2005; Sogin et al., 2006). Instudy due to time, personnel and equipment constraints. The
this study, the variation of microbial assemblages was charcollected water was first pre-filtered on a 20 um sieve, and
acterised through time, across a gradient6,, in alarge-  sequentially filtered through a 10 um, a 3 pm filter to iso-
scale in situ pelagic mesocosm experiment in the coastal Arclate associate-particle bacterial fraction (large size fraction)
tic Ocean. In addition to characterizing the detailed respons@nd through a 0.2 um filter to isolate the small size fraction
of the microbial community structure to elevate@0O,, the (Durapor@ 47 mm, Millipore). To avoid nucleic acid degra-
analysis of the 16S rRNA database provided insight on thedation, processing of the samples from filtration to flash-
effect of isolating the water column in a mesocosm, andfreezing (in liquid nitrogen) was performed within 30 min of
to investigate the community structure response to elevatethe sampling event. Samples were then storeeB@t°C until
pCOs. DNA/RNA extraction.

2.3 DNA extraction, PCR, and Sequencing

2 Methods . . :
Total nucleic acid was extracted from the 0.2 and 3 um filters

2.1 Location and carbonate system manipulation using the “Total RNA and DNA purification — NucleoSf§in
RNA 1l RNA/DNA buffer” kits from Macherey-Nagel
The European Project on Ocean Acidification (EPOCA) sup-(Macherey-Nagel GmbH & Co. KG, @ren, Germany).
ported a large mesocosm experiment in the Arctic which wasStandard protocol with minor modifications was followed.
conducted in the water of Kongsfjorden, Svalbard, NorwayChanges to the protocol included making the filters brit-
(78°56.2 N, 11°53.8 E) during the months of June and July tle by immersing the samples in liquid nitrogen while still
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quantified using a Qutﬁ fluorometer (Invitrogen by Life

4.0

35 ~+-152patm Technologie%M, CA, USA), and the molarity was estimated
g 0 D based on amplicon length. From this estimate, dilutions were
s 25 =270 yatm made down to 2 uM and the standard lllumina sample prepa-
‘3 20 | :ZZ:: ration for sequencing was followed. Pooled amplicons were
g 1s | l o sequenced using custom sequencing primers, Read 1, Read
w{ | - 2, and Index. These sequencing primers were designed to
0s s be complementary to the V4 amplification primers to avoid
00 sequencing of the primers. Amplicons were sequenced in

HiSeq2000, at a concentration of 4 pM with a 10 % PhiX
spike. An entire control lane devoted to PhiX is also useful
when sequencing low base diversity samples, like amplicons,
and was included in the present analysis.

R R WEL;: e T weE T a paired-end, 100bp 100bp cycle run on the lllumina

Phase 0 Phase 1 Phase 2 Phase 3

| I i i
CO: 1st bloom 2nd bloom 3rd bloom
Manipulation  (natural)

(1o ) 2.4 Sequence data analysis

Nutrient
addition

All sequence analyses were performed using Quantitative In-
Fig. 1. Chlorophylla (ug L~1) concentration measurements plotted Sights Into Microbial Ecology v. 1.5.0 (QIIME; Caporaso et
against days, where arrows mark time points analysed in the presel., 2010). QIIME defaults were used for quality filtering of
study. Figure derived from Schulz et al. (2013). raw lllumina data (including chimeras). Unique operational
taxonomic units (OTUs) were picked against the Greengenes
(McDonald et al., 2012) database and pre-clustered at 97 %
identity; sequences that did not hit the reference collection
ere discarded. Representative sequences were aligned to
e Greengenes core set with PyNAST (Caporaso et al.,
2010). All sequences that failed to align were discarded. A
. ) phylogenetic tree was built from the alignment, and taxon-
during the experiment. However, the RNA was kept for fur- omy was assigned to each sequence using the Ribosomal

thgr purposes. DNA quality and quantity were assessed b3I5atabase Project (RDP) classifier (Wang et al., 2007) re-
micro-volume spectrophotometer nanodrop ND-1000 (Pey e on Greengenes. Samples were rarefied to an even

gLab GmbH, Erlangen, Germany) measurements. All sam- th of 81 181 Iv the OTUs that
ples were kept at80°C until further analysis. depth of 81 181 sequences and only the OTUs that appeared

_ . _ at least twice in the dataset were included in the further anal-
Polymerase chain reaction (PCR) and sequencing wer

. . ) . ; 106 singleton OTU t included in thi lysis.
performed following the Illumina HiSeq2000 and MiSeq V4- ?ses singieton S Were notincludedin this analysis
16S rRNA protocol (Caporaso et al., 2012). Briefly, the V4
region of the 16S rRNA gene was amplified with region-

specific primers that included the lllumina paired-end flow- ., iyariate analysis of microbial community structure was
cell adapter sequences (lllumina Inc., CA, USA). The bar- ., ieq outin CANOCO 4.54 (ter Braak aBthilauer, 2002),
code was read using the custom index sequencing primefpere the count of each OTU (97 % similarity) was used as

?” an gdditional cycle (12 bp). Each sample was amplifieda measure of abundance. All analyses had samples as scal-
in triplicate, and was pooled afterwards. Each 25pL F)CRing focus, and all species data were Hellinger-transformed

reaction contained 12 uL of MoBio PCR Water (certified using the program PrCoord 1.0 (Legendre and Gallagher,

DNA-free), 10uL of 5 Prime HotMasterMix, 1L of FOr- 541 tor Braak andmilauer, 2002). Analysis of variance

ward Primer (5puM initial <_:oncentratio_n)_,_1pL Golay B_ar- (ANOVA) followed by a Tukey test was done to test for
code Tagged Reverse Primer (5UM initial concentration).gigniticant differences between treatments (i.e. control vs.

and 1L of template DNA. The reactions were heated tofjord,fjord VS. mesocosm, control vs. mesocosm) within each

94°C fqr 3 min for their initial denaturation, followed by 35 abundant phylum. Detrended correspondence analysis of the
cycles in series of 94C for 45, 50°C for 60s, and 72C 5 qformed OTU abundance data showed axis lenghs,

for 90s. The amplicons were quantified using Quantit - syggesting a linear treatment of the data (Ramette, 2007).
Picogreef? (Invitrogen by Life Technologies', CA, USA), Redundancy analysis (RDA), with manual forward selection
and pooled in equal amounts (ng) into a 1.5mL tube. Onceand Monte Carlo permutation tests (999 permutations), was
pooled, the entire amplicon pool was cleaned up with theused to evaluate effects of environmental variables (salinity,
MO-BIO UltraClea’® PCR Clean-Up Kit (MO-BIO Lab- temperature, pH, chlorophyd, etc.) on the microbial com-
oratories, Inc., CA, USA). Finally, the pooled samples were munity composition. An indirect gradient analysis (PCoA)

in the cryovials to facilitate disruption and homogenization.
The filters were crushed with RNase-free plastic pestles an
lysozyme was directly added to the broken filter pieces while
still in the cryovial. Both the RNA and DNA were isolated

2.5 Statistical analysis

www.biogeosciences.net/10/555/2013/ Biogeosciences, 10, 555-566, 2013
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was used to plot the distribution of samples in ordination strategy (i.e. physical fractionation into small and large par-
space, with important environmental variables (as indicatedicle sizes), Si concentration, R@oncentration, mean pri-
by forward selection) overlaid as supplementary data. Mi-mary production 14C-POC (PP), temperaturg, (@hd pH
crobial community composition differences were assessed byFig. S1 and Table 1). The microbial community in the small
UniFrac (Lozupone and Knight, 2005) distance using QIIME size fraction (0.2—3 pm) from the fjord and all the analysed
(Caporaso et al., 2010). mesocosms was dominated by Proteobacteria (in order of
In order to assess whether or not particular taxa were sigabundance: Gamma (y)- , Alpha («)- and Beta (B8)- pro-
nificantly influenced by CO,, a Bonferroni-corrected g-test teobacteria) throughout the experiment. However, Proteobac-
was done using QIIME to remove significance due to chanceteria began dropping in abundance gradually affecoinci-
All analyses were considered to have a significant differencadentally with the increase in the abundance of Bacteroidetes
if p < 0.05 after Bonferroni correction. (Fig. 2). In the large size fraction (3—12 um) Bacteroidetes
Contour plots presenting mean abundance count plottedlominated consistently, while a fourth group comprised of
againstpCO, and time (days) of the three most abundant the “Cyanobacteria and eukaryotic chloroplasts” (which in-
genus of the OTUs significantly correlated p&cO, were  cluded Chlorophyta, Haptophyceae, Rhodophyta and Stra-
created using Ocean data view (Bremen, Germany). menopiles) were also abundant (Fig. 2). The group classified
as “others” in the small size fraction was composed predom-
inately of Cyanobacteria at the beginning of the experiment,
3 Results and of Actinobacteria towards the end (Fig. S2). In the large
size fraction, the “others” group was extremely variable until
t7. For example, at—1 the fjord “others” group was domi-
nated by the Verrucomicrobia while the mesocosms “others”
" groups was dominated by Actinobacteria; #5/Firmicutes
dominated in most mesocosms, while being almost absent
from the fjord. At¢7, the Actinobacteria was the dominant

Phytoplanktonic bloom evolution was identified using the @@ in the “others” group in all treatments for the remainder
daily measured chlorophydi (chl a) concentration (pg tl) _of the experiment. At the endZ8), some Verrucomicrobia
(Fig. 1). The chla protocol and patterns are presented in increased in the controt; 270, and~ 685 patm mesocosms
Schulz et al. (2013). Briefly, all treatments (fjord included) (FI9: S2)- . . .
underwent a natural bloom betweghandr11, with highest ~ Once the community was analysed with regard to filter
chla concentrations or6. Subsequently, a second and third Size fraction (small vs. large size fraction), the structuring
strong phytoplankton bloom happened only in the meso-Community variables varied. The fjord had a significantly
cosms following nutrient addition ari3. The second bloom  different assemblage from the mesocosms in the small and
had its highest chi concentration om19 and the third one, 1ar9€ size fraction before (origin 3%-4%) and after (ori-
which varied greatly between mesocosms, reached its highdin 48 %-12 %) mesocosm nutrient addition (Table 2); how-
est concentration or27. These 3 blooms were represented as€Veh the' fiord and mesocosm communities were not s!gmf-
four general phases in phytoplankton chlorophyll phases deic@ntly different until after5. The microbial community in
fined by Schulz et al. (2013): phase 0 occurred from the starf"€ fiord small size fraction was not significantly different
of the experiment on—4 until adjustment of C@was com- f_rom the mesocosms communities in the pre-nutrient a(_jdl-
pleted ons4; phase 1 started with the end of g@ddition  tion phase and only the-proteobacterial abundance was sig-
on ¢4 until the nutrient additions onl3; phase 2 included Nificantly different (p <0.05) between fjord and mesocosm
the end of the first bloom onl3 to the end of the second [N the post-nutrient addition phase. The fjord large size frac-
bloom onr22; and phase 3 started from the end of the secondi®n Microbial community was significantly different from
bloom ons22 and lasted until the end of the experiment, on "€ mesocosms during both the pre- and post-nutrient ad-
30 (the chlz minimum of the third bloom was not recorded) dition phases. In particular, the “Cyanobacteria and eukary-
(Fig. 1). Detailed fluctuations of chi, nutrient concentra-  Otic chloroplasts” group was significantly different between

tions, pH andpCO; are presented in this issue in Schulz et fiord and mesocosms pre- and post-nutrient addition; while

The 256 sequenced samples generated@0 000000
16S rRNA V4 reads (2510000 sequences per treatment);
which clustered at 97 % sequence identity into 6821 OTUs

3.1 Experimental timeline

al. (2013) and Bellerby et al. (2013). the Bacteroidetesy-proteobacteria and “others” were only
significantly different post-nutrient addition (Fig. 3 and Ta-
3.2 Community-structuring variables ble 3). Furthermore, the significant variables that correlated

with community structure changes in the small size frac-
The significant structuring variables for the total community tion were dimethyl sulphide (DMS-16 %), bacterial produc-
during the post-nutrient addition periodl3—:30) of the ex-  tion (bp-15 %), density (d-12 %) for the pre-nutrient period
periment were (in order of explanatory importance) “fjord vs. (r—4 tor12), and origin (48 %)pCOs, (10 %), day (10 %) for
mesocosm origin” (i.e. whether the sample was from waterthe post-nutrient period 18—/30; Table 2). For the large size
contained in a mesocosm or from the open fjord), samplingfraction, these variables were oxygenp(©%), DMS (7 %),

Biogeosciences, 10, 555-566, 2013 www.hiogeosciences.net/10/555/2013/
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= Table 1. Redundancy analysis showing the significant structur-
a) | = G n . . . : .
S s o ing variables for the whole bacterial community during the post-
E 1 nutrient addition period 3—30). Significant values arg < 0.05.
2 = - | = :
mE LA L Variables % p F
= = Origin 25 0.001 24.84
iss o Fraction 14 0.001 17.77
= 20 40 60 80 10‘0 mo 20 40 60 80 100 1520 20 40 60 80 10; Si 8 0.001 11.32
ot . il POy 2 001 283
o = Primary producton 2 0.026  2.31
Temperature 2 0042 226
= 20 40 60 80 1(‘)0 Hé 0 20 40 60 80 100 ‘520 20 40 60 80 10‘0 pH 1 0029 236
b) L 5 4
Rj ‘; i: Table 2. Results from RDA forward selection (with Monte Carlo
i i i permutation tests) showing only the significant (-85) struc-
"2' 200 40 60, 180, 100 ";0 2040 foor moramt G A0 S turing variables for the small (0.2-3 um) and the large (3—12 pm)
1050 1050 1050 size fraction during the pre-nutrient period frarh to 12 (a and
& o s ¢, respectively) and post-nutrient period frof8 to30 (b and d,
itz it it respectively).
Variable % » F
E‘ iss u Smallsize fraction
S m m e mim o m om0 @ 0w (@) Dimethyl Sulphide 16 0001 9.79
percentage of total OTUs (%) Bacterial production 15 0.001 10.73
B g-proteobacteria M -proteobacteria DenSity 12 0.001 9.65
i e NO 5 0001 454
H Cyanob + Euk.chloro = Others Day 2 0.024 2.14
Origin 3 0.014 2.53
Fig. 2. Microbial community overview of the most abundant phyla —
in (a) the small (0.2—3 um) ang) the large (3-12 um) size fraction (b) ~ Origin 48 0.001 3575
duringr—1,15,17,112,t14,t18,122,126 andr28; x-axis represents pCO2 10 0.001 8.77
percentage of total OTUs and y-axis represgr@©» in patm Day 10 0.001 1143
CO, 4 0.001 4
Mesocosm 2 0.002 3.27
. . . . Turbidity 3 0.001 3.91
nitrate (NQ-5 %) and origin (4 %) for the pre-nutrient period Primary production 14C 1 0.007 23
(t—4 tot12), and Si (27 %) and origin (12 %) for the post- NH 2 0019 2.06
nutrient addition period 3—:30; Table 2). Therefore, the Density 1 0032 1.99
differences in the microbial community structure between Temperature 1 0044 172
the fjord and mesocosms were primarily due to the addition POy 1 0033 1.92
qf nutrients to the mesocosms, and notvl@_oz _manipula_— Large size fraction
tion, as the control mesocosms were not significantly differ-
ent from the elevated Cmesocosms post-nutrient addition. © O 7 0002 381
Dimethyl sulphide 7 0.005 3.81
3.3 pCO, effect on microbial community (N)gim ‘51 8:812 ;gg
Although thepCO, treatment was not identified as a major (d Si 27 0.001 13.36
community structuring variable, the relative abundances of Origin 12 0.001 711
15 rare taxa (% abundance across time and treatment was POy 4 0039 224

<0.22%; Table 4) were significantly correlatedt€O; lev-

els. From these 15 rare taxa in both small and the large
size fractions, 12 showed a significant but slight increasecosm,or before manipulation started (Fig. 4, Figs. S3 and
with pCOy, having their maximum abundances in either the S4). The three most abundant of these 15 taxa were Methy-
medium (~685 and~ 820 patm) or the high~ 1050 patm) lotenera (Bproteobacteria), Colwellia (jproteobacteria)
pCO; mesocosms. The remaining three decreased, with theiand Fluviicola (Bacteroidetes). Methylotenera and Colwellia
highest abundances in the lowest185 patm)pCO, meso-  abundances were at their highest in, respectivelytl686
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Fig. 3. Mean abundance (+SE) of the main phyla of the bacterial community for the fjotd %atm), the control (2 ~ 185 patm) and the
manipulated mesocosms @¥0,~ 685,~ 820,~ 1050 patm) of the smafk) and larggb) size fraction pre- (left) and post- (right) nutrient
addition. Phyla with significantly different p values (<0.05) as a function of samples origin are marked With an

and~ 824 patm mesocosms toward the end of the experimentated with seven variables, the most influential of which was
(22). Fluviicola was present from the beginning of the ex- sample origin (fjord or mesocosm). The overall community
periment, but decreased precipitously afteroGas added  structure was not significantly different between mesocosms
and then recovered in abundance affiél, reaching its high-  (including control versus elevatgdCO,) over the course of
est abundance in the 1050 patm mesocosm betwkeand  the experiment. The significant effect of the mesocosm en-
t22 (Fig. 4). closures on microbial community structure could be due to
the mesocosms themselves (isolating a microbial community
_ _ from the surrounding fjord community) or since the effect
4 Discussion was not significant before nutrient addition, more likely due
to the addition of nutrients into the mesocosmsl&.
The sampling strategy separating the community into size

. . fractions was the second most important variable in explain-
In this study, a large-scale mesocosm experiment was used

to investigate the impacts of OA on the microbial com- ing differences in community structure. Before nutrient ad-

. X : . : ._dition, the communities in the small size fraction were not
munity structure in a coastal, high latitude marine pelagic "." " . ) X

. . : significantly different between the fjord (ambient), control

ecosystem. The experimental design provided the opportu=

nity to test for the effects of four differeqrtCO, concentra- ;nf?(;otiloes;jsdi t?;: (;[fh ﬁu?rl;\ﬁtﬁ ?%tgnisa?:igzg?sébﬂr?\g:r\:sgs
tions (~270,~ 685, ~ 820, ~ 1050 patm) against two neg- %P

ative controls (~185 patm) over a six-week period. In addi- were significantly different between fjord and mesocosms,

. - . .and probably reflected the utilization of metabolites released
tion, mesocosm-specific experimental artefacts were monis

tored by sampling the fjord microbial community through- by decaying phytoplankton in the post-bloom system. In par-

. . : .. ticular, the overall abundance of Bacteroidetes in the small
out the course of the experiment. The microbial community . X ; . .
. o C and large size fractions increased in post-blooms conditions,
structure post-nutrient-additionl(3) was significantly corre-

4.1 Mesocosms and structuring effects
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Table 3. Analysis of variance (ANOVA) showing the relationship in between each treatment pre- and post-bloom condition for (a) small and
(b) large size fraction bacteria of phyla with significant differences. Significant valugs-ar@05.

Time Phylum Treatment p

(@) Post-nutrient addition ~Gamma-proteobacteria fjord-control 0.001
mesocosm-control  0.140

mesocosm-fjord 0.038

Pre-nutrient addition ~ “Cyanobacteria + euk.chloro”  fjord-control 0.317
mesocosm-control  0.289

mesocosm-fjord 0.020

(b) Post-nutrient addition  Bacteroidetes fjord-control 0.001
mesocosm-control  0.864

mesocosm-fjord 0.002

Alpha-proteobacteria fiord-control 0.002

mesocosm-control  0.787

mesocosm-fjord 0.006

“Cyanobacteria + euk.chloro”  fjord-control 0.000

mesocosm-control  0.839

mesocosm-fjord 0.001

“Others” fjord-control 0.000

mesocosm-control  0.320
mesocosm-fjord 0.001

Table 4.Bonferroni-corrected g-test of significance (p0<05) listing 15 taxa significantly correlated with @Jor both small and large size
fraction; bold highlights mark the taxa presented in Fig. 4. Greengenes OTU identifiers refer to prokMSA ids in the Greengenes database.

Greengenes % total
OTU Taxa Abundance sequences Response to elevaoh p
Identifier (20863517)

114612 Methylotenera (genus) 2907 0.014 Highest in middipCO» 0.000
144699 Oceanospirillaceae (family) 1182 0.006 Increased withCO» 0.000
105727 Methylotenera (genus) 45915 0.220 Highest in middlgyCO- 0.000
151803 Flavobacteriaceae (family) 1841 0.009 Increased withCO» 0.000
522744  Leucothrix (genus) 130 0.001 Decreased wihCO» 0.000
419525 Sphingobacteriales (order) 171 0.001 Increased withCO, 0.000

94238 Oxalobacteraceae (family) 322 0.002 Highest in middlpCO, 0.000
402252  Fluviicola (genus) 20950 0.100 Increased withpCO» 0.001
592739 Oleibacter (genus) 2976 0.014 Highest in middleCO,/Increased 0.001
262549 HTCC-1288 (genus) 25 0.001 Mixed, highest in high-middjeCO, 0.001
140859 FlavobacteriumSuccinicans (Species) 344 0.0001 Decrease witGiO» 0.004
235556 Colwellia (genus) 32153 0.154 Highest in high-middlepgCO» 0.008
591187 Flavobacteria (class) 231 0.001 Decrease withCO» 0.010
243032 Thioclava (genus) 59 0.0003 Mixed, highest in highCO, 0.011
554148 SC3-41 (family) 571 0.003 Minimum increase 0.027

possibly also as a result of the dissolved organic carbonet al. (2012), no significant difference in the Bacteroidetes
(DOC) released by a decaying algal bloom and aggregatiombundance (in either fraction) was found between the con-
of dying phytoplankton, respectively. Theproteobacteria trol and elevatedpCO, mesocosms, suggesting that ele-
and Bacteroidetes generally include many phytodetritusvated pCO, did not impact the relative abundance of Bac-
assimilating organisms (Teske et al., 2011; Abell and Bow-teroidetes. However, their abundance in the fjord was sig-
man, 2005; Pinhassi et al., 2004) and this would explainnificantly lower than in the mesocosms, suggesting that the
their increase in abundance during the demise of the bloomnutrient addition or influence of the mesocosm enclosure did
Despite the observation that Bacteroidetes showed bloomhave an impact.

related dynamics, and contradictory to the findings of Zhang
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Mean counts
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Fig. 4. Contour plots presenting the continuous interpolated mean abundance count of the three most abundant taxa that are significantly
affected bypCO, levels(a) Methylotenerab) Colwellia and(c) Fluviicola plotted againspCO, (uatm, y-axis) and time (daysg-axis).
Left and right panel represent, respectively, the small (0.2—-3 um) and large (3—12 um) size fraction.

The large size fraction in the mesocosms also showed diffeached its maximum ar7. The “post-nutrient addition” dif-
ferences in the relative abundance of dominant phyla fol-ferences were significant between the fjord and mesocosms
lowing nutrient addition (13). It has previously been es- for almost every abundant phyla throughout the different
tablished that particle-associated assemblages were predomhytoplankton phases; suggesting that nutrient addition in-
inantly connected to phytoplankton development (Riemannfluenced autotrophic and heterotrophic microbial community
et al., 2000; Allgaier et al., 2008). Furthermore, differencesstructure. However, no significant differences were found be-
in the “Cyanobacteria and eukaryotic chloroplasts” grouptween the control and the elevated mesocosms, which sug-
were measurable before nutrient addition. However these difgests that highhCO; level was not an important community-
ferences appear to be related to the natural phytoplanktostructuring variable for the large size fraction in this experi-
bloom (which occurred in the fjord and mesocosms) thatment. Silica was the third most important structuring variable
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and is potentially related to diatom abundance (de Kluijver pCO, was found to be non-significant, except for 15 rare
et al., 2010). The recycling of Si from decaying diatoms, af- taxa, which did show a response to elevated, CThere-
ter a phytoplankton bloom, is carried out by a diverse fastfore, the level of taxonomic resolution afforded by this study
growing bacteria related to cytophagales (from Flavobacte-suggests that, in this ecosystem, rare organisms may be dis-
ria; Riemann et al., 2000). Indeed, an increase in the abunproportionately affected by acidification. The most abundant
dance of Bacteroidetes, which contains the Flavobacteriapf these 15 rare taxa was Methylotenera (genus) and had its
was observed in the post-nutrient addition phase. highest mean abundance in the medip@0O, mesocosms
However, no single environmental variable could account(~ 685 patm). Species from this genus are generally aero-
for the microbial community composition of the large and bic, ubiquitous bacteria found in a wide range of, ®alin-
small size fractions for all of the phases of the mesocosnmity, temperature and pH. Methylotenera can colonize multi-
experiment (Fig. 1). Rather a shift was observed betweerple pH range (5 to 8.5) but grows optimally at pH 7.5 (Ka-
pre- and post-nutrient addition with DMS concentration aslyuzhnaya et al., 2006; Bosch et al., 2009), suggesting that
the most influential variable for the small size fraction un- pH may strongly influence for distribution of this taxa. In-
der pre-nutrient addition, while origin (Fjord vs. mesocosm) deed, the pH close to this value fraf until the end of the
was most influential under post-nutrient addition conditions.experiment in the mesocosms witlp&0, over~ 685 patm.
Oxygen and Si were the most significant structuring vari- The highest abundance was found fro22 until 128 where
ables for the large size fraction for the pre- and post-nutrienthe pH was 7.9 and 7.94. A lower pH was found (pHT 7.57—
addition, respectively. Variables associated with phytoplank-7.80) in the~ 1050 patm mesocosm but this was not ac-
ton bloom dynamics were most important for structuring thecompanied by an increase in Methylonera abundance, po-
community, especially when looking at the taxonomic shifts tentially because thegCO, concentration itself was toxic
between fjord, control mesocosms and elevat€, meso-  to this species at this stage or this could represent meso-
cosms. The differences were greater affe because of the cosm variability, suggesting a need for improved replica-
two subsequent phytoplankton blooms that were triggered byion. Functionally, the species included in this genus have
the nutrient addition. The differences were most evident inbeen described as bacteria that require organic compounds
the large size fraction, probably due to the association of thecontaining no carbon—carbon bonds; (Eompounds) like
bacterial community with phytoplankton aggregates. There-methylamine and/or methanol as energy sources (Lidstrom,
fore, it is possible to state that nutrients, and the phytoplank2006; Kalyuzhnaya et al., 2006, 2010). These organic com-
ton blooms, were the main drivers of microbial community pounds play an important role in the global carbon cycle be-
structure in this experiment, which is in agreement with pre-cause they are greenhouse gases whose emissions are on a
vious (Allgaier et al., 2008; de Kluijver et al., 2010) and scale similar to methane (Chistoserdova et al., 2009). Fur-

present studies (Sperling et al., 2013). ther investigation of the behaviour of these-€ompound-
degraders in response to elevated,@e, therefore, impor-
4.2 ElevatedpCO-, effect tant for understanding biotic influences on climate dynamics.

The second most abundant group of thepIE0,-correlated

The effect of elevate@CO, on microbial community struc- rare taxa was Colwellia, which is a versatile group with broad
ture has also been investigated in previous (Newbold et al.temperature range tolerance. For example, the psychrophilic
2012) or present mesocosms (Zhang et al., 2012), where nArctic marine strainColwellia psychrerythraegrows at a
evidence of a majopCO, effect on the general bacterial range of temperature from1 to 10°C (optimal growth
community was found. However, other work suggests that8°C), Colwellia chuckchiensiat a range from 0 to 30C and
only the community structure of the small size fraction bac- Colwellia asteriadisspp. at a range from 4 to 2&. These
teria is significantly affected by elevatedCO, (Allgaier et organisms are also capable of colonising a wide range of pH
al., 2008). The extensive database of 16S rRNA sequencéom 4 to 10 (Yu et al., 2011; Choi et al., 2010; Métht
obtained in this study provided the high resolution necessanal., 2005).C. psychrerythred considered a model organism
to study subtle but significant changes in community struc-for psychrophiles and shows multiple molecular adaptations
ture hinted at in prior studies. In agreement with Allgaier et to the cold, like enzymes for cryoprotection, for dissolving
al. (2008), the effect of elevatedC O, in this experimentwas  high-molecular-weight organic compounds (ex. carbon), for
slight and only impacted the small size fraction bacteria afterstability in extreme environments (extracellular polymeric
nutrient addition, which corresponded to post-nutrient addi-substances) and for cold-active processes (Eletfal., 2005;
tion and post-bloom conditions (aftek3) in this study. This  Huston et al., 2004). These features make Colwellia spp. key
increased post-bloom C&ffect was previously observed in participants in carbon and nutrient cycling in the cold ma-
other mesocosms experiments (Arnosti et al., 2011; de Klui+ine environments. Since some methanogenic enzymes were
jver et al., 2010), confirming a possible increased@fect previously found in Colwellia spp. (Me#, et al., 2005) one
under nutrient (N, P, Si) limitation. can speculate that these compounds were found in greater

While pH was shown to be a weak driver of microbial abundance toward the end of the experiment. This would also
community structure in our experiment, the direct impact of support the presence of the Methylotenera, which increased
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Abstract

The rise of atmospheric CO; results in a decrease in surface ocean pH, which has a more
pronounced effect in polar regions. Next-generation metagenomic and metatranscriptomic
sequencing was used to evaluate the effects of such anticipated pH changes on the Arctic
microbial community structure and function as part of the 2010 EPOCA Svalbard mesocosm
study. Samples were collected at 5 time points, covering all major phytoplanktonic events in two
mesocosms under different pCO; treatments (=185 and ~1050 patm). A total of ~14,000,000
DNA and =18,000,000 RNA (cDNA) sequences were analyzed, which were eventually classified
into 10,866 and 11,595 OTUs (metagenome and metatranscriptome, respectively) and 41,414 and
25,125 distinct metabolic functions (metagenome and metatranscriptome, respectively).
Phylogenetic analysis revealed that the overall microbial community structure varied
significantly with time, but was not influenced by pCO, treatments. Only a small number of
species and functional genes were significantly affected. A detailed analysis was performed on
two functions significantly impacted by pCO, (DMSP breakdown and acid resistance) and
another function essential for photosynthesis (RuBisCQO). Transcript abundances for DMSP
breakdown and acid resistance enzymes increased with time and large differences in the
abundances of these same transcripts between pCO, treatments became apparent at the later time
points. Acid resistance had the highest abundance on d26 while RuBisCO had varying transcript
abundances with the highest abundances on d16. Our results demonstrate that the effects of OA
on Arctic microbial community structure and metabolisms are restricted to low-abundance

species and specialised functional genes.
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Introduction

Since the beginning of the industrial era, humans have used vast amounts of fossil resources,
resulting in significant carbon dioxide (CO,) release into the atmosphere. Oceans, rivers and
lakes absorbed about 30-40% of anthropogenic CO,, but recently, the oceans have not been able
to compensate, creating an imbalance between the atmosphere and the ocean (Sabine et al., 2004;
Orr et al., 2005; Feely et al., 2009; Krause et al., 2012). The absorbed atmospheric CO, reacts

with water molecules creating bicarbonate (HCO;) and hydrogen (H") ions. This process is
predicted to drive down the ocean surface pH by 0.3-0.4 units before the end of the century; thus
acidifying the ocean (Zeebe and Wolf-Gladrow, 2001; Orr et al., 2005; Newbold et al., 2012).
Ocean acidification (OA) has the potential to influence the physiology of marine microbes
(bacteria and phytoplankton), which would in turn impact ocean biogeochemistry (Falkowski et
al., 2008; Worden and Not, 2008).

Until recently, researchers have focused their interests in characterizing the effect of OA on
calcifying organisms and microbes in laboratory experiments (Shi et al., 2010; Hopkinson et al.,
2011; Lohbeck et al., 2012; Hopkinson et al., 2013). For example, Fu and colleagues (Fu et al.,
2008) found a significant increase in photosynthetic capacity of cyanobacterium Crocosphaera
with increasing levels of CO, and Hutchins et al. (2007) discovered a positive correlation
between pressure of carbon dioxide (pCO;) and N fixation rates in Trichodesmium species. More
recently, several mesocosm experiments have studied the effect of CO, enrichment on whole
plankton communities giving a better representation of natural conditions. The partial pCO, can
be manipulated in these large mesocosm enclosures, placed in natural environments and seeded
with natural communities. Such experiments allow researchers to evaluate how organisms react
to OA in a natural setting. Some mesocosms studies have demonstrated species-specific
physiological responses to elevated dissolved CO; concentrations. For example, Delille (Delille et
al.,, 2005) found a delayed or decreased -calcification of the calcareous plates of
Coccolithophyceae and Newbold (Newbold et al., 2012) found a decreased abundance of
picoeukaryotes at high dissolved CO,. Despite this prior work, the response of bacterial
communities to elevated pCO, concentrations is poorly characterized. The initial studies

investigating the effects of OA were published less than 10 years ago, and showed significant
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increases in bacterial protein production (Grossart et al., 2006) but no significant changes in
microbial community structure (Allgaier et al., 2008; Tanaka et al., 2008; Newbold et al., 2012).
One example of a major mesocosm experiment is the 2008 PeECE study, which showed no
significant impact of elevated pCO, on bacterial abundance, diversity, or activity but found that
the small-sized bacteria community structure was significantly altered by nutrient additions and
the subsequent phytoplankton blooms (Allgaier et al., 2008; Riebesell et al., 2008; Arnosti et al.,
2011). To deepen and clarify our knowledge on OA, the European Project on Ocean
Acidification (EPOCA) designed and carried out a large mesocosms study off the coast of
Svalbard, in an Arctic fjord. This region was chosen because Arctic ecosystems are particularly
vulnerable to OA due to the relatively high CO, solubility and low carbonate saturation states of
cold surface waters (Hoegh-Guldberg and Bruno, 2010). The campaign concluded that bacterial
protein production in the post induced (after nutrient addition) bloom phases was enhanced by
increased pCO, (Sperling et al., 2013), as well as primary production, and suggested that efficient
heterotrophic carbon utilisation had the potential to counteract enhanced autotrophic CO, fixation
(Piontek et al., 2013). It further established that elevated pCO, transiently influenced net
community production and the stoichiometry of carbon and nutrient coupling of the plankton
community in this high-latitude fjord (Tanaka et al., 2013). Brussaard et al., (2013) found that
OA distinctly affected the composition and growth (shift to smaller organisms and reduced
growth) of the Arctic picoeukaryotic photoautotroph and nanophytoplankton communities.
Finally, the experiment showed that pCO, augmented dissolved organic carbon production,
stimulating heterotrophic microorganisms, which as a consequence increased gross primary
production and reduced net community production (Engel et al., 2013). While extensive, these
results cannot resolve many important functional questions about the effects of OA on pelagic
microbes. Therefore, the present study employs metagenomic and metatranscriptomic sequencing
to investigate the detailed structural and functional differences between microbial communities

experiencing different levels of pCO,.

Since the advent of next-geneneration sequencing techniques, multiple studies have been carried
out ranging from single-cell cultures (Pommier et al., 2007; Jeffries et al., 2011; Yilmaz et al.,
2011; Thomas et al., 2012) to diverse natural environments, such as deep sea vent systems (Xie et
al., 2011; Xie et al., 2013) or terrestrial soils (Urich et al., 2008; Keshri et al., 2013) and

demonstrated the power of this approach to characterize both the bacteria community structures
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and their function. Arctic microbial community composition attracted much interest because of
its vulnerability to climate changes and the possible loss of microbial biodiversity. Several
studies identified variation between winter and summer communities as well as species and
phylotypes found in this environment (Galand et al., 2009; Lovejoy et al., 2006; Lovejoy et al.,
2011). Two recent studies started to characterize the whole community structure using similar
sequencing (16S rRNA sequencing and tag pyrosequencing) as our first community analysis of
Svalbard. The researchers established that the Arctic surface water was dominated by a-
proteobacteria, y-proteobacteria, Flavobacteria and a few other taxa with each relative abundance
varying in regards to sampling location (Teske et al., 2011; Kirchman et al., 2010). The first
bacterial community analysis of the Svalbard mesocosms used 16S rRNA amplicon sequencing
and showed the same general community structure with sample origin (fjord or mesocosms) and
nutrient addition as the most influential factors for bacterial community composition. While
overall bacterial community structure was not significantly impacted by pCO,, there were 15 rare
taxa that varied significantly in abundance at elevated pCO, levels (Roy et al., 2013).

High-throughput 16S amplicon sequencing methods can accurately characterize microbial
community structure, but the degree of functional information that can be gleaned from these
studies is limited (Margulies et al., 2005; Sogin et al., 2006; Huber et al., 2007; Huse et al., 2008;
Gilbert et al., 2009; Agogue et al., 2011). Thus, our initial study was complemented by shotgun
metagenomic and metatranscriptomic sequencing in order to investigate the differences in
functional potential and gene expression profiles that exist between communities under varying
CO; levels. In this study, the variation of microbial assemblages and how the expression of their
genes is influenced by pCO, was observed. Samples from one un-manipulated control mesocosm
(in situ =185 patm) and one manipulated mesocosm (<1050 patm) were characterized through
time using the Illumina MiSeq platform. These analyses characterized the detailed response of

the microbial community structure and functions to elevated pCO..
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Materials and methods

Study area and carbonate system manipulation

A large mesocosms experiment was conducted in summer 2010 in the water of Kongsfjorden,
Ny-Alesund settlement, Svalbard, Norway (78°56.2' N; 11°53.6' E) under EPOCA. The CO,
pressure was manipulated by addition of CO,-saturated seawater in seven mesocosms (initial
pCO; from ~286 to ~1420 patm) and was not manipulated in two mesocosms, which served as
controls (initial pCO, ~185 patm); these mesocosms contained about 45 m*® of seawater and
reached down to 15 m depth. The fjord in which the mesocosms were suspended (initial pCO,
~145 patm) was also sampled to account for the ambient characteristics of the environment.
Nutrient (nitrate via NaNOs, phosphate via NaHPO, and silicate via Na,SiO3) were added on day
(d) 13 to all nine mesocosms in order to promote phytoplankton growth, thus creating two
periods: pre- (d-1 to d12) and post- (d13 to d30) nutrient addition. To explore the effect of OA on
multiple biological processes, diverse environmental parameters were measured in all ten
treatments. Detailed information about the mesocosms experimental set-up, deployment,
carbonate chemistry and nutrient additions are presented in the “Arctic ocean acidification:
pelagic ecosystem and biogeochemical responses during a mesocosms study” special
Biogeosciences issue (Czerny et al., 2013a; Czerny et al., 2013b; Riebesell et al., 2013; Schulz et
al., 2013; Silyakova et al., 2013).

Sampling, filtration and sample selection

Water was collected between 0 and 12 m water depth in each mesocosm and in the Fjord (=10 L)
using an integrated water sampler (Hydrobios, Kiel, Germany). The collected water was first pre-
filtered on a 20 um sieve, and sequentially filtered through a 12 pum, a 3 pum filters to isolate the
particle-associated microbial fraction (large size fraction) and through a 0.2 um filter to isolate
the soluble microbial fraction (Durapore® 47 mm, Millipore). To avoid nucleic acid degradation,
processing of the samples from filtration to flash-freezing in liquid nitrogen was performed
within 30 min of the sampling event. The filtered samples were stored thereafter at -80°C, until
DNA/RNA extraction. From all collected samples, the ones from two mesocosms (mesocosms 3
for control =185 and mesocosms 5 for manipulated ~1050 patm) on d3, d7, d16, d20 and d26

were used for this meta-omics (metagenome and metatranscriptome) study. These samples were
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selected based on chlorophyll a (Roy et al., 2013; Schulz et al., 2013) to assure that every stage

of the mesocosms’ phytoplankton blooms were analysed.

DNA/RNA extraction and cDNA synthesis

Total nucleic acids was extracted from the 3-12 pum filters using the ‘Total RNA and DNA
purification - NucleoSpin® RNA II RNA/DNA buffer’ kits from Macherey-Nagel (Macherey-
Nagel GmbH & Co. KG, Diren, Germany). A standard protocol with minor modifications was
followed. Changes to the protocol included the cryo-vials containing filters being disrupted with
RNase-free plastic pestles after immersion in liquid nitrogen and addition of lysozyme (damages
bacterial cell walls) to facilitate homogenization of the samples and lysis of the cells. Both RNA
and DNA were isolated during the experiment; DNA was directly used for whole genome
shotgun sequencing on the lllumina MiSeq platform, while RNA was transcribed into cDNA
using the Invitrogen superscript Il cDNA synthesis kit with random hexameric primers
(Qiagen®, Hilden, Germany). The RNA preparation was done following the detailed protocol
from Schunck et al. (2013) and only shortly describe here. The synthesis was performed after
first removing contaminating remainder of genomic DNA with the Turbo DNA-free™ kit from
Ambion® (Invitrogen by Life Technologies™, CA, USA) and removing prokaryotic rRNAs with
the mMRNA-only™ Prokaryotic mRNA Isolation Kit (Epicentre®, WI, USA). Further depletion of
bacterial rRNA was done using the Ambion® MicrobExpress™ kit (Invitrogen by Life
Technologies™, CA, USA) and finally, the cleaned rRNA-depleted mMRNA was amplified using
Ambion® MessageAmp™ II aRNA amplification Kit (Invitrogen by Life Technologies™, CA,
USA). DNA and RNA were quantified by micro-volume spectrophotometer nanodrop ND-1000
(PegLab GmbH, Erlangen, Germany) measurements and quality-checked with the “Experion' ™
analysis kits (DNA and RNA) from Bio-Rad Laboratories (Hercules, CA, USA). Finally, all
leftover reactants and reagents were removed using the PCR Mini Elute Kit (Qiagen®, Hilden,

Germany) and samples were kept at -80 °C until further analysis.

Library generation and Sequencing technology

Libraries were prepared for the metagenomes from eight genomic DNA samples and for the
metatranscriptomes from nine synthesized cDNA samples by following the manufacturer’s
protocol (Illumina Inc., CA, USA), using the Illumina TruSeq DNA Sample Preparation Kits.

These libraries were then gel-extracted to obtain a uniform size distribution before sequencing.
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All metagenome and metatranscriptome samples were sequenced on the Illumina MiSeq Platform

(Mumina Inc., CA, USA) with six samples per 2 x 150bp MiSeq run.

Binning and storage of data

Sequences processing was carried out on the MG-RAST3,5 (Meyer et al., 2008) server, using
their standard annotation workflow. In this study, M5NR annotations (MG-RAST’s non-
redundant protein database) were used.

Statistical analysis

Metagenome and metatranscriptome data were normalized to their respective sequence numbers;
further statistical analysed and figures were conducted with the R software package (www.r-
project.org; R Development Core Team, 2011) and the pathway mapping and visualization tool
FROMP was used for visualization (Desai et al., 2013).

Preliminary association of bacterial taxa to metabolic functions

A preliminary association of bacterial taxa with metabolic functions was done by MG-RAST3,5
manual download of sequences of interests (acid resistance, DMSP breakdown, RuBisCO) using
the workbench option. The obtained sequences were subjected to a BLASTX search with the
NCBI non-redundant (NR) database. The top-hits (evalue < 1e™) were parsed for the bacterial
taxon and the complete taxonomic lineage for each hit was extracted from the NCBI Taxonomy
database. The taxa associated with selected functions were then sorted according to the sample
affiliations and the proportional count (%) for each taxon in each sample for the given function

was represented as pie-charts using the R software package.

Results

The 17 sequenced samples resulted in a total of =~14,000,000 metagenomic and =18,000,000
metatranscriptomic reads (total of 32,232,802) consisting of on average ~2,000,000 sequences

per sample (from 1,170,721 to 2,435,034); these sequences clustered into 10,866 and 11,595
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genera and 41,413 and 25,125 metabolic functions for the metagenome and metatranscriptome,
respectively. The two d7 metagenomes (=185 and =~1050 patm) and the ~185 patm d20
metatranscriptome failed to sequence properly, which was probably due to the lower amount of

nucleic acid in these samples.

Experimental timeline

Chlorophyll a (chl a) concentration (ug/L) was measured daily and was used to plot the
phytoplankton bloom evolution described in Schulz et al. (2013). To summarize briefly, three
blooms were observed throughout the experiment. The first bloom, produced by natural causes,
happened from dO to d11 reaching the highest chl a concentration on d6 in all treatments. The
other two blooms were observed after nutrient addition on d13 with the second bloom’s highest
concentration on d19. The third bloom varied greatly between treatments but crested at d27,
Information about nutrient concentrations, pH, pCO, and more detailed chl a patterns are
presented in Schulz et al. (2013) and Silyakova et al. (2013).
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Figure 1 Overview of normalized relative abundance of taxa in the combined I) metagenomes

and I1) metatranscriptomes showing the a) kingdoms, b) bacterial phyla and c) eukaryotic phyla

composition.
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grown under two different CO, pressures.
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Community structure and function overview

The microbial community composition at kingdom, phylum, and class levels (Figure 1) for
both DNA (metagenome) and cDNA (metatranscriptome) datasets shows differences across
pCO; treatments. The majority of sequences in both libraries were annotated as bacteria - 54%
(metagenome) and 48% (metatranscriptome); however the eukaryotic fraction was much
larger in the metatranscriptomic than in the metagenomic database (39% vs. 2%); the
eukaryotic fraction of the metatranscriptome (39%) corresponds, almost in totality, to the

unknown sequences (44%) of the metagenome.

Archaea were represented in the metagenome and in the metatranscriptome by a small number
of reads (<1%) without difference between the metagenome and metatranscriptome. Bacterial
DNA sequences were mainly composed of Alpha (o)-proteobacteria (70%), followed by
Gamma (y)-proteobacteria (16%), Bacteroidetes (12%) and a small percentage (<1%) of
“other” taxa. However, in the metatranscriptome assemblage, the oa-proteobacteria (29.5%)
and the Bacteroidetes (28%) were dominant, followed by the y-proteobacteria (12%) and the
Actinobacteria (17%). This assemblage also contained a significant number of
Planctomycetes (6%) and Cyanobacteria (3%), thus the metatranscriptome was more diverse
than the metagenome. The eukaryotic sequences from the metagenome were mainly assigned
to Streptophyta (38%), Chlorophyta (27%) and other unknown taxa (14%), while the
eukaryotic metatranscriptome contained mainly Chordata (23%), Arthropoda (23%),
Apicomplexa (13%) and Chlorophyta (7%).

Analysing the sequence datasets separately (time vs. COj), the unknown sequences
represented a large fraction of sequences in both databases with a much higher relative
abundance in the metagenome (Figure 2). The upper part of the figure, 1), shows the most
abundant phyla or classes from the metagenomes, and taxa with different percentages between
the CO, pressures (mostly at d3 and d20). Indeed, the unknown fraction was about 50% but
varied throughout the experiment. Figure 2 clearly shows variation in a-, y-proteobacteria,
and Bacteroidetes (only in low CO,) abundances through time, as well as the disappearance of
the other taxa. The 1050 patm mesocosm metagenome was alternatively dominated by the o-
and y-proteobacteria while the 185 patm mesocosm was, after nutrient addition, dominated by
the o-proteobacteria and the Bacteroidetes. Multiple taxa in the lower section
metatranscriptome, Figure 2 Il), were seen after nutrient addition at t13, where Chlorophyta

and Streptophyta displaced y-proteobacteria.
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The metatranscriptome presented more taxa with elevated relative abundance and a very high
percentage of “others” eukaryotes (Apicomplexa, Arthropoda, Ascomycota, Chordata,
Cnidaria, Echinoderma, Euglenida, Eustigmatophyceae, Mollusca, Porifera, Pheaophyceae,
Xanthophyceae) and “others” bacteria (Bacillariophyta and Firmicutes). These “others”
included the more complex multi-cellular organisms like Arthropoda and Chordata, which
were not essential to qualify the effect of CO, on bacteria or phytoplankton, and were not
included in the analysis. a-proteobacteria and Actinobacteria were dominant, alternatively, in
both low and high CO; treatments from the beginning of the experiment until d20, when
Chlorophyta and Streptophyta appeared and dominated throughout the rest of experiment. The
Epsilon (g)-proteobacteria disappeared in both mesocosms after nutrient addition, and a clear

separation between the two pCO, treatments was not observed.

Table 1 Analysis of similarity (ANOSIM) showing beta-diversity differences between
treatments groups (p < 0.05 marked in bold; community structure calculated based on

abundance of reads grouped into phylogenetic classes).

Treatment
Database R statistic p-value
rarefication depth

Metatranscriptomic CO,_2360_16S -0.2062 0.993
CO,_6300 -0.2625 1.000
CO,_17100 -0.2687 1.000
day_2360_16S 0.7969 0.004
day_6300 0.7188 0.006
day_ 17100 0.7500 0.003
Metagenomic CO,_17100 -0.1354 0.921
CO,_18960_16S -0.1458 0.878
CO,_256200 -0.1354 0.832
day_17100 0.5625 0.009
day 18960 16S 0.6875 0.008
day_256200 0.625 0.010
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An analysis of similarity (ANOSIM, Table 1) was performed to identify the taxa (to the class
level) with significant differences between the CO, treatments. The ANOSIM showed that the
CO; effect on the combined samples (excluding time) was not significant whereas the effect
of time (excluding CO,) was. In conclusion, CO, was not a significant driver of general
community assemblage in either of the metagenome or metatranscriptome; however it is
important to test for the significance of these variables on individual taxa. A statistical
analysis (ANOVA) indentified 414 and 7 species in the metagenome and metatranscriptome
(Table S1 and S2), respectively, which show significant changes in abundance between pCO,
treatments. The detailed analysis of the significantly correlated taxa to CO, is not included in

the present analysis but in a complementary analysis.
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pCO; effect on microbial metabolic functions

To describe the community gene expression profiles in detail, samples were tested separately
in order to demonstrate the significant (non parametric Kruskal-Wallis ANOVA with R)
effect of time and CO,. The first four heat maps present chronologically arranged
metatranscriptome functions, which showed significant differences in expression levels in
each mesocosm (total 112 sub-groups) and were divided into 4 clusters to allow better
readability of the genes (Figure 3-6 and Figure S1). It showed that the upper and lower
clusters seemed to be more strongly affected by pCO, at the beginning of the experiment or
before the addition of nutrient. The middle cluster indicates a strong effect throughout the
experiment. Three targeted functions, two significantly affected by CO;, levels,
dimethylsulfoniopropionate (DMSP) breakdown, acid resistance (Figure 4) and Ribulose-1,5-
bisphosphate carboxylase oxygenase (RuBisCO, EC 4.1.1.39) were further investigated to
better characterize their response to CO,, and are presented in Figure 8. This figure presents
the difference between the relative abundance of genes and transcripts. The DMSP breakdown
annotations (enzyme aminotransferase, DMSP breakdown hydrolase protein, DMSP
demethylase [EC 2.1.2.10], DMSP demethylase transcriptional regulator) presented to
opposite sequences’ and transcripts abundance than RuBisCO. DMSP breakdown
continuously increased with time. However, the difference between the two pCO, treatments
is small, up until the end of the experiment. The sequences’ abundances and transcripts of the
Dinoflagellata species (Heterocapsa rotundata) identified by Archer et al. (2013) as possibly
responsible for the synthesis of DMSP in the mesocosms is presented in Figure 9. It shows
that the relative sequence abundances in the DMSP pathway is lower than 10% throughout the
experiment, but the transcript levels rose a short time after nutrient addition. The acid
resistance functional cluster, containing the enzyme Arginine decarboxylase [EC 4.1.1.1], had
a large difference between mesocosms at the beginning of the experiment, with almost no
transcripts in the 1050 patm mesocosm until nutrient addition when the sequences’
abundances and transcripts slowly increased to reach high level in both pCO; reaching largest
differences between pressures on d26. RuBisCO was not abundant throughout the experiment
however its expression is much higher, reaching its maximum at high CO, on d16, with no
significant effect of CO,. RuBisCO was included in the analysis as it is an essential
photosynthetic enzyme involved with carbon fixation and is established as being affected by
elevated pCO,; significantly affected functions (total 26 sub-groups) were also identified in
the DNA dataset (Figure 7) but the detailed analysis of these functions was not included in the

present analysis (undergoing).
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Preliminary association of taxa with metabolic functions

Preliminary results of the organism’s identification for the expression of the significantly
affected metabolic functions (acid resistance, DMSP breakdown and non significant function
RuBisCO) are presented in the supplementary material (Figure S2 to S10). The SAR11 clade
appears to be the most abundant taxa expressing acid resistance in the metagenome under
both pCO, during the length of the experiment; except for d3 of the 1050 patm which was
dominated by Pseudoalteromonaceae. The organisms found in the SAR11 clade were
Candidatus pelagibacter and an organism classified as a-proteobacteria HIMB5 while the
most abundant of the Pseudoalteromonaceae were species of Pseudoalteromonas. Similar
results were found in the metatranscriptome for the taxa associated to acid resistance with,
however, less abundant (no sequences found in d3-185 patm and d7-1050 patm) and less
diversified taxa found. The diversity of taxa expressing acid resistance increased with time.
The comparison of both taxomic lists on d26 (Figure S3) shows that the same taxa are
expressing acid resistance enzymes but with different abundance. The DMSP breakdown
enzyme were associated to SAR11 (Candidatus pelagibacter and o-proteobacteria HIMB5)
which dominated the metagenome and metatranscriptome with only one other abundant
taxon, the Rhodobacteraceae. The comparison on d26 (Figure S6) indicated that more taxa
were present in the low pCO, metagenome as in the high pCO, one whereas the opposite is
demonstrated in the metatranscriptome. Rubisco is by far the function expressed by the most
diversified taxa with the dominating organisms varying greatly between datasets, time and
pCO,; the comparison on d26 demonstrates this fact (Figure S9). The metagenome is
however, dominated by multiple abundant taxa at d3 but quickly decrease to be dominated by
Mamiellales (Micromonas sp.), Bacillariophyceae, unknown, Xanthomonadacea, and
unclassified y-proteobacteria under the low CO, while Guillardia (Guillardia theta), unknown
and unclassified y-proteobacteria dominated under high CO,. The metatranscriptome was,
mainly dominated by Mamiellales (Micromonas sp and Ostreococcus sp.) and Embryophyta
with also a large percentage represented by Phaeocystis sp. throughout the experiment. The
statistical analyses are presently undergoing but this is a first glance into characterizing
organisms actually expressing metabolic functions significantly influenced by changing CO..
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Discussion

The microbial community structure and the corresponding gene expression under ~185 and
~1050 patm pCO, metatranscriptome confirmed the previous 16S results (CO, not
significantly structuring bacterial communities, but is altering the abundances of a few rare

taxa).

Community and functional structure

The general microbial overview (Figure 1) showed that Archaea constitute only a small part
of the microbial community found in our metagenomes and metatranscriptomes, indicating
that they are not dominating in Svalbard mesocosms’ communities. The sequences matched to
viral DNA/RNA appeared to be in even lower abundance, which is likely related to the choice
of collection filters that are unsuitable for sampling of viruses. Only viruses that are attached
or inside cells or other particles can be detected in this experiment and resulted in low viruses’
abundance in our results. However, their abundance should have increased at the end of each
bloom, as previously established by similar study on high CO, (Gilbert et al., 2008) and
because the dominant pico- and nano-plankton were found to be susceptible to viral lysis by
Brussaard and colleagues (Brussaard et al., 2013). The large proportion of “unknown” reads
in the metagenomes was comparable to other similar studies. An average of 50% remained
unidentified using comparable high-throughput sequencing in marine environments (Frias-
Lopez et al., 2008; Shi et al., 2011; Stewart et al., 2012; Schunck et al., 2013). The
“unknown” section of the metatranscriptome is smaller, although still of important magnitude.
Many of the unknown RNA sequences in the metatranscriptome are potentially small RNAs-
like non-coding-proteins or/and non-ribosomal RNA (Shi et al., 2011) as eukaryotic and

prokaryotic ribosomal RNA were removed (see material and methods)

The metatranscriptome presented a larger proportion of eukaryotic taxa, probably because
eukaryotic cells contain a higher concentration of RNA than DNA compared to bacteria. A
small number of eukaryotic sequences were detected in the metagenome whereas a higher

proportion of eukaryotic sequences are found in the metatranscriptome.

The most abundant taxa (Figure 2) showed that Bacteroidetes do not dominate the
metagenome nor the metatranscriptome assemblages, in contrast to the results obtained with

the 16S amplicon sequencing (Roy et al., 2013). The Bacteroidetes were found to contribute
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to 50% of the 16S amplicon sequences throughout most of the experiment whereas with the
approach taken here, the Bacteroidetes were almost absent in the high CO, and only present in
the low CO, metagenome; suggesting that the Bacteroidetes were either not really active
according to the metatranscriptomes or that 16S rRNA amplification and sequencing biases
underestimated their abundance. Alternatively, it could also be due to the sequencing results
being annotated against a low number of representative Bacteroidetes genomes resulting in
the gene sequences to be annotated to another class. Bacteroidetes were also previously
established as the dominant marine pelagic community members in diversified environment
from surface water sampled at the Hawaii Ocean Time-series (station ALOHA) and the Baltic
sea, but their activity was not quantified (Frias-Lopez et al., 2008; Herlemann et al., 2011,
respectively). In the present experiment, the a-proteobacteria were dominant in the low CO,
treatment and the o- and y-proteobacteria were dominant in the high CO, treatment of the
metagenome. Conversely, the abundance of o-proteobacteria was lower in the
metatranscriptome corresponding to a high presence but low activity of these bacteria. Their
abundance was again reported as much higher in the assemblage describe by the 16S analysis
(Roy et al., 2013) with the y-proteobacterial sequences accounting for about 20% while here
only present in the metagenome on d3 and d20 of the high CO,. The Beta (j3)-proteobacterial
sequences were present in the 16S amplicon dataset (Roy et al., 2013) in low, but consistent
numbers; in this study, both the metagenome and metatranscriptome showed only negligible
numbers of B-proteobacterial sequences, indicating a minor functional role of them in this
pelagic community. These differences could however be due to experimental amplification

biases or differences in genes annotation (Greengenes versus M5NR databases).

The sequenced samples taken on d3 demonstrate that the metagenomic microbial community
in the low and high CO, were already showing major composition differences, possibly
caused by the CO, manipulations in one of the enclosure. For example, the abundances of y-
proteobacteria in both metagenomes were respectively at about 30% (low) versus 60% (high)
at starting conditions. Furthermore, the y-proteobacteria were almost absent after nutrient
addition but quickly came back under high CO, conditions. It is possible that some organisms
were more sensitive to the CO, manipulation and drastically decreased during the handling,
these organisms could possibly have recovered due to the cessation of the manipulations and
the addition of nutrient making the mesocosms return to favorable environmental conditions.
The composition of the diverse proteobacterial sequences and their changes over time are

quite representative of the community previously reported as o- and y-proteobacteria are
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normally quite abundant in the marine ecosystem. However, the B-proteobacteria are mostly
found in freshwater systems. It was previously determined that proteobacteria were generally
very abundant in the marine microbial community of surface waters (Frias-Lopez et al., 2008;
Hewson et al., 2009; Herlemann et al., 2011), in marine low oxygen deeper environments
(Canfield et al., 2010; Stewart et al., 2012; Schunck et al., 2013) and in high arctic
communities like Svalbard (Teske et al., 2011; Roy et al., 2013).

In the metatranscriptome, the beginning of the experiment is more or less similar between the
different pCO, treatments (a-proteobacterial, Actinobacterial and many eukaryotic
sequences). However, the phylogenetic affiliation based on the expressed gene pool started
changing with the addition of nutrient. This effect is stronger in the high CO, mesocosm, as
the uptake of CO, required for photosynthetic carbon-fixation might be facilitated by higher
pCO, levels. The result of such an increase in abundance is represented by a high
transcriptional activity, as indicated by the greater number of sequences in the
metatranscriptome. The most abundant eukaryotic microorganisms were the Chlorophyta and
Streptophyta which are green algae. These two divisions were presented in Figure 2 because
the bacteria abundance decreases with their increase. In fact, it was previously speculated that
the abundance of Chlorophyta species were increasing with latitude (Burdett et al., 2013). The
other abundant taxa were summarized in the “Others (eukaryotes)” as diverse taxa that were
present in high abundance in both metatranscriptome (=185 versus ~1050 patm), dominant
between d3-d16. These other eukaryotic sequences were assigned to Apicomplexa,
Arthropoda, Ascomycota, Chordata, Cnidaria, Echinoderma, Euglenida, Eustigmatophyceae,
Mollusca, Porifera, Pheaophyceae, Xanthophyceae and fell in abundance with time, which
could be caused by the nutrient being used more efficiently by the Chlorophyta and
Streptophyta, and because bacteria generally have much faster cell division rates than green
algae. A wide association between the taxa and their expressed transcripts in undergoing in
order to facilitate the characterization of taxonomic patterns under elevated CO, (preliminary
results presented in Figure S2 to S10b). Indeed, a shift in community structure towards the
smallest phytoplankton as a result of OA was established in the present mesocosms
experiment by Brussaard (Brussaard et al., 2013) and would directly affect the food web

structure and in turn have an impact on biogeochemical cycling.
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Metabolic functions

Observation of the metabolic functional clusters (MG-RAST SEED classification level 3)
significantly affected by different pCO, demonstrated that, even if the general impact of OA
on community structure is not statistically significant, detailed investigation reveals targeted
effects on certain fractions of the microbial community. This mirrors prior 16S amplicon
results, which found that the abundant taxa of the community were not affected by pCO,
whereas some rare taxa were (Roy et al., 2013). Two groups of functional genes significantly
affected by pCO, (and one important for any photosynthetic organisms) in the transcriptome

data were investigated in detail.

Acid resistance enzymes

The acid resistance cluster contained arginine decarboxylase (EC 4.1.1.19), an enzyme
involved in the regulation of the arginine metabolism (Wu and Morris, 1998), and widely
studied in higher plants, bacteria, and mammals (Lin et al., 1996; Wu and Morris, 1998;
Bouchereau et al., 1999; Castanie-Cornet et al., 1999; Cotter and Hill, 2003). The acid
resistance mechanism was described in Escherichia coli as the mechanisms responsible for
tolerance to low pH including three characterizing systems (Lin et al., 1996; Castanie-Cornet
et al.,, 1999). Two of them involve decarboxylase enzymes suspected to take up protons
during the decarboxylation of arginine (or glutamate). The decarboxylation process results in
the consumption of the protons contained in the cells; thus equilibrating the cell’s pH
avoiding lethal pH levels during acid stress events (Castanie-Cornet et al., 1999). In our
study, the mesocosm with the elevated CO, partial pressure of ~1050 patm had a lower pH
varying from 7.3 (d3) to 7.9 (d26) compared to the pH of the =185 patm mesocosm, which
ranged from 8.4 (d3) to 8.5 (d26). The highest abundance of acid resistance arginine
decarboxylase was found in the low pH/high CO, mesocosms. The microbes present in the
higher pCO, environment were thus exposed to lower pH as the organisms exposed in the 185
patm treatment which were evolving in an environment representative of their natural
condition as the pH in 185 patm equalled the one in the untreated Kongsfjorden (all pH data
are presented in Schulz et al., 2013). One interesting fact is that arginine decarboxylase
process produces CO,. This means that the increase of atmospheric CO, and its increase
absorption by the ocean, decreases pH which in turn increases the acid resistance (arginine
decarboxylase) in diverse organisms and thus produce more CO, (positive feedback) (Wu and
Morris, 1998).
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DMSP breakdown

Dimethyl sulfide (DMS) is an important reactant of the aerosol formation and growth in the
(Arctic) troposphere and was included in a suite of metadata measurements in the previous
16S amplicon analysis (Roy et al., 2013) of the same mesocosms study. DMS was previously
established as significantly structuring the community during the mesocosm experiment (Roy
et al., 2013). In the present metatranscriptome, DMSP was identified as one of the multiple
functional clusters significantly influenced by pCO, treatment level. DMSP is established as
being produced by marine phytoplankton with DMS as its breakdown product (Archer et al.,
2011; Nevitt, 2011; Archer et al., 2013; Burdett et al., 2013). Briefly, DMS is involved in the
global climate as a key biogenic source of aerosol creating condensation clouds. These clouds
are responsible for reducing the sunlight entry in the ocean and are thus decreasing the effect
of solar ultraviolet radiation a proven stressor for phytoplankton (Nevitt, 2011; Archer et al.,
2013; Burdett et al., 2013). In addition, DMS has often been related to environmental stress
and has been shown to be an antioxidant (Sunda et al., 2002; Burdett et al., 2013). Conversely
to what was expected from the previous analysis (Sunda et al., 2002) in regards to increase of
DMS in relation to limited pCO,, DMSP transcripts were twice as abundant under elevated
CO.. Prior work has suggested that intracellular DMSP concentrations in a red coralline alga
were augmented by a reduced pH (Burdett et al., 2013); which corresponds to the same pH
level measured in the elevated pCO, mesocosm. It was also found that the intracellular DMSP
concentration was reduced at northern latitudes in microalgae, like Chlorophyta (Burdett et
al., 2013). In our metatranscriptomes, elevated amounts of Chlorophyta-like sequences in the
elevated pCO, mesocosm were found from the moment nutrient were added, which could be
related to the significant differential expression of DMSP between pCO, treatments.

DMSP and DMS are strongly affected by low pH as their concentrations increased by 50%
and decreased by 60%, respectively, right after nutrient addition in the elevated pCO,
mesocosms (findings from Archer et al., 2013). Archer and colleagues found that the
synthesis rate of DMSP by phytoplankton rose with increased [H'] and was connected to
inorganic carbon fixation rates (increased primary production). The increased production of
DMSP was related to the increased biomass of dinoflagellates, but more precisely to the
biomass of Heterocapsa rotundata (Archer et al., 2013). The metagenome and
metatranscriptome were searched for this particular species and found a low level of activity
for this taxon, which almost disappeared by d16. However, H. rotundata transcripts increased

and were quite active after nutrient addition; the 16S amplicon dataset will shortly be
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screened for this species. A further search of the transcriptome is undergoing to find exactly
what species are involved in the DMSP breakdown and further qualify how they are affected
by OA (undergoing-preliminary Figure S5-S7b).

An extra function attributed to DMSP and thus to DMS, is its property as bio-chemical-
indicator attracting predators of phytoplankton-grazing organisms. Indeed, it is believed that a
large assemblage of phytoplankton would attract grazers but would also increase the
production of DMS. This variation in DMS would alert predators of the presence of grazers,
which would then lead to their consumption and reduce the grazing pressure on
phytoplankton. It could also allow for the renewal of the phytoplankton nutrient pool via the
grazer waste output (Nevitt, 2011).

RuBisCO

RuBisCO is one of the most important enzymes found in any photosynthetic organisms as it is
involved in the first carboxylation step of photosynthetic carbon acquisition. It is a carbon-
fixing enzyme closely interacting with the carbon concentrating mechanisms (CCM)
responsible for the increase or replenishment of CO, concentrations at the fixation sites
surrounding RuBisCO and support the vital CO, fixation process (Burkhardt et al., 2001;
Hopkinson et al., 2011; Alterio et al., 2012; Zabaleta et al., 2012; Hopkinson et al., 2013). It
was further established that the CCMs are down-regulated by high CO, concentrations (Wu et
al., 2010; Hopkinson et al., 2011; Young et al., 2012; Hopkinson et al., 2013) as they become
superfluous when large amounts of CO, are available. Therefore, the abundance of RuBisCO
transcripts were expected to be lower under elevated CO,, which was however not the case in
the present experiment. Indeed, RuBisCO was not significantly affected by the changes in
pCO; even on d16 of the transcriptome results where it seemed to be activated (=1050 patm).
This non-significant effect could be the result of the addition of nutrient as multiple studies on
terrestrial organisms showed an increased photosynthetic rate under elevated CO, (Campbell
et al., 1988; Lesser, 1996a, b) that would only last as long as enough other nutrient, e.g.
nitrogen, were available in the environment (Tissue et al., 1993). It could be that the
photosynthetic organisms took advantage of the new increase in nutrient as long as the

competition for resources was still low.

The RuBisCO total genes abundance (MG-RAST abundance) was also fairly low and the lack

of significant differences in the transcript abundance of RuBisCO was previously observed in
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soybeans (Campbell et al., 1988) where it was demonstrated that the range of CO, pressure
for RuBisCO’s activity to remain unresponsive was quite large (=110-880 patm). In our
experiment, the transcripts of RuBisCO are a little more abundant in the low CO, however not
significantly different indicating that the CCM might be a little stimulated in the low =185
patm mesocosms but still offered enough photosynthetic substrate as in the <1050 patm

mMesocosms.

Conclusion

In conclusion, this study confirms previous findings from 16S rRNA amplicon sequencing,
which established that microbial community composition at Svalbard Kongsfjorden was not
structured by CO, but did change significantly with time/nutrient addition. It also confirmed
that the taxa significantly affected by CO; are not the most abundant genera but rather the rare
ones. We further established that changing pCO, significantly influences metabolic functions.
Two of these significantly affected functions were here analyzed, demonstrating how OA can
affect genes expression. The essential photosynthetic enzyme RuBisCO was also observed in
detail and showed that even if a function is not statistically significantly differentially
expressed, some modifications from its production at ambient CO, or pH are nevertheless
happening. Our findings did not establish that OA had a major impact on the microbial
community of Kongsfjorden as found by Zhang et al. (2013). We are thus presently
determining the taxa expressing the functions identified as affected by CO, and their
phylogenetic relationships to see if they correspond to the 150 species (summed metagenome

and metatranscriptome) found to be affected by OA in the present study.

Future work should be concentrated on dissecting the metagenome and metatranscriptome in
order to evaluate the effect of OA on separated taxa. It should further include a specie-specific
research for organisms identified by Svalbard’s colleagues as having a major role in
parameters analyzed; comparatively to the H. rotundata (genome not yet sequenced) analysis
started here for its role in DMSP and DMS cycles. Also, microbial community are often
facing extreme environmental changes over a short period of time (days, hours) and their
ability to adapt should be included in further investigation. Lohbeck et al., (2012) showed the
importance of integrating adaptation in OA research. The investigations of connections (flow

cytometry, microscopy,...) between community structure, genes expression/alteration and
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processes affected by OA will help draw a concrete picture of the long term effects of OA on

our world.
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Table S1 Species (414) significantly differentially expressed under varying pCO, combined to the genus for table size

reduction. The statistical variables p < 0.05 could not be presented in the figure as genera were combined in order to

reduce table size. All genera presented are unique and all affected with a p < 0.05.

Domain Phylum Class Family Genus

Archaea Euryarchaeota Methanomicrobia Methanospirillaceae Methanospirillum
Bacteriaria Actinobacteria Actinobacteria Actinomycetaceae Arcanobacterium
Bacteriaria Actinobacteria Actinobacteria Bifidobacteriaceae Bifidobacterium
Bacteriaria Actinobacteria Actinobacteria Bifidobacteriaceae Gardnerella
Bacteriaria Actinobacteria Actinobacteria Geodermatophilaceae Geodermatophilus
Bacteriaria Actinobacteria Actinobacteria Nocardiopsaceae Thermobifida
Bacteriaria Actinobacteria Actinobacteria Propionibacteriaceae Propionibacterium
Bacteriaria Actinobacteria Actinobacteria Sanguibacteraceae Sanguibacter
Bacteriaria Actinobacteria Actinobacteria Streptomycetaceae Streptomyces
Bacteriaria Bacteroidetes Bacteroidia Bacteroidaceae Bacteroides
Bacteriaria Bacteroidetes Bacteroidia Porphyromonadaceae Porphyromonas
Bacteriaria Bacteroidetes Flavobacteriia Flavobacteriaceae Capnocytophaga
Bacteriaria Bacteroidetes Flavobacteriia Flavobacteriaceae Cellulophaga
Bacteriaria Bacteroidetes Flavobacteriia Flavobacteriaceae Flavobacterium
Bacteriaria Chlamydiae Chlamydiia Chlamydiaceae Chlamydia
Bacteriaria Chlorobi Chlorobia Chlorobiaceae Chlorobium
Bacteriaria Chloraobi Chlorobia Chlorobiaceae Prosthecochloris
Bacteriaria Cyanobacteria unclassified Prochlorococcaceae Prochlorococcus
Bacteriaria Cyanobacteria unclassified unclassified Synechococcus
Bacteriaria Cyanobacteria unclassified unclassified Synechocystis
Bacteriaria Deferribacteres Deferribacteres Deferribacteraceae Denitrovibrio
Bacteriaria Deinococcus-Thermus — Deinococci Trueperaceae Truepera
Bacteriaria Firmicutes Bacilli Alicyclobacillaceae Alicyclobacillus
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Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria

Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Fusobacteria
Planctomycetes
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Bacilli

Bacilli

Bacilli

Bacilli

Bacilli

Bacilli

Bacilli

Bacilli

Bacilli

Bacilli

Bacilli

Clostridia

Clostridia

Clostridia

Clostridia

Clostridia

Clostridia

Clostridia

Clostridia
Fusobacteriia
Planctomycetia
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria

Bacillaceae

Bacillaceae

Bacillaceae

Bacillaceae

Enterococcaceae

Lactobacillaceae
Leuconostocaceae

Listeriaceae

Paenibacillaceae
Staphylococcaceae
Streptococcaceae

Clostridiaceae

Clostridiales Family XI. Incertae Sedis
Clostridiales Family XI. Incertae Sedis
Eubacteriaceae

Lachnospiraceae
Syntrophomonadaceae
Thermoanaerobacteraceae
Thermoanaerobacterales Family I11
Fusobacteriaceae
Planctomycetaceae
Acetobacteraceae
Anaplasmataceae
Anaplasmataceae
Anaplasmataceae
Aurantimonadaceae
Bartonellaceae

Beijerinckiaceae
Bradyrhizobiaceae
Bradyrhizobiaceae

Bacillus
Geobacillus
Halobacillus
Lysinibacillus
Enterococcus
Lactobacillus
Oenococcus
Listeria
Paenibacillus
Staphylococcus
Streptococcus
Clostridium
Anaerococcus
Finegoldia
Eubacterium
Roseburia
Syntrophothermus
Thermoanaerobacter
Thermoanaerobacterium
Fusobacterium
Rhodopirellula
Acetobacter
Ehrlichia
Neorickettsia
Wolbachia
Fulvimarina
Bartonella
Methylocapsa
Afipia
Nitrobacter
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Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria

Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Betaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Deltaproteobacteria
Epsilonproteobacteria
Epsilonproteobacteria

Brucellaceae
Brucellaceae
Caulobacteraceae
Methylobacteriaceae
Rhizobiaceae
Rhodobacteraceae
Rhodospirillaceae
Rickettsiaceae
Burkholderiaceae
Burkholderiaceae
Burkholderiaceae
Burkholderiaceae
Comamonadaceae
Comamonadaceae
Comamonadaceae
Comamonadaceae
Neisseriaceae
Neisseriaceae
Neisseriaceae
Nitrosomonadaceae
Oxalobacteraceae
Rhodocyclaceae
unclassified
Cystobacteraceae
Desulfohalobiaceae
Desulfuromonadaceae
Geobacteraceae
Pelobacteraceae
Campylobacteraceae
Campylobacteraceae

Brucella
Ochrobactrum
Brevundimonas
Methylobacterium
Agrobacterium
Paracoccus
Azospirillum
Rickettsia
Burkholderia
Cupriavidus
Polynucleobacter
Ralstonia
Acidovorax
Comamonas
Delftia
Hydrogenophaga
Chromobacterium
Lutiella
Neisseria
Nitrosospira
Herbaspirillum
Aromatoleum
Methylibium
Stigmatella
Desulfohalobium
Desulfuromonas
Geobacter
Pelobacter
Arcobacter
Campylobacter
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Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria

Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Epsilonproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria

Helicobacteraceae
Acidithiobacillaceae
Aeromonadaceae
Aeromonadaceae
Alteromonadaceae
Enterobacteriaceae
Enterobacteriaceae
Enterobacteriaceae
Enterobacteriaceae
Enterobacteriaceae
Francisellaceae
Halothiobacillaceae
Legionellaceae
Moraxellaceae
Moraxellaceae
Moritellaceae
Oceanospirillaceae
Pasteurellaceae
Pasteurellaceae
Pasteurellaceae
Piscirickettsiaceae
Piscirickettsiaceae
Pseudoalteromonadaceae
Pseudomonadaceae
Pseudomonadaceae
Shewanellaceae
unclassified
Vibrionaceae
Vibrionaceae
Xanthomonadaceae

Helicobacter
Acidithiobacillus
Aeromonas
Tolumonas
Marinobacter
Buchnera
Erwinia
Escherichia
Salmonella
Shigella
Francisella
Halothiobacillus
Legionella
Acinetobacter
Psychrobacter
Moritella
Oceanospirillum
Actinobacillus
Bibersteinia
Haemophilus
Methylophaga
Thiomicrospira
Pseudoalteromonas
Cellvibrio
Pseudomonas
Shewanella
Teredinibacter
Photobacterium
Vibrio
Xanthomonas
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Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Bacteriaria
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota

Proteobacteria
Proteobacteria
Spirochaetes
Spirochaetes
Tenericutes
Tenericutes
Verrucomicrobia
Verrucomicrobia
Apicomplexa
Arthropoda
Arthropoda
Ascomycota
Bacillariophyta
Chlorophyta
Chlorophyta
Chordata
Chytridiomycota
Nemertea

Neocallimastigomycota

Phaeophyceae
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta

Gammaproteobacteria
unclassified
Spirochaetia
Spirochaetia
Mollicutes
Mollicutes
unclassified
Verrucomicrobiae
Aconoidasida
Insecta

Insecta
Sordariomycetes
Mediophyceae
Prasinophyceae
Ulvophyceae
Actinopterygii
Chytridiomycetes
Anopla

Neocallimastigomycetes

unclassified
Coniferopsida
Coniferopsida
Equisetopsida
Ginkgoopsida
Jungermanniopsida
Jungermanniopsida
Liliopsida
Liliopsida
Liliopsida
Liliopsida

Xanthomonadaceae
unclassified
Spirochaetaceae
Spirochaetaceae
Mycoplasmataceae
Mycoplasmataceae
Methylacidiphilaceae
Verrucomicrobiaceae
unclassified
Cecidomyiidae
Noctuidae
Sordariaceae
Eupodiscaceae
unclassified
Ulvellaceae
Serranidae
Spizellomycetaceae
Lineidae
Neocallimastigaceae
Laminariaceae
Pinaceae

Pinaceae
Equisetaceae
Ginkgoaceae
Frullaniaceae
Metzgeriaceae
Arecaceae
Dioscoreaceae
Musaceae

Poaceae

Xylella
unclassified
Borrelia
Treponema
Mycoplasma
Ureaplasma
Methylacidiphilum
Akkermansia
Plasmodium
Mayetiola
Spodoptera
Neurospora
Odontella
Pyramimonas
Ochlochaete
Epinephelus
Spizellomyces
Lineus
Piromyces
Laminaria
Keteleeria
Pinus
Equisetum
Ginkgo
Frullania
Metzgeria
Elaeis
Dioscorea
Musa

Avena
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Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Eukaryota
Unclassified
Viruses
Viruses
Viruses
Viruses

Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
Streptophyta
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified

Liliopsida
Liliopsida
Sphagnopsida
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
Zygnemophyceae
Bangiophyceae
Dinophyceae
Dinophyceae
Dinophyceae
Florideophyceae
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified
unclassified

Poaceae
Smilacaceae
Sphagnaceae
Amaranthaceae
Amaranthaceae
Apiaceae
Apiaceae
Aquifoliaceae
Asteraceae
Convolvulaceae
Garryaceae
Malvaceae
Nymphaeaceae
Rutaceae
Desmidiaceae
Bangiaceae
Gonyaulacaceae
Gymnodiniaceae
Pfiesteriaceae
Palmariaceae
Mortierellaceae
Saprolegniaceae
Trypanosomatidae
unclassified
unclassified
Microviridae
Podoviridae
Podoviridae
Poxviridae

Oryza

Smilax
Sphagnum
Atriplex

Beta
Anthriscus
Daucus

llex

Conyza
Ipomoea
Aucuba
Gossypium
Nuphar

Citrus
Cosmocladium
Porphyra
Alexandrium
Karenia
Pfiesteria
Palmaria
Mortierella
Achlya
Leishmania
Phytophthora
unclassified
Microvirus
Bpp-1-like viruses
T7-like viruses
Capripoxvirus
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Table S2 Seven significantly differentially expressed (p < 0.05) species under varying pCO;

i ; Bonferroni  FDR
Phylum Class Family Genus Species Prob corrected corrected
Bacteroidetes  Flavobacteriia Flavobacteriaceae Ornithobacterium Or_nlthobacterlum 0.004 1.887 1.887
rhinotracheale
Proteobacteria Gamm_aproteo- Pasteurellaceae Pasteurella Pasteur_ella 0.011 4.996 2.498
bacteria multocida
Proteobacteria Gammaproteo- Pseudoalteromo- Pseudoalteromonas Pseudoalteromonas 0.011 4.996 1.665
bacteria nadaceae sp. KMM 701
not ID not ID not ID not ID not ID 0.011 4,996 1.249
unclassified unclassified unclassified unclassified un_cultured marine 0.012 5.419 1.084
microorganism
Proteobacteria S;rgrpi:proteo- Moritellaceae Moritella Moritella profunda 0.027 12.021 2.003
. . Cytophaga sp. T-
Bacteroidetes  Cytophagia Cytophagaceae Cytophaga 0.046 20.514 2.931

588
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) Pseudoalteromonadacaas

Nitsomenadaceas
Meissenaceas

Rhedobacteraceas
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unclassified Methylophilaies
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unclassified Alphaprolecbactea (miscelanaous)

) Fhodobacteraceae
Peudealtenamonsdacsss
eserlacean
teliopiaceas
Mamiallales

Flavobacterisies

Erythobacieraceas
Enterobacteriaceas
SARI clustor

unclassified Pseudomanadales
unclassiliad Methylophilaies

unclassified Flavobactoria

Flavobactorialos

Fischerslla muscicola
Embryophyta
Comamenadasaas
Campylobacisrales
Bactoroidalas

Altaromenadaceag

bReiagsilied Bxmrapanadlns.

SART! clusier

unclassiied Flavabacieri

ied Alohacrotecbacteria (miscellaneous)

1050 patm

Psudoalteromonadaceas

Flavebacterisies
Altsromonadaceas

Pssudomonadalas
unclassified Methylophilass
unciassified Flavobacteriia

unclassified Ateromonadales

unciassifid Alphaprolocbaciaria imiscollaneous)
Shewanallacaas

SART cluster

unclassfied Pseudomonadales

SARTY clustar
unciassified Gammaproleobacier
unclassified Flavobacteriia
unciassiled Alphaproleabiectsria (miseellaneaus)
Tosomanadacese
Methylophilaceas
Maniallalés.
Flavobaciariales.
Gytophagaios
Gomamonadaceas
Bactercidales
Alleromonadacaas
unlassified Psaudomanadales
SARTT cluster

unclaseftiad Flavobaciania

unclassfied Altaromonadales
unclassiied Alphaproleabacterta miscollaneous)

Figure S2 Taxa (represented in %)
expressing significantly
differentially expressed metabolic
function acid resistance from the
metagenome on a) d3, b) d16 and
c) d20 under two pCO,.
Metagenomic libraries for d7 are
not presented as sequencing
failed. Colors are not taxa-specific.

189



185 patm

MG

Flavobacteriales

Desulfuromonadales
Cytophagales
Comamonadaceae

Bacteroidales
Alteromonadaceae

unclassified Pseudomonadales
unclassified Methylophilales
unclassified Flavobacteriia

SART11 cluster

unclassified Alphaproteobacteria (miscella

MT

Lactobacillaceae
jaemosporida

Flavobacteriales

‘Comamonadaceae
Bacillaceae

unclassified Pseudomonadales
unclassified Flavobacteriia

SAR11 cluster

1050 patm

ae

Flavobacteriales

B Bhonadales

Cytophagales

Comamonadaceae

Burkholderiaceae

Bacteroidales
Alteromonadaceae
unclassified Pseudomonadales
unclassitied Methylophilales

SAR11 cluster
unclassified Flavobacteriia

unclassified Alphaproteobacteria (misce

SRIRSHRESAAR

q\pfdobac!era ae
ifrosomonadaceae
Flavobacteriales

SAR11 cluster B — EuRehanisiaceas
Bacteroidales
e Altoomonadaceae

unclassified Flavobacteriia

unclassiied Alphaproteobacteria (misc:

Figure S3 Taxa (represented in %)
expressing significantly
differentially expressed metabolic
function acid resistance from the
metagenome (MG) versus the
metatranscriptome (MT) on d26
on under two pCO,. Colors are not
taxa-specific.
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b)

Pseudoalteromonadaceae

185 patm

No sequence found

1050 patm

Pseudoalteromonadaceae

SAR11 cluster

No sequence found

Figure S4a Taxa (represented in
%) expressing significantly
differentially expressed metabolic
function acid resistance from the
metatranscriptome on a) d3 and b)
d7 under two pCO,. Colors are not
taxa-specific.

unclassified Pseudomonadales
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Unclassified Flavobacteriia

Nitrosomonadac e

SARI cluster

Rhodobacteraceae

d)

Failed library

SART1 cluster

Pseudoalteromonadaceae

Nitrosaomonadaceae

Neisseriaceae

Flavobacteriales

SARII cluster

unclassified Pseudomonadales

unclassified Flavobacteriia

‘Shewanellaceae

Pseudomonadaceae

Nitrosomonadaceae

Neisseriaceae
Lactobacillaceae

Flavobacteriales

Cytephagales
Comamonadaceae
Aguificaceae

unclassified Pseudomonadales

unclassified Flavobacteriia

unclassified Alphaprotecbacteria

Spirolrichea
Shewanellaceae

Figure S4b Taxa (represented in
%) expressing significantly
differentially expressed metabolic
function acid resistance from the
metatranscriptome on c) d16 and
b) d20 under two pCO,.
Metatranscriptomic libraries for
d20-185 patm is not presented as
sequencing failed. Colors are not
taxa-specific.
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185 patm

Rubrobacterales.

a)
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Ocsanospirilaceas

unclassified Ahodobacterales

SARY cluster
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MG graup

Ocoanospirllacese
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SARIY cluster
unclassified Oceancspiilles
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undlassified Dsltaproteobacteria
‘s el Aehaprotochacteria imiscollaneaus)

c) SAR116 cluster
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OMG group

Oceanospinacess

unclassifisd Anodebacterales
unciassiisd Gosancspéliales
unclassified Gammaprolecbacted
unclassiied Deftaproteobacleria
unciassfied Alphaprolackactana (mise
SARBS cluster

SARTI clusier

1050 patm

OMG group

Oceanospirlaceae

SART cluster
unctassiied Riodobacterales

unclaseilied Gammaproleobacters (i

unclassified Deftaproteobacteria

unclaseilied RIphapioteobicta {miscelaneous)
SARES cluster
SARI16 cluster

FRhodobaieraceae

OMG group

Ocesncapiiacoss
Halimegagecese
unetassiliod Ridobacteraloe

unciassiled Qceancspirliales

SART1 cluster unclassified Gammaproteobactar

unclassified Delisprolscbacteria

unclasstied Alphapretectactena (miscallancal
‘SARDS clustor

No sequence found

Figure S5 Taxa (represented in %)
expressing significantly differentially
expressed metabolic function DMSP
breakdown from the metagenome on
a) d3, b) d16 and c) d20 under two
pCO,. Colors are not taxa-specific.



185 patm 1050 patm
MG

SAR116 cluster

Rhodobacteraceae

OMG group
Oceanospirillaceae
He

No sequence found

SAR11 cluster unclassified Rhodobacterales

unclassified Oceanospiriliales

unclassified Gammaproteobacteria
unclassified Deltaproteobacteria

unclassified Alphaproteobacteria (misc

SARBS cluster

MT

SART11 cluster

SAR11 cluster

unclassified Rhodobacterales

Figure S6 Taxa (represented in %)
expressing significantly
differentially expressed metabolic
function DMSP breakdown from
the metagenome (MG) versus the
metatranscriptome (MT) on d26
under two pCO,. Colors are not
taxa-specific.
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185 patm

) Rhodobacteraceae

SAR11 cluster

b)

Rhodobacteraceae

SAR11 cluster

SAR11 cluster

Rhodobacteraceae

1050 patm

Figure S7a Taxa (represented in
%) expressing significantly
differentially expressed metabolic
function DMSP breakdown from
the metatranscriptome on a) d3
and b) d7 under two pCO,. Colors
are not taxa-specific.
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c)

d)

SART1 cluster

Failed library

Rhodobacteraceae

SAR11 cluster

Rhodobacteraceae

‘Oxalobacteraceae

Figure S7b Taxa (represented in
%) expressing significantly
differentially expressed metabolic
function DMSP breakdown from
the metatranscriptome on c) d16
and b) d20 under two pCO,.
Metatranscriptomic libraries for
d20-185 patm is not presented as
sequencing failed. Colors are not
taxa-specific.
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a)
Ghamacsiphon
Eclocarpales
Ulvalos
Fragilariophycidae
Pudopecinelia
Microthamniales
Mamialtalas
Mamiellales
<)

Embryophyta

Colacium

Mamisllsies

Ulvales.

Microtnamniaies

Chiorallales

Chiamydemanadales

Sphasropleales
Nitrosomonadaceae

1050 patm

Emiania Embryophyta

Chattonellacsse

Mamisllales

Microthamniales

Psoudopadinela

Phacocystis

Ectolhiomodospiraceae

Mamisliales

Plagioseimis

Phasocystis.

Guilardia Embryophyta

Cyanidiacese

Chiorellales

Chiamydomonadales.

Prasiolales
Periiniaceae

Microthamniales.

Marioliaios

unclassified Gammaproteabacte

Figure S8 Taxa (represented in %)
expressing significantly
differentially expressed metabolic
function RuBisCO from the
metagenome on a) d3, b) d16 and
¢) d20 under two pCO,.
Metagenomic libraries for d7 are
not presented as sequencing

failed. Colors are not taxa-specific.
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185 patm
MG

Bacillariophycidae

Mamiellales

Xanthomonadaceae

MT

Embryophyta

Euglenaceae
Eutreptiella
Dolichospermum

.emaneaceae . Ctenoclades

e
Comamonadaceae
Chiorellales
Chaetocerotophycidae
Bangiaceae

Bacillariophycidae
Bacillaceae
Aureoumbra
‘Aureococcus
Zygnematales
Uvales

Sphingomonadaceae
Rhodomonas.

thodomelaceae
rasinococcales

Mamiellales Phaeocystis

Phacaceae
Microthamniales

Guillardia

1050 patm

mijiania
environmental sATADIGY

Mamiellales

Embryophyta

Chiorellales
Enlamycanepifeiase

Ulvales
‘Thalassiosirophycidea
Sphacropieaies
Rhodomon
Rhodomelaceae
Rhodocyclaceae
Rhodobacteracea

Prasinococcales

Phaeocystis

Microthamniales

Figure S9 Taxa (represented in %)
expressing significantly
differentially expressed metabolic
function RuBisCO from the
metagenome (MG) versus the
metatranscriptome (MT) on d26
under two pCO,. Colors are not
taxa-specific.
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Figure S10a Taxa (represented in
%) expressing significantly
differentially expressed metabolic
function RuBisCO from the
metatranscriptome on a) d3 and b)
d7 under two pCO,. Colors are not
taxa-specific.

unclassified Prasinophyceae
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Figure S10a Taxa (represented in
%) expressing significantly
differentially expressed metabolic
function RuBisCO from the
metatranscriptome on a) d16 and
b) d20 under two pCO,. Colors are
not taxa-specific.
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5. Synthesis and future perspective

The results presented in this dissertation provide a significant step toward understanding the
effect of OA on cultured T. oceanica and on whole natural Arctic microbial communities
using multiple molecular biological and sequencing techniques (gQPCR, Sanger, 454 and

[llumina sequencing).

High-throughput sequencing technologies have been established as powerful descriptive and
analytical tools for the characterization of community structures and their function in their
respective environments (Frias-Lopez et al., 2008; Canfield et al., 2010; Gilbert et al., 2011,
Stewart et al., 2011; Thomas et al., 2012; Schunck et al., 2013). The first part of the work
presented in this dissertation (co-authorship manuscript 1 - Lommer et al., 2010 and Il -,
Lommer et al., 2012) was done as a collaborative effort to obtain genome information on one
ecologically relevant diatom in oligotrophic oceans. The importance of diatoms in the carbon
cycle (primary producers) justifies the acquisition of diatom genome information. In
particular, T. oceanica is highly tolerant to limiting Fe conditions. The discovery that
ferredoxin was relocated in one strain of T. oceanica (CCMP1005) but not in T. pseudonana
(CCMP1335) nor in T. weissflogii (CCMP1052) was used to speculate that the transfer of the
ferredoxin gene to the nuclear genome may in fact be an adaptation to low Fe conditions in T.
oceanica. The relocation of the ferredoxin gene was confirmed in all tested T. oceanica
strains but not in other strains of other closely related Thalassiosira (via gDNA gPCR assay
of single copy nuclear and chloroplastic genes) (manuscript I11). The experiment determined
that the relocation happened in all tested strains of T. oceanica (CCMP0999, 1001, 1005,
1006) while none of the tested strains of T. pseudonana (CCMP1012, 1013, 1014, 1335) nor
of T. weissflogii (CCMP1010, 1049, 1052) underwent such an event; confirming that this

relocation happened after species differentiation.

The newly obtained T. oceanica genome and its annotation through the replete/deplete Fe
transcriptomes were considered as first step into observing OA effect on Thalassiosira species
as the bioavailability of Fe decreases with acidification of the oceans (Shi et al., 2010). The
Fe studies (Lommer et al., 2010; Lommer et al., 2012) set the basic laboratory skills needed
for the manipulation experiments of CO; in T. oceanica’s cultures respecting the guidelines
on ocean acidification (Riebesell et al., 2010). The Ilumina sequencing resulted in more

detailed transcriptomes than the Fe-manipulated ones as the Illumina technology produces an
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increased sequence number, resulting in a more comprehensive overview of T. oceanica.
Multiple protein-coding genes were significantly affected by CO, (manuscript 1) with the
most interesting up-regulated-genes under 380 patm annotated pol proteins, cytoplasmic
dynein heavy proteisn and myosin proteins while fucoxanthin proteins, TPR-SEL1 proteins
and NNT NAD proteins under 1000 patm. The transcriptome gives detailed information on
the functional diversity of T. oceanica, and although many of the genes with functions and
roles identified as affected by CO, in the calcifiers Emiliania huxleyi (Mackinder et al., 2011,
Lohbeck et al., 2012; Bach et al., 2013) they were not significantly influenced here. Calcifiers
are susceptible to OA because of their external calcium carbonate structures however diatoms
do not appear to be strongly affected by the increase of pCO, (Wu et al., 2010; Crawfurd et
al., 2011). Nevertheless, it is essential to establish how OA will affect diatoms as they are one
of the most important groups of primary producers. The work presented here provides an
important list of genes that are responsive to CO, levels but for which the function is still
unknown. These genes and their functional characterization should be the focus of further
studies because they might provide important adaptation or change in metabolism for diatoms
as OA continues to increase. In the future, we intend to look at the most significantly affected
unknown genes and search the neighbouring genes for indication of their roles in the genome
and their genomic context. Another future analysis planned, is the reassembly of the T.
oceanica genome as lllumina sequencing gives a higher number of shorter reads (compared to

454) and could possibly produce a better assembly resolution.

Cultures experiment such as those described in manuscript I, Il, 11l and IV are useful but not
always representative of the behaviour of a species in its natural environmental conditions.
Mesocosms experiments, like the EPOCA 2010 Svalbard campaign, were designed to
complement cultures findings. The Svalbard mesocosms experiment represents the first study
on an Arctic community where growth and procession were observed over an extended period
of time and under multiple pCO,. The samples dedicated to sequencing were prepared
according to the established RNA sequencing with filtration and conservation of the samples
within a short period of time. Long filtration time of environmental samples has been directly
linked to small fragile RNA degradation, which biases the determination of the microbial
community structure (Gilbert et al., 2010). The sample filtration time during the Svalbard
experiment was kept to the shortest feasible given that the location of some mesocosms in
relation to the laboratory made it difficult to respect the accepted 20-minute filtration time for

the analysis of transcriptomic. This time period was sometimes increased to 30 minutes due to
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difficult logistics. In the future, designing portable filtration systems allowing filtration
directly at the water collection site or preservation techniques at the sampling site may help

resolve these issues.

The first metatranscriptomic study focussing on environmental microbial functions was
carried out by Poretsky and colleagues in 2005 on the Sanger sequencer (Poretsky et al.,
2005). They established the first RNA samples preparation protocol for such studies and were
the first to directly target mMRNA isolated from a natural environment. Our studies protocol
was based on the improved Poretsky protocol (Poretsky et al., 2005; Poretsky et al., 2009;
Schunck et al., 2013). Following the updated protocol, prokaryotic rRNA was removed as in
Schunck et al. (2013) and the removal of eukaryotic rRNA was tested prior to the analysis of
the mesocosm samples and resulted in removal of approximately 55-60% of the ribosomal
sequences. The removal of the ribosomal RNA was successful and the resulting amplification
of the mRNA produced successfully 17 high quality libraries from the 20 samples selected
from the 3-12 pm fraction.

The Svalbard mesocosms experiment was conducted according to the detailed guidelines on
experimental work on OA (Riebesell et al., 2010) and accurately mimicked OA conditions. It
involved multiple parameters believed to be necessary in understanding the Arctic ecological
responses to future climate changes (Biogeosciences special issue “Arctic ocean acidification:
pelagic ecosystem and biochemical responses during a measocosm study”). The first
sequencing analysis of the Svalbard mesocosms was done using 16S rRNA V4 amplicon
(publication V). The 16S rRNA gene is known for its high degree of accuracy in classifying
bacteria, even from rare or uncharacterized clades (Song et al., 2005). A large number of 16S
rRNA gene sequences from the environment and from culture collections are available on
public databases like SILVA, Greengenes, and NCBI. The taxonomic annotation of unknown
sequences from the environment is limited by the quality of our databases. In the present
experiment, the Greengenes 16S rRNA database was used as a reference database for
alignment construction. Taxonomic annotations were determined using the RDP classifier,
trained on Greengenes reference OTUs (at 97% sequence identity). This study highlighted the
fact that CO, was not significantly structuring the dominant members of the microbial
community but had a significant effect on 15 rare taxa. The bacterial community was
structured mainly by time, origin of the sample (Fjord versus mesocosms) and nutrient

addition. Others parameters, sampling strategies (0.2-3 um versus 3-12 um filters’ fraction),
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silicate, phosphate, primary production, temperature and pH also participated in sculpting the
community. The overall dominating taxa were the alpha-, gamma-proteobacteria and
Bacteroidetes in both fractions; additionally, the Cyanobacteria and Eukaryotes were found to
be a large part of the 0.3-12 um fraction before nutrient addition. In conclusion, the effect of
CO; on the microbial community composition was limited but could still have some
evolutionary consequences by creating a shift in the taxa dominance and/or diversity affecting
the entire community structure by for example favouring some rare taxa. At the time of
publication of our study, similar results were revealed by Zhang for the same mesocosms
(Zhang et al., 2013). Following the 16S rRNA analysis, the metagenome and
metatranscriptome of two mesocosms were used to compare and deepen the prior results on
OA (manuscript V1) by extending the analysis to biochemical function rather than limiting it
to phylogenetic composition. The analyses of total metagenome confirmed the 16S rRNA
results, also indicating that no major effects of OA were found on the microbial community
structure except for a few rare or low-abundance taxa. Some genes coding for different
metabolic functions were also significantly differentially expressed by CO, and the impact on
the community is presently being evaluated via the analysis of the taxa significantly
expressing these metabolic functions. It will further be useful to observe whether the
anticipated shift in community happened or not. The importance of compiling the different
parameters measured during the Svalbard’s study was accentuated by Archer et al.’s (2013)
suggestion that Heterocapsa rotundata’s played an important role in the DMSP cycle and its
metagenomic/metatranscriptomic profile (manuscript VI). Archer et al. (2013) found, using
flow cytometry, that there was a strong dependence between the abundance of H. rotundata
and the DMSP and concluded that dinoflagellates were responsible for the DMSP increase.
Our results show that this species was in very low abundance throughout the experiment but
had an increasing abundance in transcripts level after nutrient addition possibly representing
Archer et al. (2013) findings. The metagenome and metatranscriptome are further being used
to establish if dinoflagellates were indeed the main taxa containing enzymes involved in
DMSP production. The roles of the few taxa significantly affected by pCO, are important to
evaluate as they appear to be the most prone to the effect of OA (Roy et al., 2013). The taxa
actually expressing the functions and enzymes significantly differentially expressed under
different CO, are presently being investigated in order to highlight more connection between
community and OA affected parameters.
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Finally, to connect the T. oceanica transcriptome and the meta-omics work on the Svalbard’s
community, a first search for diatoms in the Arctic community was done. Only 2% of the total
eukaryotic sequences were annotated as belonging to Bacillariophyta, corresponding to 0.11%
of the total sequences. These sequences were matched to the Bacillariophyceae (subclass
Bacillariophycidae), Coscinodiccophyceae, Fragilariophyceae and Mediophyceae, the four
Bacillariophyta classes presently known (data not presented). These sequences were further
analysed statistically (two way ANOVA) for effect of time and pCO,, where no significance
(p value = 0.08 and 0.06; respectively) was found. The metabolic functions corresponding to
these Bacillariophyta sequences obtained via MG-RAST best hit search were also statistically
evaluated for differential expression and were matched to 84 functions which were
significantly affected by time (Figure 3 in Appendix) and none by pCO,. These significantly
time-affected functions are involved in ATP synthase, photosystem | and Il, cytochrome
complexes (electron carriers) and other ribosomal functions. Further investigation is needed
as these functions are all indirectly connected to survival and photosynthesis. The possibility
that OA’s effect on organisms exposed for a relative short time (30 days) could suggest the
occurrence of a certain adaptation. A longer exposure (years) might be necessary for the
observation of significant effects as bacteria are often exposed to extreme variation in

environmental conditions and might have the ability to compensate for negative environment.

The experiments presented showed that the analysis of metagenomes and metatranscriptomes
of complex natural microbial communities subjected to different treatments can produce
compelling information on OA. Metagenome and metatranscriptome analyses create
enormous datasets and lead to the discovery of large numbers of novel sequences and
metabolic functions. The undergoing analysis connecting taxa to significantly affected
metabolic function will further improve our knowledge of OA. The present research included
the top best blast hits, however, only a few organisms have had their whole genome
sequenced which sometimes can lead to some biased annotation needing reassessment. The
size of the output also creates some difficulties in getting an overview of the data and manual
analysis of large sequences is always strenuous if not impossible. The urgent need for an user-
friendly efficient computational platform for analysing metadata is acknowledged by the
community as every user is faced with the challenge of viewing sequencing results. The
importance of public portals is also critical in order to share results and improvement of
sequencing protocol. One option to lighten next-generation sequencing analysis could be its

combination with single-cell sequencing or single molecule real time sequencing (Shapiro et
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al., 2013); which in the case of metadata could help sort what organisms directly express one

particular gene of interest.

The present dissertation provides a detailed view of OA consequences on diatoms and Arctic
microbial community. The unexpected evolution of sequencing technologies during the past
decade and studies combining 16s rRNA gene amplicon, metagenome and metatranscriptome
provide evidences that unknown and rare taxa/functions play a more important role in natural
communities as previously expected. The possibility that sequencing techniques and
bioinformatics tools could continue to be developed so efficiently, expand the hope that
combination of such methods can elucidate processes until now thought to be

uncharacterizable.
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Figure 3. Heat map showing 84 metabolic functions significantly influenced by time.
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