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Abstract
Halophiles, organisms adapted to hypersaline habitats, represent unique cases in
which to study evolutionary and ecological processes. To overcome the high level of
stress in these habitats and to keep cellular components functional, halophiles have
developed adaptations like amino acid content bias in proteins exposed to high salt,
the use of solutes (organic or inorganic) to maintain high intracellular osmotic
strength, and the salt-dependent adjustment of plasma membrane fluidity.
Halophilic bacteria and archaea have been intensively studied, and substantial
research has been conducted on halophilic fungi, and the green alga Dunaliella. By
contrast, very few investigations of halophilic phagotrophic protists, i.e. protozoa,
have been conducted and knowledge about their evolution is lacking. The goal of this
thesis is to characterize the molecular adaptations of halophilic protozoa, using as
the primary model the stramenopile Halocafeteria seosinensis, through
transcriptomic and genomic analyses, including a study of gene expression as a
function of salinity. Examination of the inferred cytoplasmic proteomes of two
halophilic protozoa, H. seosinensis and the heterolobosean Pharyngomonas kirbyi,
indicated an increased hydrophilicity compared to the proteomes of marine protists,
but an absence of the acidic signature commonly detected in halophilic prokaryotes
that accumulate high levels of cytosolic inorganic ions. These results implied levels
of intracellular salt in halophilic protozoa higher than in marine protists, but lower
than in ‘salt-in’ microbes. Concordantly, genes putatively involved in synthesis and
transport of organic osmolytes that could contribute to balance the osmotic
equilibrium in H. seosinensis (e.g. hydroxyectoine) were up-regulated at high salt.
Other salt-responsive genes were involved in stress response (e.g. chaperones), ion
homeostasis (e.g. Na+/H+ transporter), metabolism and transport of lipids (e.g. sterol
biosynthetic genes), carbohydrate metabolism (e.g. glycosidases), and signal
transduction pathways (e.g. transcription factors). Several potential gene
duplication and/or lateral gene transfer events could have favored adaptability to
high salt (e.g. involving genes coding for ion transporters and peroxidase). This
study proposes that a transition toward high-salt adaptation in halophilic protozoa
probably requires a shift in amino acid composition of proteins and alteration of
transcriptional programs, leading to modification of cell structure properties like
membrane fluidity and increased stress resistance.
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Chapter 1 - Introduction

1- Halophilic Protozoa
Hypersaline environments have a global but sporadic worldwide distribution
(Javor 1989). They are found in warm or desert climates (e.g. hypersaline ponds of
Australia) where intense evaporation lowers water content, in very cold regions (e.g.
Antarctic lakes and sea ice) where freezing leads to salt expulsion from the ice lattice
and concentration in the remaining liquid water, or in deep-sea environments (e.g.
the Mediterranean deep-sea hypersaline basins) where dense hypersaline water
originated from the dissolution of geological salt deposits. These environments
represent habitats for microorganisms, some of which are adapted to even the
highest salinities encountered. Due to their sparse geographical distribution, the
simple food webs they harbor and their harsh conditions for biological growth, these
systems are of interest for studies of microbial biogeography, ecology and evolution.
The Bacteria and Archaea that inhabit hypersaline environments have been
widely studied (Oren 2002a). Comparatively, eukaryotes in these environments
have received less attention and were treated simplistically. For example, despite
several early studies reporting the presence of diverse unicellular eukaryotes
(protists) in high-salt waters (Enz 1879; Butschinsky 1897; Florentin 1899; Entz
1904; Namyslowski 1913; Kirby 1932; Ruinen 1938; Volcani 1944), the traditional
view of extremely hypersaline ecosystems designates the chlorophyte algae genus
Dunaliella as the main, if not the only, primary producer, with these being consumed
by the brine shrimp Artemia salina, representing the main, if not the only, predatory
organism (e.g. Pedrós-Alió et al. 2000). This view implicitly envisaged no or minor
ecological contribution from phagotrophic protists (i.e. protozoa). This was in
contrast with marine and freshwater ecosystems where protozoa are often major
agents of predation, and specifically of prokaryotic mortality (Azam et al. 1983;
Salonen and Jokinen 1988; Sherr et al. 1989; Vaqué et al. 1994). It is only recently
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that ecological surveys led to the wider recognition that several distinct
evolutionary lineages of eukaryotes, mostly protozoa, are adapted to hypersaline
environments and may have significant ecological roles (Hauer and Rogerson 2005).
Modern molecular investigations of microbial communities along salt
gradients ranging from the salinity of seawater (~3.5%) up to saturation (>30%
salt) have indicated that eukaryotic species richness is high up to around 8-15% salt,
sometimes higher than for prokaryotes (Casamayor et al. 2002), and rapidly
declines at higher salinity levels (Clavero et al. 2000; Casamayor et al. 2002; Estrada
et al. 2004; Elloumi et al. 2009; Lei et al. 2009; Filker et al. 2015). This salinity
threshold divides low-salt communities dominated by protists that tolerate rather
than prefer high salt concentrations from protists that require high salt to grow, and
that are therefore more active in habitats with higher salinities. This transition
boundary is proposed as a critical physiological point above which specific
adaptations are required for biological activities to be sustainable (Filker et al. 2015).
These adaptations might include amino acid bias in proteins exposed to high salt
(Frolow et al. 1996; Paul et al. 2008), mechanisms to adjust the intracellular
concentration of solutes given the high extracellular osmotic strength (Borowitzka
and Brown 1974; Galinski 1995; Oren 2002b), tight regulation of ion homeostasis
(Niu et al. 1995; Gorjan and Plemenitaš 2006), salt-dependent adjustment of plasma
membrane fluidity (Russell 1989; Turk et al. 2004; Turk et al. 2007; Turk et al.
2011) and a high capacity to manage the detriments related to oxidative stress
(Panda and Das 2005; Petrovič 2006; Tammam et al. 2011).
Concordantly, phylogenetic analyses revealed that protists are typically
evolutionarily segregated into freshwater and marine groups, and that adaptive
transitions from habitats with strikingly different salinities have occurred relatively
infrequently during the course of evolution (Logares et al. 2009). Furthermore,
protists isolated from hypersaline habitats, and that grow well at salinity well above
that of seawater, form distinct phylogenetic clades more closely related to marine
forms and not to freshwater groups, supporting the existence of divergent protist
taxa that have been adapted to hypersaline conditions for a long evolutionary period
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(Park and Simpson 2010). This strong relationship between phylogeny and habitat
salinity further suggests that osmotic pressure and ion gradients probably represent
important factors in shaping protistan diversity and thus communities.
Halophiles and halotolerant organisms are defined based on their optimal
salinity for growth and their obligate requirement for salt. One of the most widely
used definitions (Kushner 1978) designates organisms that do not need salt to
divide as being ‘halotolerant’ (extremely halotolerant if able to grow in >15% salt),
while ‘halophiles’ require salt and grow best at salinities >3%. The latter group is
further subdivided into categories depending on the optimal salinity for growth:
‘moderate halophiles’ growing well at 3-15% salt and ‘extreme halophiles’ at 1530%. Organisms for which the salinity range for growth overlaps the latter
categories (i.e. they grow well between 9-24% salt) are considered ‘borderline
extreme halophiles’. This thesis focuses especially on extreme (including borderline
extreme) halophiles that are specialized phagotrophs, i.e. free-living protozoa. The
past years have seen a substantial amount of work dedicated to characterizing
halophilic fungi, which are osmotrophs (important review and research articles
include: Petrovič et al. 2002; Butinar, Santos et al. 2005; Butinar, Sonjak et al. 2005;
Cantrell et al. 2006; Plemenitaš et al. 2008; Gunde-Cimerman et al. 2009; Plemenitaš
et al. 2014). The literature also contains several reports on phototrophic Dunaliella
spp. (Cowan et al. 1992; Chen and Jiang 2009b; Oren 2014; Liu et al. 2015). While
halophilic protozoa have been far less well studied, knowledge of their diversity and
ecological distribution has advanced substantially in the last decade in particular,
setting the stage for a broader understanding of the biology of these neglected
extremophiles.

3

3

2- Hypersaline habitats and their protist communities
2.1- Solar Salterns
Solar salterns are one of the most favored hypersaline environments for
studying the associated microbiota, especially since they allow for geographicallyrestricted investigations of controlled sites along salinity gradients. These manmade settings, designed primarily for the manufacture of sodium chloride, consist of
series of successive shallow ponds in which seawater-derived waters are subject to
evaporation, leading to a system of water masses with gradually incremented
salinity, from seawater up to saturated brine. Since salterns worldwide use seawater
as input, the salt composition of their water systems is similar. This feature has been
inferred to drive similar microbial community composition in geographically remote
locations (Oren 1994).
Salterns have received considerable attention from microbiologists partly
because the microbiota that they contain influence salt production. For example,
excretion of polysaccharide during unfavorable growth affects salt precipitation by
binding certain ions during water evaporation (Javor 2002). Good saltern
management also includes limiting the growth of Fabrea salina (a large ciliate that
cannot be ingested by the brine shrimp Artemia) in intermediate salinity ponds, as
this ultimately leads to microbial community imbalance and excessive flow of
organic matter to the downstream ponds (Davis 2000). As a result of this focused
research, about a third of protists observed in hypersaline environments up to 2005
were identified in salterns (Hauer and Rogerson 2005).
Microbial eukaryotes have been studied by microscopic examinations of
samples from various salterns of the Iberian peninsula (Esteve et al. 1992), the
saltpans of the Alto Guadalquivir region, Spain (Galotti et al. 2014), the Megalon
Embolon saltworks, Greece (Dolapsakis et al. 2005), the saltworks of Sfax, Tunisia
(Ayadi et al. 2002; Elloumi et al. 2006; Elloumi et al. 2009), the Port Fouad saltworks,
Egypt (Taher et al. 1995), and the Hwasung salterns, Korea (Lei et al. 2009). Both
molecular techniques (clone libraries or denaturing gradient gel electrophoresis
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(DGGE) of the 18S ribosomal RNA (rRNA) gene or the plastid 16S rRNA gene) and
microscopic investigations were used to characterize eukaryotic communities in the
Bras del Port salterns, Spain (Pedrós-Alió et al. 2000; Casamayor et al. 2002; Estrada
et al. 2004), the Cabo Rojo salterns, Puerto Rico (Casillas-Martinez et al. 2005;
Cantrell et al. 2006), and the Exportadora de Sal saltworks, Mexico (Clavero et al.
2000; Nübel et al. 2000; Spear et al. 2003; Feazel et al. 2008). Attempts at amplifying
the 18S rRNA gene were unsuccessful using samples from the Mara salterns,
Peruvian Andes (Maturrano et al. 2006). Finally, high-throughput sequencing of the
18S rRNA gene V4 region was employed to reveal protistan communities of the Ria
Formosa salterns, Portugal (Filker et al. 2015). A metagenomic analysis of samples
from the Exportadora de Sal saltworks also acknowledged the presence of
eukaryotes but without further details (Kunin et al. 2008). Several halophilic
protists described using ultrastructural and/or molecular methods (see section 4)
were isolated from solar salterns worldwide including in Seosin, Korea (Park et al.
2006; Park et al. 2007; Park et al. 2009), in San Diego, USA (Park and Simpson 2011),
in Portugal (Foissner et al. 2014), in New Zealand and in Russia (Kirby et al. 2015).
For most of these studies, emphasis has been placed on ciliates or the
phytoplankton (especially on diatoms and chlorophytes) with little detail about
other protists (e.g. Dolapsakis et al. 2005; Elloumi et al. 2006; Lei et al. 2009), and
ciliates were often found to dominate protist assemblages in the saltern system.
Ciliates are conspicuous under the microscope, leading to a relative ease of
identification. During molecular analyses, ciliates might be also advantaged relative
to other protists that are typically smaller since larger cells are more likely to
contain more rRNA transcripts in cases where RNA is used as input material to
construct libraries. Ciliates are also famous for containing lots of DNA since they
have a macronucleus as well as a micronucleus harboring rRNA gene copy numbers
that can vary according to growth conditions (Prescott 1994). Acknowledging these
biases, Filker et al. (2015) noted that 65.7% of sequence reads were assignable to
Ciliophora in a 12%-salt pond of the Ria Formosa salterns, while fluorescent in situ
hybridization (FISH) analysis of the same sample generated strikingly lower
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abundance results, with ciliates accounting for 3.5% of protist cells. However,
ciliates were not detected at 38% salt by FISH but represented 0.2% of total reads,
indicating that deep sequencing techniques are more sensitive that microscopy.
A decrease in ciliate species richness (e.g. from 32 to 13 operational
taxonomic units (OTUs) at 12% and 38% respectively) was encountered with
increasing salinity (Filker et al. 2015). Moreover, distinctions in species composition
were observed in space and time. For example, no stichotrichs nor
phylopharyngeans were detected in January or May 2003 in Sfax (Elloumi et al.
2006) but were present in March 2012 in Ria Formosa (Filker et al. 2015) and in
April 2001 in Hwasung salterns (Lei et al. 2009), while species of the class
Karyorelictea were detected uniquely in Sfax. On the contrary, the species Fabrea
salina occupied substantial fractions of the ciliate community at all sites with
salinities around 12-15%. Ciliate species related to Balanion, Cladotrichia and
Condylostoma were detected in ponds with highest salinities and probably represent
yet undescribed halophilic protists (Filker et al. 2015).
Apart from the chlorophyte Dunaliella salina, which typically dominates the
phytoplankton of saltpans with the highest salinities, other microalgae (including
diatoms and phototrophic dinoflagellates and cryptophytes) tend to be major
primary producers in lower salinities and to disappear above 15% salt, suggesting
they are not adapted to high salt (Taher et al. 1995; Estrada et al. 2004; Elloumi et al.
2009). However, deep sequencing recorded sequences related to the diatom orders
Bacillariaceae and Naviculaceae at 38% salt, accounting for 13.2% of total OTUs in
this saltpan of the Ria Formosa salterns (Filker et al. 2015).
During the past years, increasing attention has been paid to heterotrophic
nanoflagellates (2-20 μm in size). These were reported to represent for example
between 17-25% of the total nanoplanktonic abundance of saltpans >30% salt in the
Sfax saltwork (Elloumi et al. 2009), with abundance reaching 3 × 104
nanoflagellates/mL at salt concentration close to 30% in Bras del Port salterns
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(Pedrós-Alió et al. 2000). Their role in the food web has been shown to be
substantial, as discussed in section 3 (Park et al. 2003).
2.2- Salt Lakes, Lagoons and Natural Ponds
Natural water masses with extreme hypersalinity are rather rare. Similarly to
investigations of low-salt ponds of salterns, studies of lakes and enclosed
embayments with moderate hypersalinity (<10% salt) commonly revealed the
presence of communities similar to those of coastal and marine systems. These
include relatively recent investigations of the salt ponds of the Atacama Desert, Chile
(Stivaletta et al. 2011; Farías et al. 2014; Rasuk et al. 2014), the Laguna Madre, USA
(Buskey et al. 1998; Buskey et al. 2001), the Araruama Lagoon, Brazil (Debenay et al.
2001), and the microbial mats of the Hamelin Pool, Australia (Al-Qassab et al. 2002;
Allen et al. 2009; Edgcomb and Bernhard 2013). Even samples of higher salinity
(>10%) can contain organisms that grow better in seawater but that display very
broad salt tolerance. For example, several different amoebae isolated from a
hypersaline pond (16% salt) near the Salton Sea and established in high-salt
cultures could be grown without acclimatization to low salinity (3.2%; Rogerson and
Hauer 2002). Therefore, identification of extreme halophiles from descriptive
surveys without a culturing component is difficult.
Nonetheless, the existence of extreme halophilic protists, and their
importance in hypersaline environments, is getting increasing support from
environmental inquiries. These studies include investigation of Australian
hypersaline waters sampled from Lake Tyrrell (Heidelberg et al. 2013), the Hutt
Lagoon (Post et al. 1983), and from various sites in the Shark Bay area (Patterson
and Simpson 1996). Protists were also examined in microbial mats and water
samples from Solar Lake, Egypt (Cohen et al. 1977; Wilbert and Kahan 1981; Minz et
al. 1999), in the benthic area of salt lakes in Canada, Egypt and Australia (Wilbert
1995), in the water column of Lake Ursu, Romania (Máthé et al. 2014), and in the
Fuente de Piedra saline lake, Spain (García and Niell 1993). In addition, protist
communities were characterized in cold saline lakes of the Tibetan Plateau (Wu et al.
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2009) and Antarctica (Perriss and Laybourn-Parry 1997; Laybourn-Parry et al.
2002; Yau et al. 2013), and from Antarctic sea-ice brine (Stoecker et al. 1997).
Protists have also been anecdotally reported from the north arm of the Great Salt
Lake, USA (Post 1977).
Again, samples of high salt concentration (>15% salt) are typically a source of
novelty. Triadó-Margarit and Casamayor (2013) investigated the genetic diversity of
microbial eukaryotes from several coastal and inland saline habitats to determine
that terrestrial water bodies, especially hypersaline habitats, contained unreported
taxa abundantly, with between 30-40% of sequences with identity <97% to
sequences available in databases. In sites with salinity >15%, where sequences
displaying the most extreme novelty were found, novel phylotypes were related to
Choanoflagellida, Centroheliozoa, Bicosoecida and Colpodellidae.
The shallow water masses of Australia are interesting case examples to
illustrate the presence of diverse halophilic protists in natural hypersaline
environments. In the Hutt Lagoon, where salinity rarely falls under 18%, Post et al.
(1983) reported 14 ciliates, ten flagellates and four amoebae using microscopy.
Several of these species were not observed at salinity under 16% and were only
reported from hypersaline habitats, for example the ciliate Cladotrichia koltzowskii.
The authors suggested that these taxa might be unique to hypersaline niches, but
they could not exclude the possibility that these species were high-salt-adapted
marine protists that can tolerate a wide range of salinities (i.e. euryhaline).
Importantly, protists were routinely identified at the surface of benthic microbial
mats, suggesting they might occupy higher links of the microbial food web in these
systems.
Patterson and Simpson (1996) reported the diversity of heterotrophic
nanoflagellates in sediments from shallow waters of the Shark Bay area. As
mentioned previously, sites with lower salinities (4.1% and 6% salt) contained
species observed in marine environments, and their presence decreased with
increasing salinity. By contrast, none of the flagellates observed in a saturated brine
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puddle were previously reported from the ocean and two of them, Pleurostomum
flabellatum and Palustrimonas yorkeensis, have been detected previously exclusively
from hypersaline environments. More species had never been reported before, like
Ancyromonas melba, Bodo cygnus, Pleurostomum turgidum and Rhynchobodo simius.
One flagellate, identified as Bodo saltans, was observed in all samples suggesting it
was extremely euryhaline, but it is probable that this species described on the basis
of morphological features (morphospecies) was in fact several individual species
(Park et al. 2006). This highlights the limitations related to microscopic
examinations and indicates that the combination of molecular, microscopy and
culture methods is required to accurately describe halophilic protists.
Finally, Lake Tyrrell, located in semi-arid northwestern Victoria, Australia,
contains shallow waters (~50 cm deep), with salinity ranging from 25-30% in
winter, that almost completely evaporate in summer, leaving residual brine on top of
halite crust. Investigating this system, Heidelberg et al. (2013) determined that
colpodellids (heterotrophic nanoflagellates related to Apicomplexa) dominated both
18S rRNA gene clone libraries (84% to 95% of total clones) and microscopic counts
(85% of total counts) from water samples. Sequences for this group formed a single
monophyletic group sister to Alphamonas/Colpodella edax and Chromerida sp.
These studies all indicate that hypersaline habitats represent rich sources of
novel extreme halophilic protists that most probably play important ecological roles
in these systems. On-going effort at isolating and characterizing these organisms is
therefore crucial.
2.3 - Deep-Sea Hypersaline Basins
More than 3 km deep at the bottom of the Eastern Mediterranean Sea reside a
series of deep hypersaline anoxic basins (DHABs) containing dense hypersaline
waters that resulted from the dissolution of geological salt deposits, the Messinian
evaporites (Cita 2006). Under the seawater/brine interface, salinity quickly
increases in a halocline to reach >30%, and oxygen level drops to reach anoxic
conditions, in a ~100 m-deep brine layer (maximum of 500 m in Bannock Basin).
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Studying microbial communities in these remote environments is extremely
challenging due to several factors, including i) the steep and thin haloclines (less
than a couple of meters; Stock et al. 2013) that require specific high-precision
sampling protocols (see Daffonchio et al. 2006), ii) the difficulty during fieldwork in
establishing cultures of microbes adapted to high pressure and anoxic conditions,
and iii) the presence of residual biological material that sinks and remains preserved
in these basins, obscuring the validity of some molecular data (Danovaro et al. 2005).
Despite these limitations, active microbial communities including protozoa have
been detected—especially by recovery of RNA (a proxy for genetic activity) but also
by imaging of apparently viable cells in a few cases—in Discovery, Urania, Medee,
Tyro, Thetis, L’Atalante, and Bannock Basins, and in a basin near the ‘Kryos Deep’
depression (Alexander et al. 2009; Edgcomb et al. 2009; Edgcomb et al. 2011; Ferrer
et al. 2012; Stock et al. 2012; Filker et al. 2013; Stock et al. 2013; Bernhard et al.
2014; Pachiadaki et al. 2014).
Compared to the deep oligotrophic waters of the Mediterranean Sea, the
waters of the DHABs can contain higher cell numbers. Protist counts range from
6.0 × 103 cells/L in the halocline of the Thetis Basin (Stock et al. 2012) to 2.7 × 105
cells/L in the Urania halocline (Edgcomb et al. 2011), while in the water column
above the basins counts range from 1.5~22.3 × 104 cells/L (Bernhard et al. 2014).
Concordantly, metatranscriptomic analysis of the Thetis basin halocline indicated
that eukaryotic actin and tubulin transcripts were four times higher in the upper
halocline (7.0-16.3% salt) compared to 3.87% salinity samples taken 1,000 m above
the interface (Pachiadaki et al. 2014). However, transcript abundance for these
proteins decreased to very low levels in the lower halocline (21.4-27.6% salt),
indicating restricted growth in the deeper, most saline layers. Cell counts in the
sediments of the Urania, Discovery and L’Atalante basins were higher by two orders
of magnitude compared to the water columns of these basins, and were also more
abundant compared to the surrounding benthos of the sea (Bernhard et al. 2014). In
the deep-sea haloclines and brines, even though the species richness is lower
compared to surface seawater (Alexander et al. 2009), a higher richness was
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observed than in the deep-sea marine waters overlying the DHABs (Edgcomb et al.
2009).
Analysis of 18S rRNA gene sequences indicated that populations of ciliates
dominated the brine community of several DHABs. In the Thetis lower halocline
(salinity of ~25%), they represented 40% of all reads (Pachiadaki et al. 2014). In the
Medee Basin brine (salinity of 32%), 97% of all ciliate amplicons were distantly
related to the genus Anoplophrya (80%-89% identity), while 64% and 45% of ciliate
sequences were related to Strombidinium in the brines of Thetis (salinity of 35%)
and Tyro (salinity of 32%) basins, respectively (Stock et al. 2013). A substantial
fraction of the taxonomic composition was also often attributable to ciliates, with
ciliates representing 20% and 45% of phylotypes in the brines from Thetis (35%
salt) and L’Atalante (37% salt) basins, respectively (Alexander et al. 2009; Stock et al.
2012). Detection of sequences of a halophilic clade of Trimyema in these DHABs and
in inland hypersaline habitats suggests that the deep-sea communities share a
historical link with surface hypersaline waters rather than have evolved de novo in
situ (Park and Simpson 2015).
In addition, fungal sequences indicate a successful colonization of these
DHABs where they represented 39% of all sequencing reads in the Thetis brine
(Pachiadaki et al. 2014), 37% of all phylotypes in the Thetis lower halocline (Stock et
al. 2012) and ~90% of all sequences in the sediments within the L’Atalante lower
halocline (10% salt; Bernhard et al. 2014). In the L’Atalante lower halocline (37%
salt), acanthoecid choanoflagellates also notably represented 10% of sequences
(Alexander et al. 2009).
As for surface hypersaline environments, the DHABs contained several
sequences remarkably divergent compared to deposited sequences, including some
distantly affiliated with Bicosoecida, and one ciliate sequence only 86% identical to
other ciliate species (Alexander et al. 2009; Stock et al. 2012).
Analysis of 18S rRNA gene sequences and canonical correspondence analysis
indicated that geographic distance and temporal variation were negligible forces in
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shaping community composition in these environments, but that chemical
parameters had a significant influence (Alexander et al. 2009; Edgcomb et al. 2009;
Filker et al. 2013; Stock et al. 2013). The chemistry of the brines is variable from
basin to basin due to exhumation and submarine dissolution of varying layers of the
Messinian deposits (Cita 2006). For example, in the Discovery Basin brine,
concentrations of magnesium reach 5 M compared to 300-650 mM in the L’Atalante,
Bannock and Urania basins, and the concentration of sodium is just ~70 mM while it
ranges from 3.5 to 4.7 M in the other DHABs (van der Wielen et al. 2005). As a result,
communities are significantly dissimilar between DHABs. The steep chemical
gradient through the halocline down to the brine of individual DHABs also drives
community composition. In addition to magnesium and sodium content,
concentrations of sulfate, ammonium and oxygen were correlated with community
structure variations (Alexander et al. 2009; Edgcomb et al. 2009; Filker et al. 2013;
Stock et al. 2013). This influence of salt composition on community structure is
concordant with the measured growth dependence of halophilic protists on ionic
factors like the Mg2+:Ca2+ ratio (Park 2012). In the sediments of the Urania,
Discovery and L’Atalante Basins, concentrations of HS-, Mg2+ and SO42- also seemed
to influence protist density (Bernhard et al. 2014).

3- Ecological Roles of Protozoa in Hypersaline Habitats
As bacterivores, halophilic protozoa were shown to control prokaryotic
abundance in two Spanish and one Korean saltern systems. In La Trinitat saltern, in
a 15% salinity saltpan, prokaryotic loss by bacterivory was ~30 times higher than
loss by viral lysis (Guixa-Boixareu et al. 1996). Bacterivory was maximal at salinities
between 6% and 15%, accounting for ~100% of the prokaryotic production.
Similarly, in Bras del Port saltern, highest bacterivory values were recorded for
salinities between 5% and 20%, but this corresponded to <40% of prokaryotic
production (Pedrós-Alió et al. 2000). In both systems, no bacterivory was detected

12

12

above 20% salt. As mentioned previously, earlier accounts stipulated that
bacterivores were generally not observed at salinities >14% (Por 1980).
Contrastingly, Park et al. (2003) measured bacterivory in Korean salterns
exceeding 30% salt, where grazing rates ranged from 1.4-13.0 × 108 prokaryotes
eaten per liter per hour, corresponding to 25-358% of prokaryotic production
depending on the month. In contrast to the Spanish salterns, no ciliates were
observed and grazers were discovered to be nanoflagellates present in abundance
(7-28 × 106 cells/L).
In addition to nanoflagellates and ciliates, amoebae were also observed to be
grazers, for example on cyanobacteria in surface mud samples of a salt pond at Eilat
(Hauer and Rogerson 2005). Moreover, some protozoa, like colpodellids and ciliates,
were observed to consume other eukaryotes, especially Dunaliella algae, in
environmental or crude samples (Post et al. 1983; Simpson and Patterson 1996). For
example, Heidelberg et al. (2013) microscopically observed ingested Dunaliella in
colpodellid cells sampled from Lake Tyrrell and inferred that these phagotrophs,
together with ciliates related to Trimyema koreanum and Fabrea salina detected
during the same study, probably exert considerable grazing pressure on Dunaliella
and the prokaryotic communities in high salt systems. Since other predators like
zooplankton are absent at high salt, these results suggest that phagotrophic protists
might contribute to the significant ammonium recycling activity implied by Joint et
al. (2002).

4- Described Isolates of Halophilic Protozoa
Most major groups of eukaryotes contain protozoa that have been reported
from hypersaline environments (see Tables 1-3 in Hauer and Rogerson 2005 and
Suppl. Table 1 in Park et al. 2009). However, only a few isolates (4 heteroloboseans,
1 bicosoecid and 2 ciliates) have been characterized using modern methods,
including rRNA gene sequencing, and also confirmed to be (borderline) extreme
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halophiles by growth experiments. This illustrates the need for more descriptive
studies of halophilic protozoa. On the basis of morphological data and molecular
phylogenies these isolates were assigned to new species and usually to
new/different genera than marine forms, consistent with the idea that halophilic
protozoa represent independent evolutionary lineages that adapted to hypersaline
environments a long time ago.
The Heterolobosea (supergroup Excavata) comprises flagellates, amoebae
and amoeboflagellates (that can transition between both stages and that commonly
form cysts). They are typically found in freshwater, soil and marine environments,
however several heteroloboseans are adapted to extreme conditions, including high
temperature (e.g. Oramoeba fumarolia; De Jonckheere et al. 2011), and low pH (e.g.
Tetramitus thermacidophilus; Baumgartner et al. 2009). Several are extreme or
borderline extreme halophiles: Pharyngomonas kirbyi (Park and Simpson 2011),
Pleurostomum flabellatum (Park et al. 2007), Euplaesiobystra hypersalinica and
Tulamoeba peronaphora (Park et al. 2009). The latter were all isolated from solar
salterns, or natural salt lakes or puddles with salinity of ~30%. All grow optimally at
>12% salt in laboratory culture (remarkably at 30% in the case of P. flabellatum),
indicating hypersaline habitats are most likely their ecological niche.
These species are not closely related to each other and, with the exception of
T. peronaphora and P. flabellatum, they fall into separate phylogenetic clades,
indicating that adaptation to high salt happened independently at least three times
during the evolutionary history of the Heterolobosea. Interestingly, during the past
years, several isolates with lower salt tolerance were discovered to be rather close
relatives to the extreme halophiles. Pharyngomonas turkanaensis was isolated from
Lake Turkana in Africa (0.4% salt), and can grow in vitro at salinity between 1.510%, with an optimum at <3% (Park and Simpson 2016). It is therefore at most a
moderate halophile, and since the common ancestor of Pharyngomonas spp. was
probably an obligate halophile (Harding et al. 2013), P. turkanaensis likely reverted
to preferred growth at lower salinity (Park and Simpson 2016). The most closely
known relative of P. turkanensis, Pharyngomonas sp. strain RL, is (barely) capable of
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growth at lower salinities (3.5%; Plotnikov et al. 2015) although it can grow up to
25% salt (Harding et al. 2013), indicating varying levels of salt tolerance in species
of the genus. In addition, strains of Tulamoeba bucina were also shown to be
moderate halophiles, with a remarkable salinity range (growth at 3.5-22.5%
salinity), while branching inside the clade of obligate halophiles that encompasses
Tulamoeba and Pleurostomum (Kirby et al. 2015). Greater taxon sampling and
additional descriptions will provide better insights into possible evolutionary paths
toward salt adaptation and the required molecular mechanisms in the
Heterolobosea.
Halocafeteria seosinensis strain EHF34 (Bicosoecida, Stramenopila) was
isolated from a 30% salt Korean saltern and grows optimally at 15% salt (Park et al.
2006). It is a small flagellate that is related to the marine taxa Cafeteria and
Caecitellus. Its closest known relatives are actually undescribed moderate halophiles
with lower salt optimum (~5-7.5%) and range (1.5-15%) for growth, hinting at a
progressive adaptation to high salt in the lineage leading to Halocafeteria (Park and
Simpson 2010). Morphospecies of Halocafeteria and 18S rRNA gene sequences 97.5100% identical to strain EHF34 sequence were detected from worldwide locations
(Australia, North America and Europe), indicating a wide geographic distribution on
a coarse scale (Park and Simpson 2015). Molecular data was generated from H.
seosinensis and forms the main substance of this thesis (see section 5).
Ciliates (Alveolata) have been commonly reported from hypersaline habitats
using microscopic and environmental molecular techniques, as described above, but
only a couple of (borderline) extremely halophilic isolates have been characterized
as laboratory cultures: Trimyema koreanum (Cho et al. 2008) and Platynematum
salinarum (Foissner et al. 2014). Trimyema koreanum belongs to the class
Plagiopylea and grows over a range of salinity between 15-30% with an optimum of
22.5% salt (Cho et al. 2008). It is an anaerobe that can tolerate oxic conditions for
three to four days. It was shown to be able to ingest Dunaliella as a food source, in
addition to prokaryotes (Cho et al. 2008). Sequences of T. koreanum 18S rRNA genes
isolated from a wide range of geographic locations grouped concordantly to their

15

15

sampling sites, suggesting the possibility for restricted biogeographical distributions
for subclades of this halophile (Park and Simpson 2015). Platynematum salinarum,
which belongs to an entirely different group of ciliates (Oligohymenophorea), was
isolated from a Portuguese solar saltern of 12% salinity. The studied strain grows
over a range of 14-30% in laboratory culture, with highest growth rate at 14% salt
(Foissner et al. 2014).

5- Evolution of Halophilic Protozoa
During the past years, a picture regarding the ecology and distribution of
extremely halophilic protozoa has begun to emerge. On the contrary, basically
nothing is known about their evolution, and specifically about the molecular
features that contributed to their adaptation to a halophilic lifestyle. Yet their patchy
phylogenetic distribution in the tree of eukaryotes indicates that adaptation to
hypersaline environments has happened in several independent lineages and
illustrates that protist evolvability might be as great as in bacteria and archaea. This
thesis is motivated by the need for acquisition of fundamental information regarding
protist molecular evolution and the genetic features that allow halophilic protozoa
to survive in very high salt conditions. It examines H. seosinensis as a case example
through comparative sequence analyses (chapter 2, also including the halophilic
heterolobosean P. kirbyi) and expression measurements of salt-responsive genes
(chapter 3).
In chapter 2, I establish that the cytosols of the halophilic protists H.
seosinensis and P. kirbyi probably do not contain molar concentrations of inorganic
ions, but that organic solutes instead likely accumulate to equilibrate the
intracellular osmotic strength with that of the medium. On one hand, this is based on
the detection of an amino acid bias leading to increased hydrophilicity in the
cytoplasmic proteomes of halophilic protists, combined with the absence of an acidic
signature commonly detectable in proteomes of organisms that accumulate high
levels of cytosolic inorganic ions. On the other hand, I infer that organic solutes
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potentially build up in the cytosol based on the salt-dependent expression of genes
involved in organic osmolyte synthesis and transport.
In chapter 3, I report a comprehensive analysis of genes up-regulated at high
salt (30%) compared to optimal salinity for growth (15%) in H. seosinensis. I therein
identify several aspects of cellular biology that might require modifications of the
transcriptional program in order to allow protozoa to live under hypersaline
conditions. For H. seosinensis, the transcriptional response to high salt included the
differential expression of genes involved in ion homeostasis, signal transduction,
stress management, lipid remodeling and carbohydrate metabolism. In this chapter,
I also examine genes potentially involved in duplication and/or lateral gene transfer
events in order to gain insights into the evolutionary processes that might have
favored the adaptation to high salt in the lineage leading to H. seosinensis.
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Chapter 2 - Osmoadaptative Strategy and its Molecular
Signature in Obligately Halophilic Heterotrophic Protists 1

1- Introduction
Extremely halophilic microbes are adapted to hypersaline conditions and
require salt concentrations well above those of seawater in order to grow. They
typically have optimal reproductive rates at ~4× the salinity of seawater (Hauer and
Rogerson 2005; Oren 2008). Some halophiles can actually sustain growth in
saturating salt concentrations, and some even show their optimal growth in nearsaturated media (e.g. Park et al. 2007). Research on extreme halophiles has focused
for decades almost entirely on Archaea and Bacteria and has yielded substantial
information in terms of adaptations of their proteins and cellular metabolism and
physiology (Oren 2002a).
In order to stay hydrated in hypersaline conditions, halophiles equilibrate the
osmotic strength of their cytoplasm with the extracellular medium by accumulating
solutes, either inorganic or organic. For example, the ‘salt-in’ haloarchaea
accumulate molar concentrations of potassium (Oren 2002b). These have highly
acidic proteomes, resulting from an abundance of negatively charged aspartate and
glutamate residues and a depletion of positively charged lysine residues at the
protein surface (Frolow et al. 1996; Paul et al. 2008). X-ray crystallography studies
have demonstrated that this negative net charge is neutralized by water molecules
and thus increases protein solubility as well as preventing protein aggregation in
hypersaline conditions (Elcock and McCammon 1998; Richard et al. 2000).
Halophilic proteins are also depleted of hydrophobic amino acids, and this is often
offset by a higher content of borderline hydrophilic-hydrophobic residues like serine
1 This chapter was published as a research article in Genome Biology and Evolution and
reproduced by permission of Oxford University Press: Harding, T., Brown, M.W., Simpson, A.G.B.
and Roger, A.J. (2016) Osmoadaptive strategy and its molecular signature in halophilic
heterotrophic protists. Genome Biol Evol, 8(7): 2241-2258.
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and threonine (Lanyi 1974). High salt increases the hydrophobic effect, and the low
hydrophobicity of halophilic proteins possibly allows them to avoid overly rigid
folded conformations.
On the other hand, the proteomes of halophiles that use organic solutes as
their main osmolytes (‘salt-out’ organisms) are not enriched in highly acidic proteins,
although they typically produce extracellular proteins that are very acidic and less
hydrophobic compared to mesophilic counterparts (e.g. Coronado et al. 2000; Oren
et al. 2005). Organic osmolytes are strong ‘water structure-formers’ that are
excluded from protein hydration shells, and thus prevent cell dehydration while
being compatible with metabolism (Bolen and Baskakov 2001). They are uncharged
or zwitterionic low-molecular weight molecules and include some amino acids and
their derivatives (glutamate, aspartate, proline, ectoine), polyols (myo-inositol,
mannitol, glycerol), sugars (trehalose, sucrose) and betaines (Galinski 1995). To
save energy, osmolytes are preferentially imported from the extracellular
environment if available, otherwise they are synthesized de novo (Oren 1999).
Accumulation of organic osmolytes is not limited to halophiles but rather represents
a widespread long-term osmotic balance response in most organisms. By contrast,
massive accumulation of inorganic osmolytes is restricted to a few groups, including
the Halobacteria (i.e. haloarchaea), the Halanaeorobiales (Rengpipat et al. 1988),
Salinibacter ruber (Oren et al. 2002) and Halorhodospira halophila (Deole et al.
2013).
Recently, the view that intracellular salt content is absolutely coupled with
proteome acidity has been challenged (Oren 2013). For example, the
proteobacterium Halorhodospira halophila employs K+ as its main osmolyte and
expresses a highly acidic proteome, but can grow at salinity as low as 3.5%, with
intracellular K+ concentrations varying from 0.4-2.1M as salinity ranges from 5-35%
(Deole et al. 2013). This shows that acidic proteins can function in cytosolic K+
concentrations experienced by mesophiles (e.g. Escherichia coli), and contradicts the
hypothesis that halophilic proteins contain an excess of negative surface charges to
establish stabilizing interactions with K+. It is suggested instead that the high
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hydration state of ionized glutamate and aspartate side chains contributes to protein
solubility (Deole et al. 2013). The use of a mixture of inorganic and organic
osmolytes has also been observed, as in the halophilic archaeon Haladaptatus
paucihalophilus which accumulates trehalose and glycine betaine as compatible
solutes while keeping a stable intracellular K+ content that is 17× higher than E. coli,
but 0.3-0.6× that of Halobacterium salinarum (Youssef et al. 2014). As expected, H.
paucihalophilus possesses a highly acidic proteome. More puzzling, however, are the
cases of the Halanaerobiales Halanaerobium praevalens, ‘Halanaerobium
hydrogeniformans’ and Halothermothrix orenii that accumulate high levels of K+ but
apparently do not have an acidic signature in their proteomes (Mavromatis et al.
2009; Elevi Bardavid and Oren 2012). These studies show that proteome acidity is,
at best, strongly suggestive of osmoadaptive strategy, rather than a perfect
diagnostic.
Knowledge regarding salt adaptation in halophilic and halotolerant
eukaryotic microbes is restricted to species of the chlorophycean alga Dunaliella,
and certain yeasts, like Hortaea werneckii, Debaryomyces hansenii, Wallemia
ichthyophaga and Aureobasidium pullulans (Chen and Jiang 2009a; Gunde-Cimerman
et al. 2009). The yeasts D. hansenii and A. pullulans are considered halotolerant and
can grow without salt. In fact, the former grows optimally at salinity around 3-6%,
and the latter grows better without added salt (Kogej et al. 2005; Gunde-Cimerman
et al. 2009). In contrast, W. ichthyophaga is an extreme halophile that cannot grow
without salt and grows optimally at ~21-27% salinity (Gunde-Cimerman et al. 2009).
These organisms are ‘salt-out’ strategists that accumulate glycerol as the main
compatible solute. Glycerol is one of the cheapest and simplest osmolytes to produce,
but is rarely found in other halophiles studied to date, possibly because of its high
diffusion rate through standard cell membranes (Oren 1999). Yeasts and Dunaliella
have developed mechanisms to increase glycerol retention, potentially lowering
permeability by adjusting the membrane sterol content and lipid composition, or
cell wall melanin level (Sheffer et al. 1986; Kogej et al. 2006; Gunde-Cimerman et al.
2009). Yeasts also use other polyols like erythritol, arabitol and mannitol, with the
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composition of the compatible solute mix depending on salinity (Hohmann 2002).
Nonetheless, the halotolerant yeast D. hansenii has a higher intracellular sodium
content than Saccharomyces cerevisiae (Prista et al. 1997), A. pullulans and H.
werneckii (Kogej et al. 2005), suggesting that sodium ions can substantially
contribute to osmotic adjustment along with glycerol in this species.
Compared to halophilic archaea, bacteria, the alga Dunaliella and fungi,
virtually nothing is known about halophilic heterotrophic protists, i.e. the ecological
guild of ‘protozoa’. Several evolutionarily distinct groups of halophilic protozoa have
been recorded in hypersaline environments (Hauer and Rogerson 2005; Foissner et
al. 2014; Stoeck et al. 2014; Park and Simpson 2015), and they represent potentially
important grazers of prokaryotes in these habitats (Park et al. 2003). Several species
show high minimum and optimum salinities for growth under laboratory conditions
(Park et al. 2006; Cho et al. 2008; Fiore-Donno et al. 2008; Foissner et al. 2014), and
based on this, the ‘salt-in’ strategy has been speculatively suggested for at least one
species (Foissner et al. 2014). Here we present a molecular examination of two
protozoa: Halocafeteria seosinensis strain EHF34 (Park et al. 2006) and
Pharyngomonas kirbyi strain AS12B (Park and Simpson 2011). Both are obligate
halophiles that cannot grow at salinities <7.5% under laboratory conditions. The
AS12B strain of P. kirbyi grows optimally at a slightly lower salt concentration than
H. seosinensis EHF34 (12% vs. 15% respectively). Concordantly, H. seosinensis EHF34
can still divide in media close to saturation (at 30% salt) while P. kirbyi AS12B has a
maximum salt concentration for growth around 25% (Park et al. 2006; Park and
Simpson 2011).
As a first investigation of the adaptations of these protozoa to high salt
conditions, we aimed to gather evidence about their molecular adaptations, and
strategy for osmotic adjustment. Since they grow in mixed cultures with food
prokaryotes, direct measurement of the intracellular content in these protists,
although required, is technically challenging. Instead, as a first investigation, we
sequenced their transcriptomes and studied the molecular features of their
predicted proteomes, assuming that a high level of intracellular salt would lead to
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the classical acidic signature of ‘salt-in’ microbes (for example). We also investigated
the expression of putative organic osmolyte synthesizers and transporters as a
function of salinity in H. seosinensis. We find that the cytoplasmic proteomes of H.
seosinensis and P. kirbyi are not highly acidic, although they are significantly more
hydrophilic than eukaryotic microbes inhabiting marine environments. At high salt,
H. seosinensis up-regulated genes related to ectoine hydroxylase, amino acid
transporters and myo-inositol carriers. Collectively, these observations suggest that
these halophilic protists exploit organic solutes as major osmolytes, although they
potentially also have higher intracellular salt content relative to mesophilic protists.

2- Materials and Methods
2.1- RNA and DNA Extraction and Sequence Generation
RNA was extracted from mid-exponential-phase cultures of H. seosinensis
strain EHF34 (Park et al. 2006) and P. kirbyi strain AS12B (Park and Simpson 2011)
grown at 37 °C on a shaker at 50 rpm in salt medium adjusted to desired
concentrations after dilution of 30% salt medium (4.7 M NaCl, 102 mM KCl, 133 mM
MgCl2, 12 mM CaCl2, 13 mM MgSO4, medium #5 in Park 2012). Halocafeteria
seosinensis was grown in triplicate at 15% and 30% salt, and was fed with Haloferax
sp. isolated from one of our cultures. Pharyngomonas kirbyi was grown as flagellated
cells at 15% salt and as amoebae at 10% salt, and fed in both cases with Citrobacter
sp. As growth controls, cultures grown in parallel with the RNA experiment
replicates were not sacrificed for RNA extraction, but kept alive until they reached
stationary phase, to ensure proper growth. RNA was extracted using TRIzol
following the manufacturer’s instructions (Ambion, Carlsbad, USA). RNA extracts
were treated with Turbo DNAse (Ambion) prior to cDNA library preparation using
the TruSeq RNA sample preparation kit version 2 (Illumina, San Diego, USA).
Halocafeteria seosinensis samples were sequenced on an Illumina HiSeq 2000
platform by Génome Québec generating a total of 188,229,640 100-bp paired-end
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reads. Pharyngomonas kirbyi samples were sequenced on a MiSeq platform
generating 26,040,129 250-bp paired-end reads. Reads were trimmed to remove
low-quality sequences and adapter sequences using Trimmomatic 0.30 with a
sliding window of 10 nucleotides and a PHRED33 quality threshold of 25 (Bolger et
al. 2014), and mapped to genomes of prokaryote species known to be in the culture
(Haloferax volcanii DS2 - GenBank assembly accession GCA_000025685.1,
Citrobacter freundii 4_7_47CFAA – GCA_000238735.1, Salinivibrio costicola subsp.
costicola ATCC 33508 – GCA_000390145.1) in order to discard contaminant
sequences (~1% of total reads) using Stampy 1.0.23 (Lunter and Goodson 2011).
After decontamination, reads with k-mer coverage between 6× and 50× were
selected using BBNorm (from the BBMap package:
http://sourceforge.net/projects/bbmap/) and assembled using Trinity 2.0.2
(Grabherr et al. 2011). Open-reading frames (ORFs) were predicted using
TransDecoder (from the Trinity package) and translated to protein sequences.
Trinity typically generates many putative isoforms and polymorphic sequences. In
order to reduce the redundancy in the dataset, ORFs were compared to each other
by BLASTP searches (Altschul et al. 1990). For highly similar ORF pairs, we
discarded the smallest sequence if the alignment covered >90% of its length and if
<5 mismatches were observed. Finally, to remove sequences belonging to unknown
prokaryotic contaminants present in the cultures, the nucleotide sequences of ORFs
were compared to sequences in the NT database using BLASTN. Sequences having
100 bp-long fragments >90% identical to a prokaryotic sequence were discarded.
The generated transcriptomes contained 16,852 ORFs for H. seosinensis and 15,521
ORFs for P. kirbyi.
DNA from H. seosinensis was purified using a salt extraction protocol
(Aljanabi and Martinez 1997). Briefly, cells were disrupted by vortexing in lysis
buffer (750 mM sucrose, 50 mM Tris-HCl pH 8.3, 40 mM EDTA pH 8.0) and digested
with proteinase K (0.2 mg/mL) and 0.01% sodium dodecyl sulfate for 1 hour at
55 °C. DNA was separated from the other organic phases by centrifugation in a
supersaturated NaCl solution (3M) and precipitated with 70% ethanol. A paired-end
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DNA library (250 bp) was prepared using the Nextera XT kit (Illumina) prior to
high-throughput sequencing on a MiSeq platform. 19,726,040 reads were generated
and ‘cleaned’ as described for the RNA-derived sequences. Genomic contigs were
assembled with MIRA 4.9.5_2 (Chevreux et al. 2004). Genes, including intron/exon
boundaries, were delimited by mapping the read sequences obtained from RNA
extracts using TopHat2 2.0.13 (Kim et al. 2013) and predicted by Braker 1.1 (Hoff et
al. 2016).
2.2- Protein Localization Prediction and Calculations of pI and GRAVY
Sequences were assumed to encode soluble cytoplasmic proteins if no
mitochondrial targeting peptide, signal peptide, or chloroplast transit peptide was
predicted by TargetP 1.1 given a reliability class of 1 or 2 (Emanuelsson et al. 2000),
and if no transmembrane domain was predicted by TMHMM 2.0 (Krogh et al. 2001).
Protein sequences were considered to be secreted if predictions by Phobius 1.01
(Käll et al. 2004), WoLF PSORT 0.2 (Horton et al. 2007), TargetP and SignalP 4.0
(Petersen et al. 2011) all agreed on the extracellular localization of the protein and if
no transmembrane domain was predicted by TMHMM. Furthermore, predicted
secreted proteins were excluded if they contained the ER retention signals KK, KxK,
KDEL or HDEL at the C-terminus or RR at the N-terminus. Signal peptides of
predicted secreted proteins were cleaved prior to further analysis using the cleavage
sites predicted by SignalP (Nielsen et al. 1997).
The isoelectric points of protein sequences were computed by iteratively
calculating protein charge at given pH values, using side chain pKa values of charged
amino acids (Nelson and Cox 2005), until a neutral charge was obtained.
Hydropathicity of protein sequences was determined by calculating the GRand
AVerage of hydropathY (GRAVY) score using the Kyte and Doolittle hydrophobicity
scale (Kyte and Doolittle 1982). In order to investigate which amino acid had the
most impact on the hydrophilicity of the halophilic protist proteomes, we iteratively
calculated GRAVY scores by bringing the frequency of amino acids to the average
frequency of mesophilic sequences at fastest-evolving sites of the Mandor dataset
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(see below). At each round, the amino acid that contributed the most to bringing the
GRAVY scores closest to the mesophilic level was identified and its frequency was
kept at this level for further calculation rounds.
2.3- Homology Searches
Homologs of H. seosinensis and P. kirbyi proteins were searched for, using the
BLAST algorithm, in the predicted proteomes of 24 protists sequenced during the
Marine Microbial Eukaryote Transcriptome Sequencing Project (MMETSP; Table 2.1;
Keeling et al, 2014). Taxa were selected if the salinity of the habitat from which they
were sampled, or the salinity of the medium in which they were cultured, was close
to seawater (i.e. ~3.5%). Extremophiles (e.g. psychrophiles or acidophiles) were
avoided, as were organisms fed with other eukaryotes (due to cross-contamination
issues). As a result, these taxa were not ‘salt-in’ extreme halophiles, and their
proteomes did not contain a molecular signature for halophilicity. Homologous
sequences were kept if alignments covered >60% of the smallest sequence
examined with identity >25%. Harvested homologs were screened out if they were
not predicted to be soluble cytoplasmic proteins given the criteria described above.
We refer to these two datasets (one for each halophile) as the Marine Protists
comparative datasets (MarProt).
In order to compare halophilic protists to ‘salt-in’ Archaea, we identified
orthologous groups from the eggNOG 4.1 database (Powell et al. 2014) common to
16 species of Halobacteria and H. seosinensis and P. kirbyi through hidden Markov
model searches using the hmmscan program of the HMMER package (Eddy 1998).
Orthologues with E value < 0.00001 were chosen for further comparisons using
BLAST. The same coverage and identity thresholds (i.e. >60% of smallest sequence
and >25% identity respectively) used during the MMETSP homologue searches were
applied to select sequences for statistical comparison. Transmembrane proteins
were excluded as described previously. As a control, sequences in MMETSP taxa
homologous to halobacterial genes were also identified and compared.
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Species
Strain
MMETSP ID
[salt] %
Amphiprora sp.
CCMP467
MMETSP0724
3.0
Amphora coffeaeformis
CCMP127
MMETSP0316
3.5
Aplanochytrium sp.
PBS07
MMETSP0954
2.5
Aristerstoma sp.
ATCC50986
MMETSP0125
3.2
Aurantiochytrium limacinum
ATCCMYA-1381
MMETSP0958
2.5
Aureococcus anophagefferens
CCMP1850
MMETSP0914
3.2
Aureoumbra lagunensis
CCMP1509
MMETSP0890
3.2
Bolidomonas pacifica
CCMP1866
MMETSP0785
2.1
Cafeteria roenbergensis
E4-10
MMETSP0942
3.2
Chaetoceros debilis
MM31A-1
MMETSP0149
3.4
Corethron hystrix
308
MMETSP0010
2.1
Grammatophora oceanica
CCMP410
MMETSP0009
2.1
Heterosigma akashiwo
CCMP2393
MMETSP0292
3.2
Ochromonas sp.
CCMP1393
MMETSP0004
3.5
Odontella aurita
Isolate 1302-5
MMETSP0015
2.1
Odontella sinensis
Grunow 1884
MMETSP0160
3.6
Paraphysomonas imperforata
PA2
MMETSP0103
3.4
Pelagococcus subviridis
CCMP1429
MMETSP0882
3.5
Pelagomonas calceolata
CCMP1756
MMETSP0886
3.2
Percolomonas cosmopolitus
AE-1
MMETSP0758
3.2
Pteridomonas danica
PT
MMETSP0101
3.4
Skeletonema costatum
1726
MMETSP0013
2.1
Thalassionema nitzschioides
L26-B
MMETSP0156
3.4
Thraustochytrium sp.
LLF1b
MMETSP0198-0199
3.4
Salinity values were obtained from MMETSP metadata available at http://data.imicrobe.us/project/view/104.

Table 2.1. Salinity of habitats from which taxa included in the Marine Protists (MarProt) datasets were sampled

Putative genes for ectoine/hydroxyectoine synthesis in a wide range of
protists were recovered from the complete MMETSP nucleotide dataset using
TBLASTN, with H. seosinensis EctABCD protein sequences as queries. Subject
sequences >15% identical to H. seosinensis sequences were compared to nucleotide
sequences in the NT database using BLASTN to identify putative prokaryotic
contaminants. Sequences >50% identical (without alignment length threshold) to
bacterial or archaeal homologs were removed from further analysis. Protein
sequences corresponding to the remaining nucleotide sequences (i.e. confirmed to
be from protists) were phylogenetically examined as described below.
2.4- Phylogenetic Analysis and Ancestral Sequence Inference
We also used a curated ‘phylogenomic’ dataset containing 252 house-keeping
genes from a broad range of eukaryotes (Table 2.2; Brown et al. 2012; Burki et al.
2012), referred as the Mandor dataset. Using this dataset provided a phylogenetic
context to correct for non-independence among organisms during statistical
analyses (see section 2.5). For comparison purposes, we only included free-living
mesophilic organisms (i.e. no multicellular, symbiotic, parasitic or thermophilic
organisms), and discarded organisms that had <50% of genes represented, with the
exception of Dunaliella salina (45% of genes present), since this was the only
halophile in the original dataset. Sequences orthologous to the 252 genes were
obtained from H. seosinensis, P. kirbyi, Wallemia ichthyophaga EXF-994
(GCA_000400465.1), Debaryomyces hansenii CBS767 (GCA_000006445.2),
Aureobasidium pullulans EXF-150 (GCA_000721785.1) and the MarProt taxa using
methods described by Brown et al. (2012). Concatenated sequences from each
organism were automatically aligned using MAFFT 7.205 (Katoh et al. 2002) and
trimmed using BMGE 1.1 (Criscuolo and Gribaldo 2010), resulting in a superalignment containing 110 taxa and 61,522 sites. A maximum-likelihood phylogenetic
tree was generated in RAxML 8.1.22 (Stamatakis et al. 2005) using the PROTCATLGF model of amino acid substitution and 12 independent starting trees. Support
values were calculated from 100 replicates using a rapid bootstrap analysis.
Evolutionary rates were computed at each site in the alignment using dist_est
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Chlamydomonas reinhardtii

-

CCMP1866
E4-10
Caron Lab
MM31A-1
CCMP2191
SAG11-49

Bolidomonas pacifica
Cafeteria roenbergensis
Cafeteria sp.
Chaetoceros debilis
Chattonella subsalsa
Chlamydomonas leiostraca

R1072

-

Strain
CCMP467
ATCC50986
Af293
ATCCMYA1381
EXF-150
CCMP1850
CCMP1509

Bigelowiella natans
Blepharisma japonicum

Aureobasidium pullulans
Aureococcus anophagefferens
Aureoumbra lagunensis
Batrachochytrium
dendrobatidis

Species
Acanthamoeba castellanii
Achlya hypogyna
Allomyces macrogynus
Amoebidium parasiticum
Amphiprora
Aplanochytrium kerguelense
Aristerstoma
Aspergillus fumigatus
Aurantiochytrium limacinum

-

MMETSP0785
MMETSP0942
MMETSP1104
MMETSP0149
MMETSP0947
MMETSP1391

MMETSP1395

-

MMETSP0914
MMETSP0890

MMETSP ID
MMETSP0724
MMETSP0125
MMETSP0958

media in reference
Standard balanced salt
solution
Standard Volvox
Medium
Sueoka's High Salt
medium

Artificial pond water

-

Medium
NN (CCAP): PAS + agar
50% LB
PYG
ATCC Medium 890
1/2 artificial seawater
ATCC Medium 312
-

0.27

2.1
3.2
3.6
3.4
2.0
0.04

3.0
0.2

0.02

0.02
3.2
3.2

[salt] %
0.04
0.5
0.05
0.07
3.0
1.6
3.2
0.4
2.5

(Chaudhari et al. 2015)

(MMETSP)
(MMETSP)
(MMETSP)
(MMETSP)
(MMETSP)
(Andersen et al. 2005)

(Webb 2010)
(Moestrup and Sengco
2001)
(Giese 1973)

(Kogej et al. 2005)
(MMETSP)
(MMETSP)

Referencea
CCAP 1501/1A
(Misner et al. 2015)
(Ji et al. 2014)
ATCC 32709
(MMETSP)
(Nagano et al. 2011)
(MMETSP)
ATCC 1022
(MMETSP)

Table 2.2. Salinity of habitats or culture media of taxa included in the Mandor dataset
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Strain
CCCM449
UTEXLB2642
UIO044
CCMP3189
SAG 36.94
308
CCAP977/2a
SAG4.97
CBS767
CCMP1381
UTEXLB2267
CCMP1661
NC-AS-23-1
RCC1587
SAG46.84
m
EHF34
CCMP2393

Species
Chlorarachnion reptans
Chromulina nebulosa
Chrysochromulina rotalis
Chrysocystis_fragilis
Compsopogon coeruleus
Corethron hystrix
Cryptomonas paramecium
Cyanophora paradoxa
Cyanoptyche gloeocystis

Debaryomyces hansenii
Dictyocha speculum
Dictyostelium discoideum

Dinobryon sp.
Dunaliella salina
Ectocarpus siliculosus
Emiliania huxleyi
Fibrocapsa japonica
Filamoeba nolandi
Florenciella sp.
Fonticula alba
Gloeochaete witrockiana
Goniomonas sp.
Guillardia theta

Halocafeteria seosinensis
Heterosigma akashiwo

MMETSP0292

MMETSP0019
MMETSP1339
MMETSP0413
MMETSP1324
MMETSP1089
MMETSP0114
-

MMETSP1174
-

MMETSP ID
MMETSP0109
MMETSP1095
MMETSP0287
MMETSP1165
MMETSP0312
MMETSP0010
MMETSP0038
MMETSP1086

ATCC medium 802
nutrient agar plates
DY-V
seawater enriched
media
-

seawater

DY-V

Waris medium
Standard Volvox
Medium
HL5 axenic medium

DY-V

Medium
-

15
3.2

0.01
15
3.5
3.2
3.2
0.008
3.5
0.5
0.01
3.5
3.2

6.0
3.2
0.05

[salt] %
3.5
0.01
2.5
3.2
0.2
2.1
0.06
0.01
0.04

(MMETSP)
(MMETSP)

(Prista et al. 2005)
(MMETSP)
(Phillips and Gomer
2015)
(NCMA)
(Arun and Singh 2013)
(Cock et al. 2010)
(Rokitta et al. 2014)
(MMETSP)
(MMETSP)
(MMETSP)
(Brown et al. 2009)
(NCMA)
(MMETSP)
CCMP327

Referencea
(MMETSP)
(NCMA)
(MMETSP)
(MMETSP)
(MMETSP)
(MMETSP)
(MMETSP)
(Betsche et al. 1992)
(Andersen et al. 2005)
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NIES-2562
621
Caron Lab
CCMP2436
CCMP1756
AE-1
PRA29

Pelagomonas calceolata
Percolomonas cosmopolitus
Pessonella sp.

BG1
1302-5
-

SoJaBio B1-5
-

-

Strain
CCMP1324
SP1
CCMP2058
CCMP3275
BSH02190019
-

Palpitomonas bilix
Paramecium tetraurelia
Paramoeba atlantica
Paraphysomonas bandaiensis
Pavlovales sp.

Ochromonas sp.
Odontella aurita
Ostreococcus tauri

Neoparamoeba aestuarina
Neurospora crassa

Ministeria vibrans
Monosiga brevicollis
Naegleria gruberi
Nannochloropsis gaditana

Micromonas pusilla

Species
Isochrysis sp.
Karenia brevis
Lotharella amoebiformis
Mallomonas sp.
Mayorella sp.

MMETSP0886
MMETSP0758
MMETSP0420

MMETSP0780
MMETSP0151
MMETSP1103
-

MMETSP1105
MMETSP0015
-

MMETSP0161
-

-

-

MMETSP ID
MMETSP1129
MMETSP0573
MMETSP0042
MMETSP1167
MMETSP0417

ATCC Medium 802
seawater-based
enriched media
ATCC medium 1525

artificial seawater

DY-V

seawater-based
enriched media
ATCC Medium 1525
ATCC Medium 1525
ATCC Medium 710
seawater-based
enriched media
ATCC Medium 331

Medium
ATCC medium 1525

3.2
3.2
3.5

3.5
0.008
3.5
3.6
3.5

0.01
2.1
3.0

3.5
0.03

3.5
3.5
0.004
3.5

3.5

[salt] %
3.4
3.5
3.5
3.2
3.5

(MMETSP)
(MMETSP)
(MMETSP)

ATCC 50519
ATCC PRA-258, 50154
ATCC 30224
CCMP 369, 526, 536,
1894
(MMETSP)
ATCC 10335, 13837,
14912…
(NCMA)
(MMETSP)
(van Ooijen et al.
2012)
(MMETSP)
ATCC 50045
(MMETSP)
(MMETSP)
CCMP 2436

CCMP 487, 489, 490

Referencea
(MMETSP)
(MMETSP)
(MMETSP)
(MMETSP)
(MMETSP)
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Strain
CCMP2877
AS12B
CCMP1897
CCMP2078
CCMP645
SAG1380-2
Boccale
Texoma1
CCMP716
PT
DAOM BR444
CCMP1243
CCMP736
CCMP 769
S288C
ATCC 50818
-

Species
Phaeodactylum tricornutum

Phaeomonas parva
Pharyngomonas kirbyi
Physarum polycephalum
Picocystis salinarum
Pinguiococcus pyrenoidosus
Pleurochrysis carterae
Polysphondylium pallidum
Porphyridium aerugineum
Protocruzia adherens
Prymnesium parvum
Pseudonitzschia multiseries
Pseudopedinella elastica
Pteridomonas danica
Pythium aphanidermatum
Rhizochromulina marina
Rhizopus delemar
Rhodella maculata
Rhodosorus marinus
Roombia truncata
Saccharomyces cerevisiae
Salpingoeca rosetta
Schizochytrium aggregatum
Schizosaccharomyces pombe

MMETSP1163
MMETSP1159
MMETSP1160
MMETSP1136
MMETSP0313
MMETSP0216
MMETSP0008
MMETSP1068
MMETSP0101
MMETSP1173
MMETSP0314
MMETSP0011
-

MMETSP ID
-

Medium
seawater-based
enriched media
ATCC Medium 1288
Polyspondium medium
MiEB12
artificial seawater
f/2
corn meal agar plate
ATCC Medium 324
f/2
ATCC Medium 1069
ATCC medium 1525
ATCC Medium 790
ATCC Medium 1245,
ATCC Medium 2064,
ATCC Medium 1067,
ATCC Medium 1793
3.2
12
0.3
3.2
3.2
3.4
0.2
0.01
3.2
1.8
3.5
2.1
3.4
0.5
3.2
0.04
2.1
2.1
3.5
0.05
3.5
3.5
0.03

[salt] %
3.5

(MMETSP)
(MMETSP)
ATCC 96951
(MMETSP)
(MMETSP)
(MMETSP)
(Hohl and Raper 1963)
(EPSAG 2015)
(MMETSP)
(MMETSP)
(Pitcher et al. 2014)
(MMETSP)
(MMETSP)
(Al-Sheikh 2010)
(MMETSP)
ATCC MYA-4621
(MMETSP)
(MMETSP)
ATCC PRA-313
ATCC 204508
ATCC 50818
ATCC 28209
ATCC MYA-1011,
46946, 96612

Referencea
CCMP 630-633
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ATCC 50062
LLF1b
TfusLIS
D1

Thecamonas trahens
Thraustochytrium sp.

Tiarina fusus
Undescribed cercomonad

MMETSP01980199
MMETSP0472
MMETSP0086 0087
MMETSP0168
MMETSP0945
MMETSP0173
-

MMETSP ID
MMETSP0013
MMETSP1098
MMETSP0439
MMETSP0156
-

-

Medium
ATCC Medium 683
DY-V
ATCC Medium 1525
f/2
seawater-based
enriched media
ATCC medium 1525
3.0
3.4

3.5
3.4

[salt] %
2.1
0.002
0.01
3.5
3.5
3.4
3.5

(MMETSP)
(MMETSP)

Referencea
(MMETSP)
ATCC 48900
(NCMA)
ATCC 50982
(Bayer et al. 2012)
(MMETSP)
CCMP1015, 1988,
3367
ATCC 50062
(MMETSP)

Vannella sp
Vaucheria litorea
Vexillifera sp.
Volvox carteri

DIVA
CCMP2940
DIVA3
-

32

(MMETSP)
3.5
(MMETSP)
3.2
(MMETSP)
3.5
modified standard
0.02
(Fukada et al. 2006)
Volvox
(Zalar et al. 2005)
Wallemia ichthyophaga
EXF-994
20
a For taxa cultured at the American Type Culture Collection (ATCC), the Culture Collection of Marine Phytoplankton (CCMP) and the
Culture Collection of Algae and Protozoa (CCAP), we obtained the salinity from media used to maintain these cultures. Abbreviations:
MMETSP, Marine Microbial Eukaryote Transcriptome Sequencing Project; NCMA, National Center for Marine Algae and Microbiota.

Strain
ATCC 48900
CCAP955/1
k8 and mf105
L26-B
-

Species
Skeletonema costatum
Spizellomyces punctatus
Spumella elongata
Stereomyxa ramosa
Symbiodinium sp.
Thalassionema nitzschioides
Thalassiosira pseudonana

(Susko et al. 2003) and the 10,000 fastest-evolving sites were selected as sites that
are more likely to change in response to environmental conditions like salinity.
Ancestral sequences were reconstructed with codeml in the PAML package
(Yang 2007) using the WAG+Gamma model. Sites for which the probability of a
particular ancestral state was >0.9 were kept for further analysis. In order to
determine which types of substitutions were significantly enriched in halophiles
(from hydrophobic residue to hydrophilic residue or vice versa), we identified
substitutions that showed significant variations (p < 0.05) above and below the
diagonal of substitution matrices (see Figure 2.7), and analyzed each half of the
matrix independently. For each organism, Z-scores for these substitutions were
multiplied by the difference between the GRAVY scores of the extant amino acid and
of the ancestral amino acid and summed up across the considered half of the
substitution matrix. Calculated scores from individual organisms were compared
where high scores signify variation patterns in substitutions that led to increased
hydrophobicity. Amino acid substitution matrices were generated using matrix2png
(Pavlidis and Noble 2003).
Putative protistan EctABCD sequences were phylogenetically analyzed as
described above, except that the PROTGAMMA-LG4X model was used for the
maximum-likelihood tree searches. In two instances (EctB in C. roenbergensis and
EctD in A. spinosum), we concatenated partial sequences that likely originated from
the same gene. Figures including alignments were generated using AliView 1.17.1
(Larsson 2014).
2.5- Statistical Comparisons
Distributions of amino acid (AA) frequencies, GRAVY scores and pI values
from H. seosinensis and P. kirbyi were compared against the equivalent data from the
marine protists by Mann-Whitney tests using the scipy package 0.13.3 (Jones et al.
2001). Z-scores for AA enrichment analysis and AA substitution analysis were
calculated as follows:
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Z = (p1 – p0) / √( p × (1-p)/N1 + p × (1-p)/N0 )
where p1 is the frequency of the amino acid considered for the halophile, p0 is the AA
frequency for the mesophiles, p is the AA frequency for all organisms, while N1 and
N0 are the total numbers of AAs for the halophile and the mesophiles respectively.
GRAVY scores computed from the Mandor dataset were compared by standard Z
test. P-values were corrected for multiple testing using the Benjamini-Hochberg
method.
Comparisons of the cytoplasmic proteomes and secreted proteomes of ‘saltout’ halophilic bacteria were performed as described above, using the protein
sequences predicted from the genomes of Actinopolyspora halophila
(NZ_AQUI00000000.1), Marinococcus halotolerans (NZ_ATVM00000000.1),
Nocardiopsis halophila (NZ_ANAD00000000.1), Virgibacillus alimentarius
(NZ_JFBD00000000.1), Chromohalobacter salexigens (NC_007963.1), Halorhodospira
halochloris (CP007268.1) and Thiomicrospira halophila (NZ_ARAR00000000.1).
Phylogenetic canonical correlation analysis and phylogenetic principal
component analysis were performed using phytools 0.4-31 (Revell 2012) to account
for non-independence of organisms in the Mandor data. Correlations between the
habitat salinity and varying protein features (AA frequencies, GRAVY and pI) were
tested. Salt concentrations were obtained based on the salinity of the environment
from which the protists were sampled or the salinity of the medium in which they
were commonly maintained (Table 2.2).
2.6- Protein Tertiary Structure Investigation
In order to investigate the nature of the molecular signature detected in
halophilic protists, we modeled in silico the tertiary structure of nine selected
proteins from H. seosinensis, and determined the contribution of amino acid
substitutions (relative to template sequences) to the overall difference in protein
GRAVY scores. Using BLASTP against the Protein Data Bank (PDB), we selected
sequences that were > 60% identical to H. seosinensis sequences and for which the
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alignment covered > 80% of the largest sequence in the pair compared. To avoid
noise in the signal of surface residues, we favored soluble monomeric proteins with
simple substrates over proteins interacting with nucleic acid (e.g. histones), with
lipids (e.g. acyl-CoA dehydrogenase) and with several protein partners that could
significantly vary between organisms (e.g. ubiquitin-conjugating enzyme E2 and
chaperones).
Tertiary structures were modeled using SWISS-MODEL (Arnold et al. 2006;
Biasini et al. 2014), and models with QMEAN4 score < -3 were discarded from the
analysis. Primary sequences of each pair (H. seosinensis - template) were aligned
using MAFFT and ambiguously aligned sites were removed manually. Homologous
sites where the absolute difference in hydropathy index between substituted amino
acids was > 1 and where the absolute difference in relative solvent accessibility
(RSA) was < 5% were considered for further analysis.
The difference in hydrophobicity of compared proteins was examined
spatially by calculating the difference in GRAVY (delta-GRAVY) of amino acids at
substituted sites, given their RSA, as follows:
delta-GRAVY = σெ
௦ୀଵ ሺ ݄ܪെ ݐܪሻȀܰ
where delta-GRAVY is the cumulative difference in GRAVY for each RSA bin (range:
5%) that sums up the difference in hydropathy index (given the hydrophobicity
scale of Kyte and Doolittle 1982) between H. seosinensis amino acid (Hh) and the
corresponding amino acid in the template sequence (Ht) for each substituted site s
divided by the total number of N homologous sites for a maximum of M substitutions.
A positive value for delta-GRAVY implies that amino acids in H. seosinensis proteins
for this RSA bin contributed to increase the GRAVY score (i.e. this class contributed
to increase the hydrophobicity of the H. seosinensis protein) while a negative value
indicates that they contributed to decrease H. seosinensis GRAVY score (i.e. this class
contributed to decrease the hydrophobicity of the H. seosinensis protein).
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2.7- Differential Expression Assessment
Gene expression at optimal and maximal salt concentrations in H. seosinensis
was quantified using RSEM (Li and Dewey 2011). Briefly, forward sequence reads
from each replicate were mapped to the Trinity assembly using Bowtie 2 v.2.2.4
(Langmead et al. 2009). Reads mapping to multiple isoforms were assigned
proportionally to the number of reads mapping to unique regions of the said
isoforms. After removal of ORFs having low read counts in all samples (75th quantile
< 10 reads), differential expression was assessed using three independent
softwares: the empirical Bayesian analysis tool EBSeq following 10 iterations (Leng
et al. 2013), DESeq2 (Love et al. 2014) and the limma package (Ritchie et al. 2015)
after normalization using the Voom method (Law et al. 2014). P-values were
corrected for multiple testing using the Benjamini-Hochberg method. In the text, we
report values from EBSeq and consider differentially expressed ORFs with
probability of being differentially expressed >0.95 and posterior fold change > 2 or
<0.5.
To construct figure 2.10, RNA read sequences were mapped onto genomic
contigs encoding ectoine-related genes using TopHat2 and alignments were
visualized using Tablet 1.15.09.01 (Milne et al. 2013).
2.8- Data Deposition
Transcriptome Shotgun Assembly projects have been deposited at
DDBJ/EMBL/GenBank under the accession GECG00000000 and GECH00000000.
The versions described in this chapter are the first versions, GECG01000000 and
GECGH01000000. Halocafeteria seosinensis Whole Genome Shotgun project has been
deposited at DDBJ/ENA/GenBank under the accession LVLI00000000. The version
described in this chapter is version LVLI01000000.
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3- Results
3.1- Cytoplasmic Protein Set
Comparative datasets of diverse marine protistan homologues of H.
seosinensis and P. kirbyi sequences were constructed from the Marine Microbial
Eukaryote Sequencing Project (Keeling et al. 2014) dataset. These are henceforth
referred to as the Marine Protists comparative datasets, or ‘MarProt’. These
transcriptomes were used as reference datasets since they are from organisms that
thrive in seawater (and not from ‘salt-in’ extreme halophiles). Predicted cytoplasmic
proteins in H. seosinensis and P. kirbyi (1,639 and 1,574 sequences respectively) had
10,187 and 9,192 homologs respectively in MarProt. Applying the homology criteria
described in section 2.3, H. seosinensis and P. kirbyi shared 664 homologous
cytoplasmic proteins. As a second approach to compare protein sequences from
halophilic protists to non-halophilic ones we employed a curated ‘phylogenomic’
dataset of 252 highly conserved ‘universal’ eukaryotic proteins, ‘Mandor’. Forty-two
proteins from H. seosinensis and 41 from P. kirbyi were in both the MarProt and the
Mandor datasets.
3.2- Cytoplasmic Proteins Without Acidic Signature in Halophilic Protists
The isoelectric point (pI) distributions of predicted cytoplasmic proteins in H.
seosinensis and P. kirbyi were not enriched in acidic proteins as commonly observed
in ‘salt-in’ halophiles (Figure 2.1A-B). The pI distributions of acidic cytoplasmic
proteins (pI < 6) in H. seosinensis and P. kirbyi were actually shifted toward basic
values as compared to MarProt (Mann-Whitney test, p < 0.001; Figure 2.1C-D).
Ranked pI values calculated from amino acids at the fastest-evolving sites in the
Mandor alignment also showed that cytoplasmic proteins of halophilic protists were
unremarkable in their acidity amongst this taxonomically broad sample of
eukaryotes (rank 31/90 for H. seosinensis and rank 46/90 for P. kirbyi).
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Fig. 2.1. Isoelectric point distribution of predicted cytoplasmic proteomes of halophilic
protists H. seosinensis and P. kirbyi, marine protists (MarProt) and ‘salt-in’ microbes
Salinibacter ruber DSM 13855 (GCA_000013045.1), Haloferax volcanii DS2
(GCF_000025685.1), Halobacterium salinarum DSM 671 (GCF_000069025.1) and
Haloquadratum walsbyi C23 (GCF_000237865.1) showing that the proteomes of halophilic
protists are not enriched in acidic proteins as in S. ruber (A) and halophilic archaea (B).
Populations of proteins with pI < 7.0 in H. seosinensis (C) and P. kirbyi (D) are more basic
than that of marine protists.
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3.3- Increased Hydrophilicity of Cytoplasmic Proteins in Halophilic Protists
Analyses of GRAVY (GRand AVerage of hydropathY) scores showed that
halophilic protists had more hydrophilic cytoplasmic proteomes than typical for
marine protists, or non-extremophilic eukaryotes in general. The distributions of
GRAVY scores for H. seosinensis and P. kirbyi were significantly shifted toward more
hydrophilic values compared to the distributions of MarProt (Mann-Whitney, p <
0.0001; Figure 2.2). Concordantly, GRAVY scores calculated from the fastestevolving sites in the Mandor alignment were significantly more hydrophilic for H.
seosinensis and P. kirbyi compared to the other taxa (Z-test, p = 0.0005 and 0.0036
respectively). Interestingly, halophilic and halotolerant yeasts did not follow this
trend (p > 0.16) whereas the alga Dunaliella salina did (p = 0.009). Furthermore,
phylogenetic canonical correlation analysis, which corrects for species nonindependence due to phylogenetic history (Revell and Harrison 2008), indicated
that GRAVY scores and the salinity of an organism’s habitat were significantly
correlated (Mandor dataset; phylogenetic correlation analysis: canonical correlation
= 0.39, p = 2.4 × 10-5; Figure 2.3). GRAVY scores obtained from the Mandor dataset
were computed from amino acids at the fastest evolving sites. These theoretically
represent sites in conserved proteins that are not subject to strong selective
constraints based on overall protein structure or function, and could respond more
easily to environmental conditions, such as salinity. The measured correlation
between GRAVY scores calculated at these sites and the habitat salinity supports this
assumption.
Surprisingly, the hydropathy of halophilic protist proteomes was comparable
to proteomes of the Halobacteria, ‘salt-in’ Archaea that typically contain a
hydrophilic signature in their proteomes. This was indicated by comparing 561
sequences from H. seosinensis homologous to 3,863 halobacterial sequences, and
478 sequences from P. kirbyi homologous to 3,418 halobacterial sequences. GRAVY
distributions of halophilic protists were slightly shifted toward more hydrophilic
values compared to those of the Halobacteria (Mann-Whitney, p < 0.02; Figure 2.2).
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Fig. 2.2. GRAVY score distributions of predicted cytoplasmic soluble proteins of halophilic
protists, marine protists and Halobacteria. On top, distributions of halophilic protists are
significantly shifted toward hydrophilic values compared to homologous proteins from
marine protists (Mann-Whitney, p < 0.0001). On the bottom, distributions of H. seosinensis
and P. kirbyi are slightly shifted toward hydrophilic values compared to the ones of
Halobacteria (Whitney, p < 0.02), while the distribution for marine protists is significantly
shifted toward more hydrophobic values compared to the distribution for Halobacteria
(Mann-Whitney, p < 0.0001).
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Fig. 2.3. Phylogenetic canonical correlations of GRAVY scores and habitat salinity (top-left),
AT content and GRAVY scores (top-right), asparagine frequency and salinity (bottom-left),
histidine frequency and salinity (bottom, in the middle), and alanine frequency and salinity
(bottom-right). GRAVY scores and amino acid frequencies were calculated using fastevolving sites of the Mandor alignment. Larger plots for each variable combination display
canonical scores (i.e. corrected for evolutionary differences among species) while squared
plots in corners contain non-transformed values. Halocafeteria seosinensis and P. kirbyi
values are indicated by purple and blue dots respectively.
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As expected, the distribution of GRAVY scores for 11,529 homologous sequences
from the MMETSP marine protists was shifted to be more hydrophobic than the
comparable distribution of GRAVY scores for 5,790 sequences from Halobacteria
(Mann-Whitney, p < 0.0001; Figure 2.2).
The increased hydrophilicity of the cytoplasmic proteomes of the halophilic
protists was due to an overall over-representation of polar residues and a general
depletion of hydrophobic residues (Figure 2.4). In both P. kirbyi, and H. seosinensis
alanine and leucine were significantly under-represented compared to their
frequencies in mesophiles, whereas glutamate, asparagine and histidine were
significantly over-represented. In addition, H. seosinensis cytoplasmic proteins had
significantly more arginine and glutamine but less threonine and phenylalanine
while P. kirbyi had significantly more arginine and glutamine but less cysteine,
glycine and methionine. Cytoplasmic proteins from P. kirbyi were also enriched in
phenylalanine, isoleucine and lysine, but this is potentially a result of the ATrichness of coding sequences in this organism (see below). Interestingly, frequencies
of asparagine, histidine and alanine were correlated with habitat salinity
(phylogenetic correlation analysis, p ≤ 0.01; Figure 2.3). Comparisons of amino acid
frequency distributions of halophilic protists to those of MarProt all showed the
same general trends of polar residue enrichment and hydrophobic residue depletion
(Mann-Whitney, p < 0.01, except arginine for P. kirbyi, p = 0.48).
The contribution of each amino acid to protein GRAVY scores is a function of
their frequency and hydropathicity. We therefore evaluated how adjusting each
amino acid frequency to a mesophilic level would impact protein GRAVY scores. In
both halophiles, these iterative calculations identified alanine as the amino acid
most responsible for the low GRAVY scores. In H. seosinensis, the next most
important amino acids, in order, were glutamate, glutamine, leucine, arginine,
asparagine, valine, phenylalanine, histidine and isoleucine. In P. kirbyi, the order was
alanine, leucine, glutamate, asparagine, lysine, arginine, valine and histidine. By
contrast, when frequencies of the amino acids other than these were adjusted to the
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Fig. 2.4. Frequency of amino acids at fastest-evolving sites of the Mandor super-alignment.
Comparison of values from halophilic protists to the average frequencies of other taxa (freeliving microbial eukaryotes not adapted to extreme conditions) in the alignment revealed a
general over-representation of hydrophilic residues and an under-representation of
hydrophobic residues (*: p < 0.05, **: p < 0.01, ***: p < 0.001, in black p-values corrected for
multiple testing, in orange p-values that were significant prior to correction). Amino acids
are ordered on the x-axis from hydrophilic to hydrophobic residues (hydropathy indices in
parentheses).
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mesophilic level, the protein GRAVY scores for halophiles stayed more or less
unchanged compared to the average GRAVY of mesophiles.
Phylogenetic canonical correlation analysis of the Mandor dataset showed
that AT content and GRAVY scores were correlated (canonical correlation = 0.3, p =
0.002; Figure 2.3), with the proteomes of GC-rich organisms tending to be more
hydrophobic than those of AT-rich organisms. In order to control for a potential
influence of AT bias on GRAVY scores, we excluded organisms with AT content
<45% and >55% (66 taxa removed) and recalculated the GRAVY scores at fastestevolving sites. After this data filtering, the extremely hydrophilic GRAVY score of H.
seosinensis stood out even more (Z = 4.05, p = 0.00003 after removal of AT-biased
organisms compared to Z = 3.29, p = 0.0005 before; Figure 2.5). Since P. kirbyi was
excluded from this previous analysis due to the high AT content of its coding
sequences (59% AT on average), we also recalculated GRAVY scores by removing
AT-biased sequences from MarProt, retaining 180 sequences from P. kirbyi with AT
between 45% and 55% and comparing them to 4,352 homologous sequences from
marine protists. Even when AT-biased sequences were removed, the GRAVY score
distribution from P. kirbyi was still significantly shifted toward more hydrophilic
scores compared to the distribution for MarProt (Mann-Whitney, p < 0.00001;
Figure 2.5).
Next, we aimed to determine which amino acid substitutions had occurred
more often in halophiles than in closely related mesophiles, or vice versa, since their
divergences from common ancestors. We reconstructed ancestral sequences at
internal nodes of a phylogenetic tree inferred from the Mandor dataset, and
compiled the occurrence of each possible amino acid substitution in the whole
alignment for each taxon (tree shown as Figure 2.6). Substitutions leading to more
hydrophobic residues have occurred less often in the lineages of halophilic protists
than in non-halophiles (Figure 2.7). The latter observation is supported by
calculations of scores that considered the Z-scores and the difference between
GRAVY scores of extant and ancestral amino acids (see section 2.4). Halocafeteria
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Fig. 2.5. Influence of AT content on GRAVY scores. The top panel indicates the abundance of
organisms in the Mandor dataset as a function of their GRAVY score at fastest-evolving sites
and AT content. When AT-rich organisms (>55% AT) are removed from the analysis, H.
seosinensis had the most hydrophilic value of the dataset (Z score increased from 3.29 to
4.05). The bottom panel shows that the GRAVY score distribution of cytoplasmic soluble
proteins of P. kirbyi is still shifted toward hydrophilic values compared to the one of
homologous proteins from marine protists after removal of sequences with <45% and
>55% AT content (Mann-Whitney, p < 0.00001).

On next page: Fig. 2.6. Maximum-likelihood phylogenetic tree generated with the Mandor
super-alignment. Bootstrap values (>50% shown) from 100 replicates are indicated at
branch nodes (dots indicate values of 100%). The scale bar indicates the substitution
rate/site. * Sequences generated from Tiarina fusus were potentially contaminated with
sequences the food source Rhodomonas lens.

45

45

46

46

Fig. 2.7. Occurrence of substitutions from predicted ancestral amino acids (on the left of
matrices) to extant residues (at bottom of matrices) in halophilic protists at fastest-evolving
sites of the Mandor super-alignment. Amino acids are ordered from most hydrophilic to
most hydrophobic. Each square is colored according to Z-score where blue represents
substitutions that occurred less often in halophiles compared to the other taxa and red
represents substitutions that occurred more often in halophiles. Boxed squares refers to Zscores with p < 0.05 (in black p-values corrected for multiple testing, in orange p-values that
were significant prior to correction).
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seosinensis and P. kirbyi had the lowest scores for substitutions leading to more
hydrophobic residues. In particular, substitutions from polar residues to alanine
were observed significantly less often in the halophile lineages (adjusted p < 0.05 for
substitutions from lysine in both H. seosinensis and P. kirbyi, from arginine,
glutamate, asparagine, glutamine, histidine, proline, serine and threonine in P. kirbyi,
and from aspartate in H. seosinensis).
3.4- Candidate Secreted Proteins in Selected Halophiles
Given the high salinity of the extracellular milieu, secreted proteins in H.
seosinensis and P. kirbyi were expected to show the canonical acidic signature of
halophilic proteins. However, no acidic signature was detected in proteins predicted
to be secreted in H. seosinensis and P. kirbyi (N = 231 and 52 proteins respectively)
when compared to those predicted from the 24 MMETSP protists used for the
MarProt datasets (N = 6584 proteins). The secreted proteins from halophilic protists
did show more hydrophilic GRAVY scores, as observed for cytoplasmic proteins
(Mann-Whitney, p < 0.001).
In order to evaluate the accuracy of the predictions, we searched for
homologs of H. seosinensis and P. kirbyi predicted secreted proteins in the NR
database using BLASTP. Most queries having hits (165 and 30 proteins for H.
seosinensis and P. kirbyi, respectively) could be assigned to lysosomal functions (e.g.
proteases/cathepsin/carboxypeptidase, beta-N-acetylhexosaminidase, proteins with
a saposin domain, physaropepsin) or were homologous to proteins acting at the cell
membrane (e.g. phospholipid transfer protein, N-acylsphingosine amidohydrolase),
suggesting these might employ the secretion pathway but were not exported outside
the cell. Others were homologous to proteins known to work intracellularly (e.g.
dynein). This demonstrates that predicting exoproteins in phagotrophic protists is
challenging, and that our analysis probably suffered from this limitation. However, it
is notable that some predicted secreted proteins with low pI values (pI < 4.3) were
homologous to extracellular proteins, for example, tenascin-like proteins
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(extracellular matrix proteins), growth factor-binding proteins and protocadherin
(partial hit to extracellular cadherin repeats).
Secretion and retention signals have been intensively studied in yeast (e.g.
Vonheijne and Abrahmsen 1989; Gaynor et al. 1994; Conibear and Stevens 1998)
and, in contrast to phagotrophic protozoa, yeasts secrete various soluble
exoenzymes as part of their osmotrophic lifestyle. Bearing this in mind, as a form of
positive control, we also compared predicted exoproteins from the
halotolerant/halophilic yeasts D. hansenii and W. ichthyophaga to those of the
marine protists in MarProt. The predicted secreted proteins from D. hansenii (103
proteins with median pI of 4.4) and W. ichthyophaga (110 proteins with median pI
of 4.3) were significantly more acidic than the inferred exoproteins from marine
protists (6479 proteins with median pI of 4.6, Mann-Whitney, p < 0.0008). Therefore,
these results support the existence of an acidic signature in the exoproteins of
halotolerant/halophilic eukaryotes when such proteins can be confidently identified.
As another control, we compared the predicted secreted proteome to the
cytoplasmic proteome in each of several ‘salt-out’ halophilic bacteria that had
optimal salinities for growth between 9-18% (i.e. similar to P. kirbyi and H.
seosinensis; see section 2.5). As expected, the secreted proteome was more acidic
and hydrophilic than the cytoplasmic proteome in each of these species (MannWhitney, p < 0.001, Table 2.3).
3.5- Localization of the Hydrophilic Signature Inside Protein Tertiary
Structure
In silico predictions of the tertiary structure of proteins in H. seosinensis
provided insights into the localization of the hydrophilic signature. The structures of
nine proteins were modeled on templates from non-halophilic organisms (Table 2.4).
All examined H. seosinensis protein sequences were more hydrophilic (i.e. they had
lower GRAVY scores) than the corresponding homologous template sequence,
except aconitase, which was slightly more hydrophobic (difference in GRAVY score
of 0.01).
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GRAVY (median)
cyto.
secr.
p-value
-0.228 -0.431 <0.0001
-0.380 -0.584 <0.0001
-0.293 -0.484 <0.0001
-0.353 -0.582 <0.0001
-0.202 -0.345 <0.0001
-0.268 -0.431 <0.0001
-0.286 -0.426 <0.0001

m.91625

-0.269

65

67
63
69
69
66
64
67
67

% ID

-2.230

Abbreviations; OIV: 2-oxoisovalerate, PPI1: Peptidyl-prolyl cis-trans isomerase 1, SAM: S-adenosylmethionine, % ID: percentage identity.

OIV dehydrogenase

Protein name
Aconitase
Enolase
Adenosylhomocysteinase
Fumarate hydratase
SAM synthase
Phosphoglycerate kinase
GAPDH
PPI1

Protein Data Bank templates
Accession
Organism
GRAVY
number
1ami.1.A Bos taurus
-0.361
3otr.1.A
Toxoplasma gondi
-0.201
3ond.1.A Lupinus luteus
-0.176
3e04.1.D
Homo sapiens
-0.105
5a19.1.A
Homo sapiens
-0.259
4o3f.1.A
Mus musculus
-0.084
3sth.1.A
Toxoplasma gondi
0.023
3jb9.1.Y
Schizosaccharomyces
-0.106
pombe
2j9f.1.B
Homo sapiens
0.073

H. seosinensis
candidates
Sequence
GRAVY
name
m.22652
-0.350
m.28365
-0.223
m.61053
-0.273
m.11962
-0.253
m.85989
-0.415
m.71585
-0.243
m.88755
-0.195
m.79418
-0.374

QMEAN
4 score
-1.029
-2.460
-2.210
-2.693
-1.345
-1.885
-1.050
-2.891

No. of proteins
cyto.
secr.
2263
241
2344
112
1574
129
2064
119
3901
400
3534
258
2199
176

Table 2.4. Information on sequences compared for the tertiary structure analysis

Abbreviations; cyto.: cytoplasmic, secr.: secreted

Chromohalobacter salexigens
Marinobacter halotolerans
Thiomicrospira halophila
Virgibacillus alimentarius
Nocardiopsis halophila
Actinopolyspora halophila
Halorhodospira halochloris

Isoelectric point (median)
cyto.
secr.
p-value
5.09
4.30
<0.0001
4.91
3.90
<0.0001
5.00
4.81
0.0008
5.09
4.27
<0.0001
5.00
4.06
<0.0001
4.95
4.63
<0.0001
5.19
4.63
<0.0001

Table 2.3. Intra-species comparisons of cytoplasmic and secreted proteomes of ‘salt-out’ bacteria

We examined the locations of substitutions that led to an absolute change in
amino acid hydropathy index >1 in H. seosinensis proteins compared to the protein
sequences of the templates used to generate the structures (Figure 2.8). Residues
that contributed the most to the low hydrophobicity of H. seosinensis proteins had a
relative solvent accessibility (RSA) between 10% and 25%. Typically, a threshold of
20% RSA is used to discriminate surface from buried residues (e.g. Chen and Zhou
2005). Our analysis indicated that residues that influenced GRAVY scores the most
had RSA values under this threshold, i.e. they are not at the surface. High salt
enhances the hydrophobic effect, thus halophilic proteins contain less hydrophobic
interactions in order to avoid a too rigid conformation and protein aggregation. A
more hydrophilic core in H. seosinensis, relative to template proteins, is in line with
this property of halophilic proteins.

Fig. 2.8. Cumulative difference in GRAVY (delta-GRAVY) scores of amino acids at
substituted sites in nine H. seosinensis proteins compared to the templates used to model the
tertiary structures, as a function of their relative solvent accessibility. Negative y-axis values
indicate that these residues contributed overall to decrease the hydrophobicity of H.
seosinensis proteins. The total number of substitutions in each bin is indicated on respective
bars.
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3.6- Expression of Putative Osmolyte Synthesizers/Importers
The lack of a notably acidic proteome suggests that the halophilic protozoa
under study might use the ‘salt-out’ strategy. That would require them to import
and/or synthesize organic solutes as a response to elevated salinity. In a differential
gene expression analysis of H. seosinensis, proteins whose transcripts were
extremely up-regulated at high salt included ectoine hydroxylase and transporters
for amino acids and myo-inositol. We elected to examine these interesting cases in
more detail, using a purely bioinformatic approach.
5-hydroxyectoine is one of the osmolytes with the best protein-stabilizing
properties (Lippert and Galinski 1992). It is synthesized from ectoine by ectoine
hydroxylase (EctD), which belongs to the non-heme-containing iron(II) and 2oxoglutarate-dependent oxygenases, a ubiquitious and large enzyme superfamily
(Schofield and Zhang 1999). Halocafeteria seosinensis expressed transcripts
annotated as EctD, and remarkably, these were 227-fold up-regulated at high salt in
H. seosinensis (Table 2.5). The H. seosinensis EctD sequence contained all the
conserved residues involved in binding iron, 2-oxoglurate and 5-hydroxyectoine as
well as the ectoine hydroxylase consensus sequence (Figure 2.9; Höppner et al.
2014).
5-hydroxyectoine biosynthesis depends on a supply of ectoine, one of the
most common osmolytes in halophilic bacteria (Severin et al. 1992). It is possible to
speculate that H. seosinensis might import ectoine from food bacteria. This might be
the case, however, H. seosinensis also seemed to express all the enzymes necessary
for ectoine biosynthesis: diaminobutyrate aminotransferase (EctB),
diaminobutyrate acetyltransferase (EctA) and ectoine synthase (EctC; Table 2.5).
Interestingly, these genes are arranged in a cluster on the H. seosinensis genome,
similarly to the way the ectoine synthesis operon is encoded on bacterial genomes,
including an aspartate kinase (ask) gene (Widderich et al. 2014; Figure 2.10). A gene
positioned at another locus in the H. seosinensis genome encoded a bifunctional
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7.9
7.1
22.6
29.3
0.7
0.5
0.5
0.6
0.7
18.0
9.4
1.9
2.3

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.6

3E-44
1E-26
7E-06
0.042

2E-59
2E-09
2E-28
8E-50
2E-05
2E-05
2E-11
4E-06
3E-06

0.172
1E-04
3E-05
NA
4E-04

0.7
1.3
0.4
220
1.8

0.04
1.0
0.7
1.0
1.0

4.1
3.2
0.9
1.1

3.0
2.7
4.3
4.7
-0.6
-0.9
-1.0
-0.7
-0.5

-0.5
0.4
-1.4
7.4
0.9

DESeq2
Adjusted log2
p-value
FC

EBSeq
Post Fold
Change
PPDE

2E-04
4E-04
0.012
0.102

2E-04
0.009
4E-04
3E-04
0.022
0.012
0.004
0.014
0.029

0.233
0.052
0.015
0.001
0.017

4.3
3.4
0.9
1.1

3.0
2.8
4.5
4.9
-0.6
-0.9
-1.0
-0.6
-0.5

-0.5
0.4
-1.4
7.8
0.9

VOOM-LIMMA
Adjusted
p-value log2 FC

Myo-inositol transporter
Myo-inositol transporter
Myo-inositol transporter
Myo-inositol transporter

Na+-amino acid symporter
Amino acid transporter
Amino acid transporter
Amino acid transporter
Amino acid transporter
Amino acid transporter
Amino acid transporter
Amino acid transporter
Amino acid transporter

EctA
EctB
EctC
Ectoine hydroxylase (EctD)
Aspartate kinase

Annotation

Abbreviations: TPM, average mRNA Transcripts Per Million; PPDE, Posterior Probability of being Differentially Expressed; Post Fold Change, Posterior
Fold Change (30% over 15% salt); log2FC, log2 fold change (30% over 15% salt); EctA, l-2,4-diaminobutyrate acetyltransferase; EctB, l-2,4diaminobutyrate transaminase; EctC, ectoine synthase; NA, not available due to an extreme count outlier in one of the samples.

Abundance (TPM)
ORF
15%
30%
names
salt
salt
Ectoine biosynthesis
m.89065
289
261
m.89060
238
397
m.89066
504
239
m.14216
0.7
216
m.89063
113
259
Amino acid transport
m.15646
8
83
m.82938
4
38
m.16444
9
245
m.16489
2
80
m.62883
29
25
m.11656
16
11
m.18092
55
36
m.41609
18
14
m.1357
48
44
Myo-inositol transport
m.89752
3
76
m.27262
5
62
m.25988
6
14
m.27173
2
5

Table 2.5. Expression of genes potentially involved in organic osmolyte synthesis and transport in H. seosinensis

Fig. 2.9. Partial alignment of ectoine hydroxylase including sequences of characterized
enzymes from Sphingopyxis alaskensis (WP_011543221), for which the crystal structure is
available, Acidiphilum cryptum (AER00256), Alkalilimnicola ehrlichii (AER00257),
Paenibacillus lautus (ACX67869), Virgibacillus salexigens (AAY29689), Halomonas elongata
(WP_013333764) and Streptomyces coelicolor (Q93RV9), and sequences from the protists H.
seosinensis (in bold), Ceratium fusus (CAMPEP_0172939100), Azadinium spinosum
(concatenation of CAMPEP_0180530970, CAMPEP_0180661784 and
CAMPEP_0180535134), Karenia brevis (CAMPEP_0178068410), Symbiodinium sp.
(CAMPEP_0169646080) and Alexandrium monilatum (CAMPEP_0175754634), showing
residues involved in binding iron (circled I), 2-oxoglutarate (circled O) and 5hydroxyectoine (circled H). The consensus sequence of ectoine hydroxylase
(FxWHSDFETWHxEDG[M/L]P) is squared in red. “?” indicates missing data for partial
sequences.
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Fig. 2.10. Genomic context of ectoine/hydroxyectoine synthesis genes in H. seosinensis and
their expression levels as a function of external salt concentration expressed in RNA read
abundance mapped on genomic contigs and transcripts per million (TPM) as calculated by
RSEM. On top, the region between nucleotides 48,000 and 56,100 on contig c75 contains
genes coding for diaminobutyrate aminotransferase (ectB), aspartokinase (ask),
diaminobutyrate acetyltransferase (ectA) and ectoine hydroxylase (ectC). On the bottom-left,
the region between nucleotides 70,000 and 74,000 on contig c361 contains genes coding for
growth hormone-inducible transmembrane protein (ghitm, shown as a reference) and
ectoine hydroxylase (ectD). RNA read abundance is shown on top of genomic contigs on
which they were mapped (15% salt in dark blue and 30% salt in purple). On genomic
contigs, exons of ORFs are displayed in blue and introns in red. On the bottom-right, RNA
transcript abundance (average TPM, error bars indicate 1 standard deviation) for each gene
is shown in blue and pink for 15% and 30% salt conditions respectively.
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aspartate kinase/diaminopimelate decarboxylase enzyme (ORF m.33370),
suggesting that the ask gene inside the ectoine synthesis gene cluster might be
specialized for ectoine synthesis, with the bifunctional enzyme instead used for
lysine biosynthesis, as observed in bacteria (Stöveken et al. 2011). However,
phylogenetic analysis of the H. seosinensis Ask sequence (including the
aspartokinase cohesion group representative sequences; Lo et al. 2009) did not
recover a strongly supported clade made up of Ask sequences specialized for ectoine
synthesis (Figure 2.11).
Ectoine synthesis also requires the action of aspartate-β-semialdehyde
dehydrogenase (ASADH), which is encoded three genes downstream of ectC on the H.
seosinensis genome. Except for asadh, all of the ectoine-related genes are closely
related to bacterial sequences (Figures 2.12-2.15). Nonetheless they all contain
spliceosomal introns (Figure 2.10) and thus are truly eukaryotic sequences and do
not represent bacterial contamination in our genomic assemblies.
Predicted N-terminal mitochondrial targeting signals were detected in all H.
seosinensis ectoine synthesis-related proteins (EctABCD, Ask and ASADH), providing
evidence that ectoine synthesis may occur in the mitochondria of H. seosinensis.
Ectoine synthesis requires aspartate and glutamate as precursors; these amino acids
are synthesized using intermediates of the mitochondrial Krebs cycle (Salway 1999).
Ectoine synthesis is thought to be restricted to bacteria and a few archaea
(Widderich et al. 2014 and references therein), however no systematic search for
eukaryotic homologues has been published to our knowledge. We therefore
searched for homologues of EctA, B, C, and D in the MMETSP data (all taxa, not just
the MarProt subset) as well as the NR and NT databases. We detected candidates for
all four genes in a variety of eukaryotes. EctA and EctC were found in transcriptomic
data from at least six protists: the amoebozoan Vexillifera sp., the dinoflagellate
Azadinium spinosum, the cryptomonad Goniomonas sp., the ochrophyte stramenopile
Bolidomonas pacifica, and in Cafeteria roenbergensis, which is a bicosoecid
stramenopile and thus quite closely related to H. seosinensis (Figures 2.12 and 2.13).
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Fig. 2.11. Maximum-likelihood phylogenetic tree for aspartate kinase (Ask) including
representative sequences of cohesion groups (indicated by ‘CG’ in boldface) as described in
Lo et al. (2009). The Ask sequence specific for ectoine biosynthesis (i.e. CG02) is indicated
with a star. Bootstrap values (>50%) from 100 replicates are indicated at branch nodes. The
scale bar indicates the substitution rate/site.
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Fig. 2.12. Maximum-likelihood phylogenetic tree for diaminobutyrate acetyltransferase
(EctA) showing sequences from bacteria in which the ectoine biosynthetic pathway has
been enzymatically characterized (stars) and eukaryotic sequences (in bold). Bootstrap
values (>50%) from 100 replicates are indicated at branch nodes. The scale bar indicates
the substitution rate/site.
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Fig. 2.13. Maximum-likelihood phylogenetic tree for ectoine synthase (EctC) showing
sequences from bacteria in which the ectoine biosynthetic pathway has been enzymatically
characterized (stars) and eukaryotic sequences (in bold). Bootstrap values (>50%) from
100 replicates are indicated at branch nodes. The scale bar indicates the substitution
rate/site. * Sequences generated from Tiarina fusus were potentially contaminated with
sequences from the food source Rhodomonas lens.
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Fig. 2.14. Maximum-likelihood phylogenetic trees for diaminobutyrate aminotransferase
(EctB) and related genes. The star-like tree on the right shows the diversity of genes
harvested using H. seosinensis EctB sequence as query: EctB (red), alanine-glyoxylate
aminotransferase (dark green), ornithine aminotransferase (cyan), putrescine–2-
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oxoglutarate aminotransferase (brown), 2,2 dialkylglycine decarboxylase (pale green) and
4-aminobutyrate aminotransferase (pink). Sequences annotated as hypothetical proteins or
as aminotransferases without further details about the substrate were left in black. The
purple arrow points at H. seosinensis branch. EctB-related sequences (red branches) were
re-aligned to generate the tree shown on the left. On the tree specific to EctB (left),
eukaryotic sequences are in bold and sequences from bacteria in which the ectoine
biosynthetic pathway has been enzymatically characterized are indicated with a star (the
collapsed clade indicated with two stars contains sequences from Marinococcus halophilus,
O06060.1, and Halobacillus dabanensis, AAZ57191.1). Bootstrap values (>50%) from 100
replicates are indicated at branch nodes. The scale bar indicates the substitution rate/site.
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Fig. 2.15. Maximum-likelihood phylogenetic tree for ectoine hydroxylase (EctD) showing
sequences from bacteria in which ectoine hydroxylase has been enzymatically characterized
(stars, collapsed clade indicated with a star contains Streptomyces coelicolor, Q93RV9.2) and
eukaryotic sequences (in bold). Bootstrap values (>50%) from 100 replicates are indicated
at branch nodes. The scale bar indicates the substitution rate/site.
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Interestingly, EctA and EctC were encoded on a single transcript (i.e. both proteins
appeared to be encoded in a single ORF) in Vexillifera sp. (sequence
CAMPEP_0201547320) and A. spinosum (CAMPEP_0180652276), suggesting that
they were expressed as a single multi-functional polypeptide. Azadinium spinosum
also had EctD encoded in this ORF (i.e. EctA, C and D encoded in a single ORF). More
protists putatively expressed either EctA or EctC, like the amoebozoan Stygamoeba
regulata and Stereomyxa ramosa, the ciliate Tiarina fusus, the choanoflagellate
Monosiga brevicollis, the diatom Pseudo-nitzschia fraudulenta, and the oomycetes
Albugo candida, Albugo laibachii, Saprolegnia parasitica, Saprolegnia diclina,
Phytophthora infestans, Phytophthora sojae and Plasmospora halstedii. Interestingly,
genes closely related to ectC were also detected in the deuterostome animals
Branchiostoma floridae and Saccoglossus kowalevskii. In contrast with the wide
distribution of EctA and C, only three protists, Goniomonas sp. (strain M),
Pelagodinium beii and C. roenbergensis, expressed bona fide EctB candidates. These
EctB candidates grouped with bacterial EctB sequences in phylogenetic trees (Figure
2.14). Other eukaryotic sequences harvested using H. seosinensis EctB as a query
were markedly more distantly related, and were annotated as being involved in
amino acid metabolism: alanine-glyoxylate aminotransferase, ornithine
aminotransferase, putrescine—2-oxoglutarate aminotransferase, 2,2-dialkylglycine
decarboxylase and 4-aminobutyrate aminotransferase (Figure 2.14). These latter
sequences are unlikely to be orthologs of EctB.
The apparent absence of EctABC homologues in some of the protists that we
have investigated must be interpreted with care; putative sequences were mostly
identified in the MMETSP data where the transcriptome coverage could be too low
in some cases to recover all ectABC genes from individual species, or, alternatively,
the genes might just not be expressed in the growth conditions analyzed.
Furthermore, many eukaryotic sequences from the MMETSP dataset were probably
excluded from our analysis due to our stringent filtering of prokaryotic sequences
that used a 50% identity cut-off in DNA sequences. However, this analysis
demonstrates that ectoine synthesis might well occur in at least a few protists,
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including in two marine protists that, as in H. seosinensis, seemed to express all
ectABC genes. Experimental confirmation is therefore greatly needed to assess the
function of these genes in protists.
Regarding ectoine hydroxylase, putative EctD sequences were detected in the
dinoflagellate taxa Ceratium fusus, A. spinosum, Symbiodinium sp., Alexandrium
monilatum, Karenia brevis and Gymnodinium cantenatum (Figure 2.15). Where
determined, these sequences all included the consensus signature sequence of EctD
and the conserved functional residues, except one residue binding 2-oxoglutarate
(although some sequences were partial and were missing regions of interest; Figure
2.9). As for EctC, putative EctD sequences were detected in the animals B. floridae
and S. kowalevskii, however most functional residues were substituted, including the
consensus sequence that was not conserved in S. kowalevskii.
In H. seosinensis, the gene encoding EctD was greatly up-regulated at high salt
while the one encoding EctA was not differentially expressed. Predictions for EctB
and EctC were not consistent among the three programs used for differential
expression analysis (Table 2.5). EctB seemed to be slightly up-regulated (30%
increase in expression) but limma predicted this to be not significant (adjusted pvalue 0.052). For EctC, EBSeq generated a relatively low posterior probability of 0.7
for a 2.5-fold repression at high salt while the other two programs returned
significant p-values for over-expression (adjusted p < 0.015).
In principle, import of amino acids with osmoprotectant properties (e.g.
glutamate, glycine, proline, aspartate) from food prokaryotes might also contribute
to osmotic equilibrium in H. seosinensis. Several genes annotated as amino acid
transporters were highly up-regulated at high salt (up to 29-fold increase; Table 2.5).
In comparison, other amino acid transporter-related genes that were up-regulated
at optimal salt concentration did not show more than a twofold increase in
expression (Table 2.5).
A gene related to sodium-neurotransmitter symporters was 7.9-fold upregulated at high salt (m.15646 in Table 2.5). This family of transporters is well
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documented in animals. These transporters use a Na+ or Cl- gradient to transport
monoamines like serotonin, dopamine and norepinephrine, and the
neurotransmitter ϒ-aminobutyric acid (GABA) and glycine (Torres et al. 2003). They
can also potentially transport proline and taurine, two molecules reported as
osmoprotectants. Alignment of the H. seosinensis sequence with LeuT (leucine
transporter in Aquifex), GlyT1b (glycine transporter in humans), GAT1 (GABA
transporter in humans), DAT (dopamine transporter in humans) and SERT
(serotonin transporter in humans) showed conservation of functionally relevant
residues, including at substrate-binding sites, and at sites involved in coordinating
one of the sodium ions (Figure 2.16; Yamashita et al. 2005). In the H. seosinensis
sequence, amino acids at sites known to interact with the substrate are closer in
identity to Glyt1b and GAT1, consistent with the prediction that this transporter in H.
seosinensis carries amino acids (with osmoprotectant potential) rather than biogenic
amides (neurotransmitters). Expression of several tRNA synthetases and elongation
factor genes was modestly repressed at high salt (up to 2.4-fold decrease)
suggesting that the inferred increase in amino acid import was probably not coupled
to translational activity (Table 2.6).
Myo-inositol is another well-known compatible solute (Garcia-Perez and
Burg 1991; Klages et al. 1999; Majee et al. 2004). Halocafeteria seosinensis expressed
four related genes encoding myo-inositol transporters (Table 2.5). Two were highly
up-regulated at high salt (9.4- and 18-fold increases in expression) while the other
two were not differentially expressed. Myo-inositol is also one of the main
precursors of phosphatidylinositol (PI), a minor component of the cell membrane
and an important molecule in cell signaling. However, the three enzymes that
together convert myo-inositol to PI, if differentially expressed, were actually downregulated at high salt (2.4 – 3.2-fold repression; Table 2.6), suggesting the increased
gene expression of myo-inositol transporters at high salt was not directed toward
lipid biosynthesis.
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Fig. 2.16. Alignment of transporters for amino acids and derivatives: leucine (LeuT,
NP_214423), glycine (GlyT1b, P48067), GABA (GAT1, P30531), dopamine (DAT, Q01959)
and serotonin (SERT, P31645) based on Yamashita et al. (2005). The alignment, that also
includes a transporter from H. seosinensis (m.15646), shows sites where amino acids
interact with the substrate in LeuT (red boxes) and coordinate sodium ions (while box: Na1,
black box: Na2). The filled arrow points at a site where aspartate indicates specificity for
biogenic amide and glycine for amino acids. The empty arrow indicates a site where a
mutation from Glu to Asp inactivates GAT1 (Keshet et al. 1995). Filled and empty circles
indicate charged amino acid pairs at the extracellular and the intracellular entrances
respectively. In H. seosinensis, amino acids at binding sites are close in identity to GlyT1b.
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47

48

m.69913
96
85
m.29419
210
200
m.91051
65
36
m.76620
69
33
m.38736
107
79
m.54578
87
73
m.21630
75
69
m.28234
19
13
m.59228
16
17
m.8724
45
33
m.28010
90
83
Translation elongation factors
m.5155
99
65
m.78782
1299
943
m.66678
89
48

m.60791

ORF
Names

Abundance (TPM)
15%
30%
salt
salt
tRNA loading
m.93974
58
46
m.14914
32
19
m.77228
149
78
m.31630
53
49
m.28708
41
22

0.7
0.7
0.4
0.4
0.6
0.6
0.7
0.5
0.8
0.6
0.7
0.5
0.6
0.4

1
1
1

0.8

0.6
0.5
0.4
0.7
0.4

1
1
1
1
1
1
1
1
1
1
1

1

1
1
1
0.97
0.99

EBSeq
Post Fold
PPDE
Change

4E-05
2E-10
6E-11

9E-06
0.001
5E-06
8E-09
3E-05
1E-06
0.001
1E-07
0.08
1E-08
0.001

0.05

5E-04
8E-26
8E-08
0.05
9E-06

-1.0
-0.8
-1.2

-0.5
-0.4
-1.2
-1.4
-0.8
-0.6
-0.5
-0.9
-0.3
-0.8
-0.5

-0.3

-0.7
-1.1
-1.3
-0.5
-1.3

DESeq2
Adjusted log2
p-value
FC

0.01
0.009
0.003

0.03
0.06
0.01
0.004
0.01
0.02
0.05
0.006
0.2
0.008
0.05

0.1

0.03
0.001
0.005
0.1
0.01

-1.0
-0.8
-1.2

-0.5
-0.4
-1.2
-1.4
-0.8
-0.6
-0.4
-0.9
-0.3
-0.8
-0.4

-0.3

-0.7
-1.1
-1.3
-0.5
-1.2

VOOM-LIMMA
Adjusted log2
p-value
FC

Elongation factor EF-1α/Tu
Elongation factor 2
Mitochondrial elongation factor

Glutaminyl-tRNA synthetase
Lysyl-tRNA synthetase
Tyrosyl-tRNA synthetase
Isoleucyl-tRNA synthetase
Tryptophanyl-tRNA synthetase
(mito.)
Tryptophanyl-tRNA synthetase
(cyto.)
Threonyl-tRNA synthetase
Aspartyl-tRNA synthetase
Prolyl-tRNA synthetase
Phenylalanyl-tRNA synthetase
Seryl-tRNA synthetase
Asparaginyl-tRNA synthetase
Arginyl-tRNA synthetase
Leucyl-tRNA synthetase
Methionyl-tRNA synthetase
Valyl-tRNA synthetase
Alanyl-tRNA synthetase

Annotation

Table 2.6. Expression of genes involved in translation and phosphatidylinositol synthesis in H. seosinensis

68

-1.6

2E-09

0.3

0.004

0.003
0.5
0.6
0.07

0.007
0.003

-1.6

-1.2
-0.6
0.2
-0.6

-1.4
-1.0

VOOM-LIMMA
Adjusted log2
p-value
FC

diacylglycerol kinase (putative)
diacylglycerol kinase (putative)
diacylglycerol kinase (putative)
phosphatidate
cytidylyltransferase
phosphatidylinositol synthase

Mitoch. elongation factor Tu
Mitoch. elongation factor EF-Ts

Annotation
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Abbreviations: TPM, average mRNA Transcripts Per Million; PPDE, Posterior Probability of being Differentially Expressed; Post Fold Change, Posterior
Fold Change (30% over 15% salt); log2FC, log2 fold change (30% over 15% salt).

1

m.10411

60

-1.2
-0.3
0.1
-0.6

7E-11
0.8
0.7
0.02

143

-1.4
-1.0

5E-07
9E-16

DESeq2
Adjusted log2
p-value
FC

Abundance (TPM)
EBSeq
15%
30%
Post Fold
PPDE
salt
salt
Change
Translation elongation factors (continued)
m.72653
0.99
0.4
570
272
m.69811
1
0.5
125
83
Phosphatidylinositol biosynthesis
m.22046
49
26
1
0.4
m.92816
34
28
0.1
0.8
m.80525
23
32
0.1
1.1
m.4043
108
90
0.4
0.6

ORF
Names

4- Discussion
4.1- Molecular Signature in Halophilic Protists
We detected an unusual signature in two halophilic protists (specifically
phagotrophic protozoa), whereby cytoplasmic proteins were not highly acidic but
showed an increased hydrophilicity. We interpret these observations as indicating
that the cytosolic concentration of salt was lower than in typical ‘salt-in’ microbes,
while also suggesting a higher cytosolic salt concentration than in marine organisms.
In particular, the relative increase in hydrophilicity suggests that cytoplasmic
proteins in halophilic protists have evolved to require fewer hydrophobic
interactions to remain folded, as one would expect if the cytosolic salt concentration
was higher in these organisms than in mesophiles. As mentioned earlier, although
most ‘salt-in’ strategists have extremely acidic proteomes, while ‘salt-out’ strategists
do not, there are several known exceptions (e.g. absence of an acidic signature in the
proteomes of the ‘salt-in’ Halanaerobiales; Elevi Bardavid and Oren 2012). For this
reason, the absence of an acidic signature in the predicted proteomes of H.
seosinensis and P. kirbyi strongly suggests a broad ‘salt-out’ strategy, but is not proof
of one. Further, experimental work is needed to test this hypothesis.
We also detected the up-regulation in high salt conditions of genes
potentially involved in organic osmolyte metabolism and transport in H. seosinensis.
This supports the idea that organic solutes contribute to osmotic adjustment in
these organisms, although the relative importance of inorganic osmolytes remains to
be determined. Obtaining direct experimental evidence for organic osmolyte
accumulation would be an important avenue for further research, notwithstanding
the technical challenges to working with necessarily non-axenic cultures of small
bacterivorous protozoa.
The measured correlation between GRAVY scores and habitat salinity also
suggests that the extracellular osmolarity might influence the hydropathicity of the
cytoplasmic proteomes of ‘salt-out’ eukaryotic microbes (taxa in the Mandor
dataset). Despite active salt expulsion, higher extracellular salt concentration likely
69
69

leads to a relatively higher salt content that the cell has to manage, at least some of
the time. For instance, bacterivores presumably bring salt into the endomembrane
system during phagotrophy, consequently increasing the risk of salt intrusion in the
cytosol.
Contrary to expectations, most predicted exoproteins in the investigated
halophilic protozoa did not show the acidic signature of halophilic proteins. This can
probably be explained, to a large extent, by the difficulty of predicting secreted
proteins in protists. Even when predictions from multiple programs are combined,
as we did in this investigation, the accuracy of prediction is ~50% when studying
protist sequences (Min 2010). Furthermore, phagotrophs like H. seosinensis and P.
kirbyi do not secrete digestive enzymes outside the cell but rather engulf particles in
tightly packed vacuoles. Several proteins predicted to be secreted in halophilic
protozoa had functions related to lysosomal activity or to membrane biogenesis,
suggesting they were following the secretory pathway but were not exported
outside the cell. This is in contrast with osmotrophs like fungi and prokaryotes in
which a higher number of secreted enzymes is expected. Interestingly, we actually
did detect an acidic signature for the halotolerant/halophilic yeast proteins that we
predicted to be secreted.
In addition, it is possible that features other than acidity could represent
mechanisms of salt adaptation in proteins. The surfaces of acidic halophilic proteins
are enriched in negative charges that are thought to interact with water. Protein
glycosylation and phosphorylation could also lead to increased negative surface
charges and increased solubility. We did not examine such post-translational
modifications and hence we cannot determine if they play a role in salt adaptation.
4.2- Expression of Genes Involved in Organic Osmolyte Metabolism in
Halocafeteria seosinensis
Analyses of genes that are differentially expressed as a function of salinity in
H. seosinensis identified candidates for involvement in biosynthesis and transport of
organic osmolytes. At high salt, we detected the up-regulation of genes related to
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hydroxyectoine synthesis and to transporters of myo-inositol and amino acids,
potentially glutamate, glycine, proline or taurine. Glycerol, a common osmolyte in
yeasts and certain algae, probably does not accumulate in H. seosinensis and P. kirbyi
since they did not express glycerol phosphatase or known glycerol transporters.
This is consistent with the observation that the addition of glycerol in the medium
does not improve growth of H. seosinensis (Park et al. 2006).
The presence of an ectoine hydroxylase with the consensus sequence
signature and conserved functional residues, activation of its expression at high salt,
and the presence of a bacteria-like ectoine biosynthesis pathway, all suggest that H.
seosinensis uses and modifies these organic solutes for osmotic adjustment. This
hypothesis is surprising a priori, since ectoine synthesis has not been reported in
eukaryotes to our knowledge (e.g. Widderich et al. 2014). Nonetheless, we found
modest evidence from available transcriptomes that ectoine biosynthesis may be
found in some marine protists, including a close relative of H. seosinensis (C.
roenbergensis). However, direct observations of osmolyte accumulation will be
necessary to validate these conjectures.
The composition and proportion of accumulated osmolytes commonly vary in
microorganisms as a function of growth conditions like external salinity (GarcíaEstepa et al. 2006), and it is possible that signatures of these differences might be
seen at the transcript level. Knowledge of transcriptional regulation of the ectoine
operon in bacteria is still fragmented. Studies of a few bacteria showed that
transcription is polycistronic, sometimes regulated by EctR, a repressor protein of
the MarR family, and is complex since it involves five putative promoters, including
one inside the operon (Calderón et al. 2004; Mustakhimov et al. 2010). In H.
seosinensis, RNA read-mapping on a genomic contig indicated that four mRNA
transcripts were generated from the ectABC-ask cluster of genes (Figure 2.10), but
no EctR or MarR domains (PF01047.17, PF12802.2) were detected in any predicted
protein sequences. Our transcriptomic experiment detected no differential
expression of ectA and repression of ectC. Regarding ectA, it is possible that
repression of activity at low salt occurred via allosteric regulation. This possibility
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has been discussed in the case of the ectoine biosynthetic enzymes in C. salexigens
and Methylomicrobium alcaliphilum (Calderón et al. 2004; Reshetnikov et al. 2005).
Higher expression of ectC at optimal salt concentrations suggests that ectoine, the
product of this gene, might be an important organic osmolyte at this salinity, while
hydroxyectoine, generated by ectD, would become relatively more important at
extremely high salinity.
Several lines of evidence suggest that hydroxyectoine may be more beneficial
than ectoine when salinity gets very high (i.e. in our case 4.7 M NaCl). First,
hydroxyectoine has superior desiccation protection properties compared to ectoine
(Lippert and Galinski 1992). Furthermore, in Brevibacterium sp. JCM6894,
accumulation of ectoine starts to plateau or decreases at salinity > 2M while
hydroxyectoine starts to accumulate at salinity > 1.5 M (Nagata et al. 1996; Nagata et
al. 2008). In Brevibacterium linens, ectoine content also decreases for salinities > 2M
NaCl (Bernard et al. 1993). In C. salexigens, although ectoine content increases with
salinity ranging from 0.75 M to 3 M NaCl, the magnitude of the increase is higher for
hydroxyectoine compared to ectoine (13.8-fold vs. 2.8-fold increase respectively;
García-Estapa et al. 2006). In addition, some strains of Pseudomonas stutzeri
preferentially accumulate hydroxyectoine over ectoine (Seip et al. 2011; Stöveken et
al. 2011).
Hydroxyectoine was reported to accumulate substantially only during the
stationary growth phase in Virgibacillus salexigens, Bacillus clarkii (Bursy et al.
2007), Marinoccocus sp. (Schiraldi et al. 2006), Streptomyces coelicolor (Bursy et al.
2008) and Halomonas elongata (Cánovas et al. 1999). Our growth controls indicated
that the H. seosinensis cultures were at mid-exponential phase at the time of RNA
extraction. Therefore, the observed difference in ectoine hydroxylase expression
between conditions was not a result of different growth phases. Rather, it suggests
that hydroxyectoine contributed to H. seosinensis survival in an extreme salt
condition (30% ~ 4.7 M NaCl). Furthermore, in the halophilic proteobacterium C.
salexigens, ectoine and hydroxyectoine accumulate together during the exponential
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phase (García-Estepa et al. 2006) and the same is observed in S. coelicolor when salt
is added to the medium (Bursy et al. 2008).
The phylogenetic relationship of H. seosinensis ectABCD genes with bacterial
sequences and the bacteria-like genomic arrangement of ectABC-ask suggest that
these genes were acquired by lateral gene transfer from bacteria. The wide but
sporadic diversity of protists that putatively express ectoine synthetic genes also
suggest that these genes might have afterwards spread horizontally between
protists. Explaining this distribution pattern by EctABC being ancestral to all
eukaryotes and lost multiple times is less parsimonious. More sampling of
eukaryotic sequences will shed light on this by either revealing further patchiness of
these genes in eukaryotes or, alternatively, showing a broader distribution within
eukaryotes.

5- Summary
Our results suggest that H. seosinensis and P. kirbyi most probably use organic
solutes as the main osmolytes while likely experiencing higher intracellular salt
content relative to organisms inhabiting marine environments. This is based on the
presence of a hydrophilic signature in cytoplasmic proteins and on the expression
pattern of genes potentially involved in organic osmolyte synthesis and transport,
namely ectoine/hydroxyectoine, myo-inositol and undetermined amino acids.
Importantly, future metabolomic investigation is required to directly measure these
osmolytes using NMR, mass spectrometry or HPLC. Characterization of enzymatic
activity at varying salinities could also help in determining whether cytoplasmic
enzymes of halophilic protists function optimally at relatively high salt
concentrations.
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Chapter 3 - Transcriptomic Response to Hypersaline Stress
in the Halophilic Protist Halocafeteria seosinensis and
Contributions of Differentially Expressed, Duplicated and
Laterally Transferred Genes to Survival in High Salt
Habitats

1- Introduction
Hypersaline environments are habitats for a variety of micro-organisms, the
so-called halophiles, that are adapted to the often-extreme conditions prevailing in
these settings. True halophiles require high salt conditions to grow optimally and
most of them cannot divide at salt concentrations under ~9%, which is around three
times the salinity of seawater (Park et al. 2006; Park et al. 2007; Cho et al. 2008;
Park et al. 2009; Park and Simpson 2011; Foissner et al. 2014). Challenges faced by
these life forms include ionic stress (especially the toxicity of sodium and chloride
ions), osmotic stress, dehydration/desiccation stress (induced by complete
evaporation), and reduced solubility of metabolites including nutrients and oxygen.
Halophiles have evolved to overcome these constraints by developing adaptations
like amino acid bias in high-salt exposed proteins (Frolow et al. 1996; Paul et al.
2008), massive synthesis of organic osmolytes (Borowitzka and Brown 1974;
Galinski 1995; Oren 2002b), tight regulation of ion homeostasis (Niu et al. 1995;
Gorjan and Plemenitaš 2006), salt-dependent adjustment of plasma membrane
fluidity (Russell 1989; Turk et al. 2004; Turk et al. 2007; Turk et al. 2011), and
increased capability to manage oxidative stress (Panda and Das 2005; Petrovič
2006; Tammam et al. 2011).
Response to salt stress in eukaryotes has been investigated in various
mesophilic organisms, especially in plants. Limited information is available
regarding the molecular response of halophilic microbial eukaryotes, with most of
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our knowledge coming from the model yeast Hortaea werneckii, Wallemia
ichthyophaga (another yeast) and species of the chlorophycean algal genus
Dunaliella. Optimal growth for these organisms occurs at high salt (1.7-2.6 M salt for
Dunaliella salina, 1.5-3 M for H. werneckii and 3.5-4.5 M for W. ichthyophaga) and
division is extremely slow or non-existent in the absence of salt (Ginzburg et al.
1990; Gunde-Cimerman et al. 2009; Oren 2014). Genomic and transcriptomic data
are available for the yeast isolates and have revealed features of their adaptability to
hypersaline environments (Lenassi et al. 2013; Zajc et al. 2013). In contrast, the D.
salina nuclear genome-sequencing project is still ongoing (Smith et al. 2010) and
only limited information on salt-dependent molecular response of Dunaliella spp. is
available (Kim et al. 2010; Zhao et al. 2011).
In H. werneckii, higher salinities induce the up-regulation of a persistent
transcriptional program for specific genes that is substantially controlled by the
mitogen-activated protein kinase (MAPK) Hog1 (Vaupotic and Plemenitaš 2007). As
the downstream effector of a cascade of MAPKs, Hog1 is the central regulator of the
high osmolarity glycerol pathway that regulates the expression of various
osmoresponsive genes including those involved in ionic homeostasis, energy
metabolism and protein quality control (Plemenitaš et al. 2008). For instance,
activated Hog1 stimulates the production of glycerol, the main osmolyte in H.
werneckii (Petrovič et al. 2002; Vaupotic and Plemenitaš 2007).
Hog1 also regulates the expression of cation expulsion ATPases, the ENA
genes, that are essential for survival under salt stress (Proft and Serrano 1999).
Intracellular ion content is kept far below the extracellular salt concentration in salttolerant and halophilic yeasts. For example, in the halotolerant yeast Candida salina,
intracellular sodium content is kept at ~30 mM when grown at salinity up to 2 M
NaCl and increases to ~125 mM when maintained at a salinity of ~ 4M NaCl (SilvaGraça et al. 2003). This steep gradient is primarily maintained by two Na+-ATPases:
ENA1, the expression of which is stimulated upon acute salt exposure, and ENA2,
which is overexpressed in salt-adapted cells (Gorjan and Plemenitaš 2006). A
potential additional mechanism contributing to cytoplasmic sodium expulsion in
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yeast is ion sequestration in vacuoles using the Na+/H+ exchanger NHX1 (Nass et al.
1997).
Since salts impact membrane fluidity, adaptation to varying salinities
involves lipid composition adjustment (Russell 1989). Hortaea werneckii maintains a
fluid membrane over a wide range of salinities by keeping a low sterol-tophospholipid ratio and by decreasing both fatty acyl length and the saturation level
of phospholipids (Turk et al. 2004). Key features of halotolerance in yeasts involve
the preservation of membrane fluidity and a steady intracellular ion content over a
broad range of extracellular salt concentrations (Kogej et al. 2005; Turk et al. 2007).
When exposed to high salt conditions, microorganisms face a significant
concomitant challenge: oxidative stress. Several studies in plants indicated that
acquisition of salt tolerance might be a consequence of improving resistance to
oxidative stress (e.g. Hernández et al. 1995; Gossett et al. 1996; Gueta-Dahan et al.
1997; Hernández et al. 2000). Concordantly, the ability of H. werneckii to manage
oxidative stress appears to be accentuated, since its capability to degrade hydrogen
peroxide over a wide range of salinity is as high, or even higher, than that of
Saccharomyces cerevisiae stressed by exposure to 3% salt (Petrovič 2006). Similarly,
stress-response genes represent a major class of genes that are up-regulated during
growth at 4.5 M NaCl in Dunaliella sp. (Kim et al. 2010). Therefore, the capacity to
survive in extremely high salt habitats depends on the ability to manage reactive
oxygen species by synthesizing antioxidants or expressing molecular chaperones
like heat shock proteins Hsp70 and Hsp90 that are up-regulated at high salt in H.
werneckii (Vaupotic and Plemenitaš 2007).
Compared to the halophilic yeasts and algae, virtually no information is
available on the molecular adaptation of halophilic heterotrophic protists (i.e.
protozoa). The feeding mode of halophilic protozoa, which phagocytose particles
(typically prokaryotes), differs greatly from yeasts, which are osmotrophs. In
addition, phagotrophic protozoa are typically not surrounded by a cell wall. These
differences between yeasts and protozoa are likely to lead to very different salt
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adaptation strategies.
Among described halophilic protozoa, the bicosoecid stramenopile
Halocafeteria seosinensis was first isolated from a 30% salt Korean saltern, and has
been frequently observed in hypersaline water samples from various geographical
locations (Park and Simpson 2015). Strain EHF34 grows optimally at 15% salt (2.5
M salt), still divides at 30% salt, although very slowly (38 h/division), but cannot
grow at salinities <7.5% (Park et al. 2006). Analysis of its inferred cytoplasmic
proteome revealed a molecular signature suggestive of a higher intracellular salt
content than in marine protists (see Chapter 2). This was also detected in the
halophilic heterolobosean Pharyngomonas kirbyi, suggesting this property might be
typical for halophilic protozoa. At high salt, H. seosinensis up-regulates genes whose
product are potentially involved in osmolyte synthesis and transport, namely
ectoine hydroxylase, amino acid and myo-inositol transporters, suggesting it might
use organic solutes to reach osmotic equilibrium (see Chapter 2).
Hypersaline habitats represent suitable systems to study adaptation,
especially since microbial communities were shown to have evolved faster in
extreme environments (Li et al. 2014). Gene duplication is an important mechanism
for creating genetic novelty. After duplication, one copy of a gene may experience
relaxed evolutionary constraints, increasing the chance for it to acquire a new
function (Long et al. 2003). A possible fate of duplicated genes is to retain function
while acquiring enzymatic specialization to varying ecological conditions, a concept
termed ecoparalogy (Sanchez-Perez et al. 2008). Several cases have been
documented in halophilic prokaryotes where ecoparalogs perform the same
function but are expressed under different salinities, for example, two glutamate
dehydrogenases in Salinibacter ruber (Bonete et al. 2003) and three chaperonins
(CCT1-3) in Haloferax volcanii (Kapatai et al. 2006). In silico analysis of the S. ruber
genome identified many ecoparalog candidates that were especially enriched in
outer membrane and periplasmic space proteins that are exposed to contrasting salt
conditions (Sanchez-Perez et al. 2008). This exemplifies the potential benefit of this
mechanism for the evolution of halophiles.
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In halophilic yeasts, expansion of gene families for cation transporters, P-type
ATPases and hydrophobins was observed (Lenassi et al. 2013; Zajc et al. 2013).
Duplication of ion transporters could allow a greater potential for adapting to
varying salt conditions (Lenassi et al. 2013). Duplication of hydrophobins in W.
ichthyophaga might have favored adaptation to hypersaline environments, since
these small proteins modulate cell wall permeability and contribute to cell
aggregation into protective many-celled structures (Zajc et al. 2013).
In prokaryotes, lateral gene transfer (LGT) is accepted as another important
mechanism that has the potential to increase the fitness of the recipient cell
(Battistuzzi and Brown 2015). For example, in S. ruber the acquisition of genes of the
K+ uptake system from Haloarchaea might have mediated adaptation to its
hyperhalophilic lifestyle (Mongodin et al. 2005). Notably, salt can stabilize naked
DNA and protect it from thermodegradation, thus favoring environmental
preservation of the raw material for LGT (Marguet and Forterre 1994, 1998; Tan
and Chen 2006; Borin et al. 2008). Concordantly, Rhodes et al. (2011) noted a
fundamental difference in the origin of laterally transferred genes between
thermophiles and halophiles, where the former primarily had thermophilic LGT
donors while LGT events into halophiles originated mostly from non-halophilic taxa.
Based on the assumption that free DNA is more stable in hypersaline environments
and that these habitats often occupy topographic minima where biological material
accumulates over time, Rhodes et al. (2011) theorized that halophiles might be
exposed to free DNA from a more diverse range of organisms. This suggests that
hypersaline environments might represent an unusually favorable habitat for the
occurrence of LGT.
Although the importance of LGT to eukaryotic evolution is still debated (Ku et
al. 2015), its incidence in microbial eukaryotes has been increasingly documented
(Keeling and Palmer 2008; Andersson 2009; Soucy et al. 2015). Several cases have
been reported where LGT was inferred as a probable driver of niche adaptation,
including adaptation to anaerobic and parasitic lifestyles, and to rumen, sea ice and
soil habitats (Andersson et al. 2003; Richards et al. 2003; Eichinger et al. 2005;
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Ricard et al. 2006; Andersson et al. 2007; Belbahri et al. 2008; Raymond and Kim
2012; Takishita et al. 2012; Schönknecht et al. 2014; Stairs et al. 2014; Nývltová et al.
2015; Xu et al. 2016). Furthermore, in the polyextremophile red alga Galdieria
sulphuraria, adaptation to extreme environments was likely facilitated by lateral
acquisition of genes coding for ion transporters, osmolyte synthesizers, and toxic
metal pumps and neutralizers (Schönknecht et al. 2013). Interestingly, H. seosinensis
potentially acquired via LGT all the genes necessary for production of the osmolyte
ectoine (see Chapter 2). These genes were arranged on the genome as a gene cluster,
similarly to the ectoine synthesis bacterial operon, and were phylogenetically
closely related to the bacterial enzymes. Although production of ectoine and
hydroxyectoine in H. seosinensis still awaits experimental confirmation, this LGT
event likely contributed to salt adaptation in H. seosinensis, especially since the
expression of some of these genes was salt-responsive. Overall, although the
molecular mechanisms for acquisition and genomic insertion of foreign genes have
yet to be described, these results suggest that LGT is an important mechanism for
adaptation of microbial eukaryotes to new environments.
In this chapter, I present the results of a comprehensive analysis of H.
seosinensis transcriptomes generated under contrasting salinities. I report on the
long-term transcriptional program of salt-adapted cells, with a special emphasis on
genes that were up-regulated at high salt. I also identify gene duplication candidates,
including ecoparalogs, and probable LGT events that potentially contributed to the
halophilicity of H. seosinensis. Given the recent explosive growth in the availability of
molecular data, I also took the opportunity to describe commonalities and
differences of H. seosinensis relative to other protists.
The ability to predict gene function solely based on sequence information is
limited, especially due to the great evolutionary distance between most protists and
the best-studied model organisms. In this context, differential expression studies are
extremely helpful in order to flag genes with important physiological roles (e.g.
Diray-Arce et al. 2015). The aim of this chapter is therefore to take advantage of this
powerful approach and explore H. seosinensis genetic space and its expression as a
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function of salinity. This technique allowed me to identify candidate systems in cell
physiology (among thousands of possibilities) that were responsive to a change in
extracellular salinity, and subsequently to build models for future testing.

2- Materials and Methods
2.1- RNA and DNA Extraction and Sequence Generation
Halocafeteria seosinensis transcriptomic sequences were generated as
described in Chapter 2. Briefly, RNA was extracted from mid-exponential cultures of
H. seosinensis strain EHF34 (Park et al. 2006) grown in triplicate at 15% and 30%
salt, and fed with Haloferax sp. RNA was extracted using TRIzol (Rio et al. 2010) and
treated with Turbo DNAse (Ambion) prior to cDNA library preparation using the
TruSeq RNA sample preparation kit version 2 (Illumina) that included a poly-A tail
purification step for eukaryotic messenger RNA (mRNA) enrichment. Samples were
sequenced on a HiSeq platform by Génome Québec. Reads were trimmed to remove
low-quality sequences using Trimmomatic v. 0.30 (Bolger et al. 2014) and mapped
to genomes of food prokaryotes known to be in the culture in order to discard
contaminant sequences, using Stampy 1.0.23 (Lunter and Goodson 2011). Reads
were then assembled using Trinity 2.0.2 (Grabherr et al. 2011) and open-reading
frames (ORFs) were predicted using TransDecoder (included in the Trinity package).
Nucleotide sequences were compared to each other using BLASTN (Altschul et al.
1990) and ORFs sharing identical regions at least 50 nucleotides long were
considered alternative spliced isoforms of the same gene. Finally, to remove
sequences belonging to unknown prokaryotic contaminants present in the cultures,
the nucleotide sequences of ORFs were compared to sequences in the NCBI
Nucleotide collection (NT) database using BLASTN. Sequences having >100 bp-long
fragments >90% identical to a prokaryotic sequence were discarded.
DNA was purified using a salt extraction protocol (Aljanabi and Martinez
1997). Briefly, cells were disrupted by vortexing in lysis buffer and digested with
80
80

proteinase K (0.2 mg/mL) and 0.01% sodium dodecyl sulfate. DNA was separated
from the other organic phases by centrifugation in a supersaturated NaCl solution
(3 M) and precipitated with 70% ethanol. A paired-end DNA library (250 bp) was
prepared using the Nextera XT kit (Illumina) prior to high-throughput sequencing
on a MiSeq platform. Reads were cleaned of low quality sequences and from
prokaryotic contaminants as performed for the RNA sequences. Genomic contigs
were assembled with MIRA 4.9.5_2 (Chevreux et al. 2004). Genes, including
intron/exon boundaries, were delimited by mapping the read sequences obtained
from RNA extracts using TopHat2 (Kim et al. 2013) and predicted by Braker 1.1
(Hoff et al. 2016).
2.2- Gene Annotation
Predicted proteins were annotated using the eggNOG 4.1 database (Powell et
al. 2014) through hidden Markov model searches (E value < 0.00001) using the
hmmsearch program of the HMMER package (Eddy 1998). Further protein domain
characterization was done by interrogating the Pfam 27.0 (Finn et al. 2016) and
TIGRFAMs (Haft et al. 2003) databases again using hmmsearch, and the NCBI
conserved domain database (Marchler-Bauer et al. 2015) using the BLAST algorithm.
Proteins were also assigned to KEGG pathways (Kanehisa et al. 2016) by the KEGG
Automatic Annotation Server (Moriya et al. 2007) using the representative set for
genes through the single-directional best hit method.
In specific cases, putative functions of H. seosinensis proteins were
investigated further by inspecting multiple sequence alignments for conserved
functional residues and by performing phylogenetic analyses. In these instances,
searches against the NCBI non-redundant (NR) database and the Marine Microbial
Eukaryote Transcriptome Sequencing Project (MMETSP; Keeling et al. 2014) were
done using BLAST to gather homologous genes. Sequences were aligned using
MAFFT 7.205 (Katoh et al. 2002) and resulting alignments were trimmed using
BMGE 1.1 (Criscuolo and Gribaldo 2010). Maximum-likelihood phylogenetic trees
were built from five starting trees using RAxML 8.1.22 (Stamatakis et al. 2005) with
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the PROTGAMMALG4X model of amino acid substitution. Bootstrap support was
calculated from 100 replicates.
Protein features like transmembrane regions and signal peptides were
detected to increase confidence in annotations, in cases where these characteristics
were reported for the described proteins. Targeting signals were predicted using
TargetP 1.1 (Emanuelsson et al. 2000) and mitoprot II 1.101 (Claros and Vincens
1996). Sequences positive for signal peptide detection were investigated further for
the presence of the endoplasmic reticulum (ER) retention signals KK, KxK, KDEL or
HDEL at the C-terminus or RR at the N-terminus. Transmembrane domains were
predicted using TMHMM 2.0 (Krogh et al. 2001) and HMMTOP 2.0 (Tusnady and
Simon 2001).
2.3- Differential Gene Expression Assessment
Gene expression at optimal and maximal salt concentrations was quantified
using RSEM (Li and Dewey 2011). Briefly, forward sequence reads from each
replicate were mapped to the Trinity assembly using Bowtie 2 v.2.2.4 (Langmead et
al. 2009). Reads mapping to multiple isoforms were assigned proportionally to the
number of reads mapping to unique regions of the said isoforms. After removal of
ORFs having low read counts in all samples (75th quantile < 10 reads), differential
expression was assessed using three independent software programs: the empirical
Bayesian analysis tool EBSeq following 10 iterations (Leng et al. 2013), DESeq2
(Love et al. 2014) and the limma package (Smyth 2004; Ritchie et al. 2015) after
normalization using the Voom method (Law et al. 2014). P-values were corrected for
multiple testing using the Benjamini-Hochberg method. In the text, I refer to the
results of EBSeq, although I also report the respective predictions from limma and
DESeq in tables. ORFs were considered differentially expressed if their posterior
probability was above 0.95 (or adjusted p-value < 0.05) and posterior fold change
(FC) <0.5 or >2 (i.e. log2FC <-1 or >1). ORFs were ordered according to the number
of transcripts per million (TPM) averaged over replicates of the condition of interest,
and ranks are reported from the highest to the lowest abundance.
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2.4- Identification of Duplicated Genes and Ecoparalogs
A local database containing protist protein sequences from the MMETSP
dataset (MarProt taxa listed in Table 2.1) and from published genomes (Table 3.1)
was constructed in order to identify recently duplicated genes. Halocafeteria
seosinensis sequences were added to this database after selecting the longest
isoform for each gene. Following BLASTP comparison using H. seosinensis sequences
as queries, sequences that were more similar to other H. seosinensis sequences than
to other protist sequences were classed as candidate recent duplicates. For these,
additional homologous sequences were gathered by BLASTP comparison against the
NR database if the alignment covered 2/3 of the smallest sequence for sequences
>30% identical. For each gene cluster, sequences were aligned and trimmed as
described in section 2.2. Preliminary maximum-likelihood phylogenetic trees were
inferred using FastTree 1.0.1 (Price et al. 2009). Trees for which H. seosinensis
sequences clustered in a clade to the exclusion of sequences from other organisms
were selected for more in-depth phylogenetic analysis using RAxML, using the
PROTGAMMALG4X model of sequence evolution (50 independent starting trees for
ML tree search; Bootstrap support was evaluated using 100 replicates).
Halocafeteria seosinensis sequences that clustered exclusively in a clade with
bootstrap support >50% were considered candidate gene duplicates. Since Cafeteria
roenbergensis was the closest relative of H. seosinensis in the database, cases where
H. seosinensis sequences clustered together next to a C. roenbergensis sequence
represented examples for which I had the greatest confidence for relatively recent
gene duplications. Clusters that included genes with contrasting expression values
(i.e. one being up-regulated and the other down-regulated) were examined as
ecoparalog candidates.
As controls, I performed the same analysis on proteins predicted from the
genomes of Dictyostelium discoideum (GCF_000004695.1), Guillardia theta
(GCF_000315625.1), Nannochlorospis gaditana (GCA_000240725.1), Salpingoeca
rosetta (GCF_000188695.1), and Thalassiosira pseudonana (GCA_000149405.2).
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Table 3.1. Genomes used to identify gene duplication candidates.
Organisms
Aureococcus anophageferrens
Blastocystis hominis
Ectocarpus siliculosus
Nannochloropsis gadita
Phaeodactylum tricornutum
Phytophthora infestans
Phytophthora sojae
Phytophtora parasitica
Thalassiosira pseudonana

GenBank assembly accession
GCA_000186865.1
GCA_000151665.1
GCA_000310025.1
GCA_000240725.1
GCA_000150955.2
GCA_000142945.1
GCA_000149755.2
GCA_000247585.2
GCA_000149405.2

2.5- Gene Enrichment Analysis
The relative abundance of genes assigned to Clusters of Orthologous Group of
proteins (COG) was analyzed using STAMP v.2.1.3 (Parks et al. 2014) to determine if
they were enriched in differentially expressed genes or duplicated genes. Significant
variations in proportions were assessed with the hypergeometric test followed by
multiple test correction by the Benjamini-Hochberg method. Prior to analysis, I
removed the following COG classes (which contained very few genes or genes
without obvious biological significance or known function) to decrease their
influence on the multiple test correction: ‘Cell motility’, ‘Defense mechanisms’,
‘Unknown function’, ‘General predictions only’, ‘Nuclear structures’, and ‘No hits
found’.
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3- Results and discussion
3.1- Data Overview
Halocafeteria seosinensis expressed 16,852 non-redundant ORFs
corresponding to 12,020 genes. 9,026 genes had no spliced variants and 2,994 genes
had alternatively spliced isoforms (median of 2 isoforms/gene). 1,657 ORFs were
discarded during differential expression assessment due to low expression in all
conditions (see section 2.3).
3.1.1- Gene Expression Analysis
EBSeq flagged 2,871 ORFs as being differentially expressed, of which 62%
were up-regulated at high salt and 38% were down-regulated (Figure 3.1). BLASTP
searches indicated that 45% of these ORFs had no homologue in the NR database (E
value cutoff = 0.00001). Comparatively, DESeq2 and limma detected 3,265 and 2,882
differentially expressed ORFs respectively (adjusted p-value < 0.05). There was
good agreement between the analyses: 2,418 ORFs were identified as differentially
expressed by all three analyses, and the great majority of the ORFs that were called
as differentially expressed by EBSeq were also identified as such by limma and
DESeq2 (87% and 90% respectively). For the sake of succinctness and because
predictions from EBSeq were the most conservative, the results from the latter
program are given in the text, and respective predictions from limma and DESeq2
can be found in tables.
COG classes containing genes involved in metabolism and transport of
inorganic ions were significantly enriched in differentially expressed genes
(although with relatively low support, adjusted p-value = 0.050), while classes
containing genes involved in translation, RNA processing and cytoskeleton were
significantly depleted of differentially expressed genes (adjusted p-values < 7.3 ×
10-3, Figure 3.2). This suggested that, while core genes involved in basic cellular
functions tended to not be differentially expressed, genes involved in ion
homeostasis as a
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Fig. 3.1. Numbers of ORFs assigned to each COG class given their gene expression values.
For each class, the first and the last bars indicate the number of ORFs up-regulated and
down-regulated at high salt respectively (posterior probability of being differentially
expressed (PPDE) > 0.95) given their posterior fold change (indicated by the colors), and the
grey bar in the middle shows the number of ORFs with PPDE < 1.
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Fig. 3.2. Enrichment analysis of differentially expressed genes. The proportions of
differentially expressed genes assigned to each class are shown in orange, percentages of
non-differentially expressed genes are in blue. The number of asterisks indicates adjusted pvalues after multiple test correction using the Benjamini-Hochberg method (***: adjusted pvalue < 0.001, **: adjusted p-value < 0.01, *: adjusted p-value < 0.05).
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group responded to a variation in extracellular salinity. COG categories that did not
show a significant bias also contained informative genes in terms of response of H.
seosinensis to high salt. Discussion about genes assigned to these classes is included
in this chapter.
3.1.2- Gene Duplication Analysis
The gene duplication analysis revealed 494 clusters containing 1,652 genes.
The bulk of these, 317 clusters encompassing 1,086 genes, contained only H.
seosinensis sequences (i.e. no homologs were detected in other organisms). The
remaining 153 clusters contained 444 genes where H. seosinensis sequences
clustered together to the exclusion of all other homologous sequences gathered from
the local protist database and the NR database. For the sake of stringency, I
considered only these latter examples of (recent) gene duplication candidates in
further analyses.
After removing uninformative COG categories for assessment of classes
enriched in gene duplication (as described in section 2.5), 230 genes were detected
as duplicated in H. seosinensis, from a total of 4,283 genes assigned to these
categories (6%). Similar proportions were recovered from the genomes of G. theta
(9%) and D. discoideum (6%), while the genomes of S. rosetta, T. pseudonana and N.
gaditana had a lower percentage of duplicated genes under these criteria (2% for
both). Enrichment analysis showed that COG categories representing housekeeping
genes (‘Translational, ribosomal structure and biogenesis’, ‘Transcription’ and
‘Cytoskeleton’) were depleted of duplicated genes in H. seosinensis (adjusted pvalues < 4.5 × 10-3, Figure 3.3). The same trend was observed in the genomes of N.
gadita, G. theta and D. discoideum. Conversely, categories including genes involved in
metabolism and transport of amino acids and inorganic ions were enriched in
duplicated genes, as were genes involved in intracellular trafficking of metabolites
like phospholipids (adjusted p-values < 4.3 × 10-3). The enrichment analysis of
duplicated genes indicated that core genes seemed more evolutionarily ‘stable’
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Fig. 3.3. Gene duplication enrichment analysis performed on the transcriptome of H.
seosinensis, and the genomes of T. pseudonana, N. gaditana, S. rosetta, D. discoideum and G.
theta. The proportions of duplicated genes assigned to each COG class are shown in red. The
percentage of the remaining genes is in blue. The number of asterisks indicates the false
discovery rate after multiple test correction using the Benjamini-Hochberg method (***:
adjusted p-value < 0.001, **: adjusted p-value < 0.01, *: adjusted p-value < 0.05).

89
89

compared to metabolic genes, echoing the enrichment analysis of differentially
expressed genes, where core genes involved in basic cellular functions were
transcriptionally steadier (see section 3.1.1). The same kind of principle was
described in fungi, where genes essential in growth processes had more stable copy
numbers and expression, while accessory genes were more ‘volatile’ in this regard
(Wapinski et al. 2007).
3.1.3- Overview of Sections 3.2-3.7
In the following sections, I first describe the potential contributors to ion
homeostasis in H. seosinensis and discuss the enrichment of duplicated ion
transporters (section 3.2). In section 3.3, I explain how oxygen level might have
influenced gene expression, since salinity affects oxygen concentration. In section
3.4, I define the actors of the signal transduction pathways and types of transcription
factors that may orchestrate H. seosinensis gene expression response. In section 3.5, I
demonstrate that a major aspect of H. seosinensis salt response is related to stress
management. In section 3.6, I illustrate how the transcriptional program for lipid
metabolism was affected by high salt conditions. Finally, in section 3.7, I suggest
explanations for the upregulation of carbohydrate-related metabolic genes.

3.2- Ion Homeostasis in Halocafeteria seosinensis
Establishing ion gradients is a universal requirement for cells. Halophiles and
mesophiles keep their intracellular Na+ content low relative to the extracellular
milieu while keeping intracellular K+ higher than outside the cell. Two molecular
models have been described to establish such gradients, both using the energy
generated by hydrolysis of ATP via P-type ATPases. The first one, described in
animal cells, involves Na+/K+-ATPases that directly concentrate each ion on either
side of the membrane (Morth et al. 2011). The second one, described in fungi, plants
and algae, involves the establishment of a proton gradient that is subsequently used
to generate the respective ion gradients using Na+/H+ and K+/H+ transporters
(Rodríguez-Navarro 2000). Recently, evidence has accumulated favoring a third
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model that combines both mechanisms, based on organisms that express both types
of ATPases, Na+/K+ and H+, as in protists like Dictyostelium, Heterosigma,
Chlamydomonas and Phytophthora (Barrero-Gil et al. 2005).
As described below, in H. seosinensis, I obtained moderate evidence for the
expression of Na+/K+-ATPases, but observed the differential expression of a Na+/H+
antiporter, indicating that proton gradients might also be important in H. seosinensis
ion homeostasis. In this regard, H. seosinensis seemed to employ the third model
described above, like other protists.
3.2.1- Sodium Expulsion Through Na+/H+ Antiporters
Na+/H+ antiporters are key contributors to salt resistance in plants
(Blumwald et al. 2000). Halocafeteria seosinensis expressed two genes (ORFs
m.11942 and m.85102) that were related to the plasma membrane Na+/H+
antiporter Salt-Overly-Sensitive 1 (SOS1). Importantly, one of them, m.85102, was
2.7-fold upregulated at high salt (Table 3.2). As in SOS1, these two proteins in H.
seosinensis had a transmembrane N-terminal region homologous to the NhaP
domain (PFAM00999), responsible for ion transport, and a C-terminal region
distantly related to cyclic nucleotide binding domain (CNBD, PFAM00027). In plants
the latter domain is involved in regulating the transporter activity via
phosphorylation by serine/threonine kinase SOS2. The NhaP domain in H.
seosinensis sequences contained aspartate and arginine residues essential for ion
binding and translocation, supporting the inferred function for these transporters
(Figure 3.4; Hellmer et al. 2003). Interestingly, H. seosinensis NhaP domains were
more conserved than the CNBD when compared to Arabidospis thaliana SOS1
sequence (~40% and ~25% identity respectively). The CNBD was relatively
divergent and residues shown to be involved in regulation in plants were not
conserved in H. seosinensis (data not shown). These included the phosphorylated
serine, the motif recognized by SOS2, and the auto-inhibitory sequence, suggesting
that the transporters in H. seosinensis are regulated differently (Quintero et al. 2011).
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Abundance (TPM)
ORF
15%
30%
names
salt
salt
+
+
Na /H antiporter
m.85102
8.7
29.5
m.11942
12.2
19.7
m.6801
2.3
7.1
m.14957
8.7
15.2
m.41235
31.7
20.6
m.64236
32.6
33.3
m.43490
61.3
119.9
+
P-type ATPase IIC (Na /K+)
m.3798
29.2
26.0
m.79586
15.8
18.8
2+
P-type ATPase IB (Cu )
m.46283
23.8
64.9
2+
P-type ATPase IIA (Ca )
m.52246
204.8
189.5
m.75748
17.1
33.9
2+
P-type ATPase IIB (Ca )
m.1354
0.5
0.6
m.11968
104.6
166.8
m.58046
60.3
109.4
m.39471
25.7
46.9
m.21843
47.3
25.5
0.69
0.91
2.13
0.70
1.59
0.98
1.23
1.43
1.45
0.43

1.00
1.00
0.05
0.00
1.00
0.99
0.04
0.99

2.67
1.28
2.64
1.42
0.50
0.79
1.50

0.95
0.04

1.00
0.05
0.22
0.08
1.00
1.00
1.00

EBSeq
Post Fold
Change
PPDE

1.00
0.01
0.00
0.21
0.00

0.00
0.18

0.00

0.04
0.60

0.00
0.34
0.15
0.30
0.00
0.01
0.00

-0.01
0.30
0.52
0.53
-1.20

-0.50
0.65

1.10

-0.51
-0.12

1.40
0.35
1.19
0.49
-0.99
-0.34
0.59

DESeq2
Adjusted
p-value log2FC

0.99
0.11
0.04
0.20
0.01

0.07
0.19

0.00

0.04
0.58

0.00
0.20
0.06
0.22
0.00
0.04
0.00

0.01
0.32
0.56
0.61
-1.17

-0.49
0.73

1.14

-0.50
-0.09

1.44
0.36
1.60
0.47
-0.97
-0.32
0.61

VOOM-LIMMA
Adjusted
p-value
log2FC

Table 3.2. Expression of genes involved in ion homeostasis in Halocafeteria seosinensis
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Abundance (TPM)
EBSeq
ORF
15%
30%
Post Fold
names
salt
salt
Change
PPDE
+
P-type ATPase IIIA (H )
m.92338
197.5
193.5
0.03
0.79
P-type ATPase V (cation)
m.10985
4.6
10.6
0.10
1.85
Sodium/calcium exchanger protein
m.16057
16.4
17.9
0.67
0.84
m.92548
19.3
42.4
0.99
1.72
m.54532
32.6
25.7
1.00
0.62
m.58047
11.1
15.6
0.04
1.09
m.23282
9.1
7.1
1.00
0.61
2+
Ca -activated potassium channel
m.18644
9.2
20.4
0.23
1.69
m.35725
7.9
13.4
0.05
1.32
m.57786
4.2
4.9
0.13
0.89
Cyclic-nucleotide gated cation channels
m.28289
5.2
15.0
1.00
2.23
m.80954
12.7
19.9
0.89
1.23
m.45596
15.0
35.6
0.26
1.93
Sodium, potassium or calcium channels
m.32606
7.9
5.7
0.36
0.59
m.61852
1.2
0.3
1.00
0.18
m.10834
6.8
10.6
0.07
1.22
m.27065
9.3
15.2
0.08
1.27
m.27029
14.6
13.9
0.23
0.75
m.74753
4.1
22.7
1.00
4.34
-0.32
0.84
-0.24
0.79
-0.69
0.13
-0.70
0.74
0.39
-0.16
1.14
0.30
0.91
-0.72
-2.33
0.28
0.35
-0.40
2.06

0.40
0.15
0.29
0.00
0.00
0.45
0.01
0.05
0.32
0.72
0.00
0.11
0.04
NA
0.00
0.42
0.31
0.31
0.00

DESeq2
Adjusted
p-value log2FC

0.09
0.00
0.34
0.24
0.17
0.00

0.00
0.06
0.03

0.12
0.37
0.49

0.30
0.03
0.01
0.44
0.03

0.21

0.52

-0.74
-2.79
0.24
0.31
-0.42
2.12

1.13
0.33
0.96

0.72
0.36
-0.27

-0.24
0.83
-0.67
0.14
-0.74

0.86

-0.25

VOOM-LIMMA
Adjusted
p-value
log2FC
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-0.17
0.87
1.73
0.06
0.27
-1.13
0.22
-0.32
8.44
3.41
-0.20
-0.24
-0.65
-6.96
-1.22
0.65
-6.08
0.16

0.63
0.01
0.01
0.75
0.20
0.00
0.56
0.21
0.00
0.00
0.40
0.21
0.08
0.00
0.04
0.35
0.00
0.28

VOOM-LIMMA
Adjusted
p-value
log2FC

94

Abbreviations: TPM, averaged transcripts per million (at 15% or 30% salt); PPDE, Probability of being Differentially Expressed;
Post Fold Change, posterior fold change (30% over 15% salt); log2FC, log2 fold change (30% over 15% salt); NA, not available due
to an extreme count outlier in one of the samples.

Abundance (TPM)
EBSeq
DESeq2
ORF
15%
30%
Post Fold Adjusted
names
salt
salt
Change
p-value log2FC
PPDE
Sodium, potassium or calcium channels (continued)
m.74752
7.3
8.2
0.06
0.89
0.75
-0.16
Chloride channels
m.1669
8.4
19.1
0.92
1.82
0.01
0.85
m.79946
10.6
39.0
0.98
3.09
0.00
1.53
m.57330
13.0
17.3
0.05
0.99
0.98
0.01
m.84325
22.7
34.7
0.05
1.19
0.35
0.26
m.65420
24.2
14.2
0.86
0.44
0.00
-1.17
m.79944
41.2
60.6
0.06
1.12
0.75
0.17
m.16240
70.1
70.0
0.07
0.77
0.28
-0.36
Chloride channels? (related to Tweety transmembrane proteins)
m.48253
0.1
36.0
1.00
273.91
0.00
7.89
m.36773
2.6
33.9
1.00
10.08
0.00
3.32
m.19882
160.3
178.2
0.03
0.86
0.35
-0.22
m.83902
58.1
63.1
0.75
0.83
0.08
-0.26
m.92115
34.1
28.2
0.46
0.61
0.02
-0.69
m.84735
97.7
1.0
1.00
0.01
0.00
-6.88
m.27101
0.6
0.3
0.00
0.40
0.16
-1.15
m.19880
0.4
0.7
0.18
1.42
0.67
0.41
m.56744
20.0
0.4
1.00
0.01
0.00
-5.85
m.67887
14.1
19.8
0.05
1.09
0.43
0.13

Fig. 3.4. Partial alignment of Na+/H+ antiporter protein sequences indicating conservation
of crucial residues for catalytic activity (triangles) based on study of Methanoccocus
jannaschii enzyme (in bold, 4CZB). The alignment also includes sequences related to H.
seosinensis sequences (m.85102, m.11942) from A. thaliana (CCH26571.1), Ectocarpus
siliculosus (CBJ26919.1), Nannochloropsis gaditana (EWM21970.1), Salpingoeca rosetta
(XP_004995575.1) and from Homo sapiens (P19634.2) as a distant relative.
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A search for SOS2 homologs in the H. seosinensis transcriptome revealed many
distant candidates, as was commonly the case for protein kinases.
In plants, SOS1 contributes to Na+ expulsion from the cytosol, including in the
salt-resistant halophyte Thellungiella salsuginea (Oh et al. 2009). The halophilic alga
D. salina also increases the expression of a Na+/H+ antiporter as a response to
increased salinity (Katz et al. 1992). Halocafeteria seosinensis sequences encoded
predicted signal peptides (predicted from genome-derived sequence for ORF
m.85102) suggesting that they act somewhere along the secretory pathway, i.e. at
the plasma membrane and/or in vacuoles (in which case they might pump sodium
into vacuoles for later removal from the cell).
Interestingly, no ENA genes (P-type ATPase IID), which contribute to sodium
expulsion in yeasts, were detected in H. seosinensis. Five other genes containing
NhaP domains were expressed by H. seosinensis and are thus also potential
contributors to sodium homeostasis (Na+/H+ antiporters in Table 3.2).
Up-regulation of a Na+/H+ antiporter at high salt implies that proton
gradients might be of importance for ion homeostasis in H. seosinensis. Three
enzymatic complexes that could be responsible for maintaining a proton gradient
required by the Na+/H+ antiporters were expressed: a P-type ATPase IIIA, the
vacuolar H+-transporting ATPase and the vacuolar H+-transporting pyrophosphatase
(V-PPase). Although some of these genes had high transcript abundance (e.g. the
gene for V-PPase, ORF m.35862, with ~1500 TPM), none of them were differentially
expressed.
3.2.2- Na+/K+ ATPases to Maintain Ion Gradients
In order to identify P-type ATPases in H. seosinensis, and especially Na+/K+
ATPases (type IIC) that would contribute to maintain ion gradients, I used the
reference sequences published by Axelsen and Palmgren (1998) to harvest
homologous proteins and to generate phylogenetic trees (Figure 3.5). In addition to
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Fig. 3.5. Maximum-likelihood phylogenetic tree for P-type ATPases based on the analysis by
Axelsen and Palmgren (1998) and containing H. seosinensis sequences (in bold). Type IV
ATPases transport phospholipids (PL) and the corresponding clade included seven genes
from H. seosinensis. Bootstrap values (>50%) are indicated at branch nodes. The scale bar
indicates the substitution rate/site.
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type IIC, H. seosinensis expressed genes clustering with P-type ATPase types IB
(Cu2+), IIA (Ca2+), IIB (Ca2+), IIIA (H+), IV (phospholipids) and V (cation), none of
them being up-regulated at high salt, with the exception of one putative Cu2+
transporter (Table 3.2). Interestingly, the two genes affiliated with Na+/K+-ATPases
(ORFs m.3798 and m.79586) were closely related to each other, suggesting they
were recently duplicated in H. seosinensis (Figure 3.6). A signal peptide was
predicted for the second ORF, suggesting it might work at the plasma membrane.
These ORFs grouped robustly inside a clade, sister to the animal Na+/K+-ATPase
sequences, that contained a sequence from the oomycete Pythium aphanidermatum
for which the corresponding protein was shown to mediate Na+ expulsion and K+
uptake (Barrero-Gil et al. 2005).
Interestingly, analysis of a multiple alignment including sequences from this
clade, and from characterized animal transporters for which the crystal structure is
available, showed that many residues involved in coordinating and binding Na+ and
K+ in the animal transporters were not conserved in sequences of the H. seosinensiscontaining clade, including the P. aphanidermatum Na+/K+-ATPase (Figure 3.7;
Ogawa and Toyoshima 2002; Shinoda et al. 2009; Kanai et al. 2003; Nyblom et al.
2013) . Na+/K+-ATPases in animals require a β-subunit that is, among others,
essential for K+ binding (Shinoda et al. 2009). No such accessory protein was
detected in the H. seosinensis transcriptome. Furthermore, residues involved in α/β
subunit interaction (Nyblom et al. 2013) were not conserved in H. seosinensis
sequences and related ATPases, including the one from P. aphanidermatum (data not
shown). No β-subunit was mentioned for the transport assays of P. aphanidermatum
Na+/K+-ATPase (Barrero-Gil et al. 2005). Absence of a β-subunit also applies to
Heterosigma akashiwo for which the Na+/K+-ATPase sequence (Shono et al. 1996)
belongs to the H. seosinensis-containing clade. However, the H. akashiwo sequence
possessed all the conserved residues mentioned above. Shono et al. (2001)
hypothesized that a 285 amino acid-long insertion in the H. akashiwo protein might
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Fig. 3.6. Maximum-likelihood phylogenetic tree for sequences related to Na+/K+ ATPases.
Halocafeteria seosinensis sequences (in bold) clusters inside a clade, sister to metazoan
Na+/K+ ATPases and K+ ATPases, that contains sequences for ATPases shown to mediate Na+
expulsion and K+ uptake (stars). Bootstrap values >50% are indicated on branches. The
scale bar indicates the substitution rate/site.
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Fig. 3.7. Partial alignment of characterized Na+/K+-ATPases (in bold: P. aphanidermatum –
99409.1, H. akashiwo – AB017481, Sus scrofa – 4HQJ, Bos taurus – 4XE5 and Squalus
acanthias – 2ZXE) and sequences clustering with H. seosinensis (m.79586, m.3798) in Figure
3.6 (see Figure 3.6 for accession numbers). The alignment also includes sequences for
gastric H+/K+ ATPase (Sus scrofa (K+), 3IXZ_A) and Ca2+-translocating ATPase (Oryctolagus
cuniculus (Ca2+), 3BA6_A). Residues interacting with Na+ (squares) and K+ (triangles) in
Na+/K+-ATPases, and with Ca2+ (circles) in the Ca2+-translocating ATPase are indicated on
top of respective positions. The phosphorylated residue involved in conformational change
of the transporters and transition from the E1 to E2 states is indicated with a circled “P”.
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act similarly to the animal β-subunit. This insertion was unique to H. akashiwo.
Therefore, the absence of a β-subunit in H. seosinensis and P. aphanidermatum could
partly explain the divergence in functional residues compared to the characterized
animal enzymes. Conservation of residues between H. seosinensis and P.
aphanidermatum transporters suggest that ion homeostasis in the halophilic protist
is potentially maintained partly by plasma membrane Na+/K+-ATPases.
These ATPases were the only candidates involved in the active transport of
K+. Despite not being differentially expressed, they might be important in ion
homeostasis. Since type IIC (Na+/K+-ATPases) also includes K+/H+ ATPases, further
work needs to consider them more carefully in order to determine their substrate
specificity. For now, based on sequence conservation between H. seosinensis
sequences and P. aphanidermatum Na+/K+-ATPase sequences, this alternative
hypothesis for H. seosinensis genes coding for a K+/H+ ATPase is less likely.
3.2.3- Other Ion Transporters and Channels
Enrichment analysis indicated that the class ‘Ion transport and metabolism’
was enriched in gene duplicates (adjusted p-value = 5.8 × 10-5, Figure 3.3). Proteins
encoded by these genes were related to various ion transporters and channels. In
addition to the previously mentioned duplication of Na+/K+-ATPase type IIC
(TIGR01106, Figure 3.6), other examples included type IIB calcium-translocating
ATPases (TIGR01517, Figure 3.8), chloride channels (CD03685, Figure 3.9),
magnesium transporters (TIGR00400, Figure 3.10) and high affinity sulfate
transporters (TIGR00815, Figure 3.11). A significant enrichment of ion transporter
genes was also detected in the genome of halophilic yeasts Wallemia ichthyophaga
and Hortaea werneckii (Lenassi et al. 2013; Zajc et al. 2013). However, I also
detected an enrichment in duplicated genes assigned to this class in the genomes of
N. gaditana (adjusted p-value = 0.041) and G. theta (adjusted p-value = 3.9 × 10-12),
implying that this situation is not unique to extreme halophiles (Figure 3.3).
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Fig. 3.8. Maximum-likelihood phylogenetic tree for gene duplication cluster 115 (grey box):
calcium-transporting ATPases. For H. seosinensis sequences (in bold), the Posterior
Probability of being Differentially Expressed (PPDE) and the Fold Change (FC, 30% over
15% salt) is indicated. Bootstrap values (>50%) are indicated at branch nodes. The scale bar
indicates the substitution rate/site.
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Fig. 3.9. Maximum-likelihood phylogenetic tree for gene duplication cluster 101 (grey box):
chloride channels. For H. seosinensis sequences (in bold), the Posterior Probability of being
Differentially Expressed (PPDE) and the Fold Change (FC, 30% over 15% salt) is indicated.
Bootstrap values (>50%) are indicated at branch nodes. The scale bar indicates the
substitution rate/site. * Sequences generated from Tiarina fusus were potentially
contaminated with sequences from the food source Rhodomonas lens.
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Fig. 3.10. Maximum-likelihood phylogenetic tree for gene duplication cluster 408 (grey
box): magnesium transporters. For H. seosinensis sequences (in bold), the Posterior
Probability of being Differentially Expressed (PPDE) and the Fold Change (FC, 30% over
15% salt) is indicated. Bootstrap values (>50%) are indicated at branch nodes. The scale bar
indicates the substitution rate/site.
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Fig. 3.11. Maximum-likelihood phylogenetic tree for gene duplication cluster 481 (grey
box): sulfate transporters. For H. seosinensis sequences (in bold), the Posterior Probability of
being Differentially Expressed (PPDE) and the Fold Change (FC, 30% over 15% salt) is
indicated. Bootstrap values (>50%) are indicated at branch nodes. The scale bar indicates
the substitution rate/site. * Sequences generated from Tiarina fusus were potentially
contaminated with sequences from the food source Rhodomonas lens.
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More carriers were expressed by H. seosinensis, like the sodium:calcium
exchanger (TIGR00927), calcium-activated potassium channels (PFAM03493), cyclic
nucleotide-gated ion channels (ion transport domain PFAM00520 combined to
cNMP-binding domain PFAM00027) or sodium/potassium/chloride channels
(PFAM00520, Table 3.2). Interestingly a group of related chloride channels distantly
affiliated to the tweety gene of Drosophila and related proteins (PFAM04906) had
drastic differences in expression levels ranging from 273-fold upregulation to 127fold downregulation (ORFs under “Chloride channels? (related to Tweety
transmembrane proteins)” in Table 3.2). Given my search criteria, these sequences
were too far from any homologs to be included in the gene duplication analysis but
they might represent a hot spot of salt-driven adaptation.
In summary, I propose that H. seosinensis maintains a sodium/potassium
gradient by expressing two Na+/K+ ATPases. Since these were the only detected
transporters predicted to have potassium as substrate, further work is greatly
needed in order to determine their substrate specificity. Differential expression of a
Na+/H+ transporter indicated that establishment of a proton gradient used for
subsequent Na+ expulsion may be part of H. seosinensis response to high salt.
Subcellular localization of this transporter (i.e. in vacuolar or plasma membranes)
would help clarify whether vacuoles are involved in salt expulsion or if sodium is
directly extruded outside cells. The high number of duplicated ion channels, which
passively carry ions along their gradient, might favor rapid ionic adjustment in
specific conditions. Study of the response to acute change in salinity would clarify
the contribution of these channels to short-term salt adaptation in H. seosinensis.

3.3- Impact of O2 availability on gene expression
As salinity increases, the solubility of oxygen decreases. Since i) oxygen is
theoretically 2.6× less soluble at 30% salt compared to 15% salt (Battino et al. 1983;
Sherwood et al. 1991), ii) the cell membrane is oxygen permeable (Khan et al. 2003),
and iii) the response to low-oxygen conditions is widely regulated at the
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transcriptional level (Butler 2013), I examined whether there may be an oxygendependent gene response to increased salinity. Inspection of the expression of
metabolic and oxygen-dependent genes suggested that oxygen availability
somewhat affected gene expression in H. seosinensis.
In aerobic organisms, oxygen is the terminal electron acceptor that drives
energy metabolism through the Krebs cycle and the electron transport chain (ETC),
leading to the creation of an electrochemical gradient that is used to generate ATP.
When oxygen is not available, anaerobes (facultative or obligate) can either use an
alternative electron acceptor, like fumarate, nitrate or sulfur, that still depends on an
ETC (anaerobic respiration) or perform fermentation (Ginger et al. 2010). In the
latter process, energy is obtained via substrate-level phosphorylation where the
electron acceptor, NAD+, is regenerated by the reduction of oxidized compounds (e.g.
pyruvate to lactate).
At high salt in H. seosinensis, most transcripts encoding subunits of ETC
complexes I-IV, pyruvate dehydrogenase and enzymes of the Krebs cycle (isocitrate
dehydrogenase, succinate dehydrogenase and malate dehydrogenase) were inferred
to be differentially expressed, usually repressed up to 2.5-fold (Figure 3.12 and
Table 3.3, note that transcript abundance was too low (indicated by “N/A” in Table
3.3) for genes encoded on the mitochondrial genome, for which transcripts were
probably not polyadenylated thus not selected during library preparation).
Furthermore, enzymes involved in generating the electron carriers tended to be
more than twofold repressed at high salt. These included enzymes loading heme on
apocytochrome c (cytochrome c heme lyase), synthesizing ubiquinone (Coq5 and
Coq6) and the complex IV cofactor heme A (Cox15; Figures 3.13 and 3.14).
Concordantly, genes potentially involved in fermentation were up-regulated
at high salt. Although glycolytic enzymes were not differentially expressed, with the
exception of phosphoglyceromutase (2.4-fold repression, Figure 3.15), soluble
NADH-dependent fumarate reductase (2.5-fold upregulation) and mitochondrial
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Fig. 3.12. ORFs in H. seosinensis coding for enzymes acting in the TCA cycle. For
differentially expressed ORFs (in bold), the Posterior Probability of being Differentially
Expressed (PPDE) and the Fold Change (FC, 30% over 15% salt) is indicated.
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N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.77
0.29
0.71
0.48
0.50
0.51
0.58
0.54
0.64
0.54
0.46
0.72
0.46

EBSeq
Post Fold
PPDE
Change

Complex I (NADH dehydrogenase)
f2_O7
0.1
0.0
N/A
f1_O5
0.0
0.0
N/A
f-3_O11
0.0
0.0
N/A
f-3_O7
0.0
0.0
N/A
f-3_O5
0.0
0.0
N/A
f-3_O4
0.1
0.1
N/A
f2_O2
0.1
0.0
N/A
f1_O6
0.4
0.1
N/A
f1_O4
0.1
0.0
N/A
m.78293
247.7
249.8
0.05
f-3_O13
0.5
0.2
0.91
m.68372
391.9
373.2
0.04
m.71778
317.8
203.5
0.32
m.51687
182.0
119.4
0.88
m.58428
176.7
119.4
0.97
m.13012
224.8
172.3
0.17
TR3115
224.3
160.4
0.16
m.80486
344.7
294.1
0.14
m.33187
312.3
217.5
1.00
m.16087
288.1
177.7
0.20
m.42249
273.7
259.3
0.04
m.60325
446.8
270.6
0.44

ORF
names

Abundance
(TPM)
15%
30%
salt
salt
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.211
0.134
0.312
0.002
0.000
0.000
0.021
0.057
0.035
0.000
0.005
0.165
0.003

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
-0.36
-1.50
-0.46
-1.02
-0.98
-0.94
-0.76
-0.84
-0.62
-0.88
-1.07
-0.46
-1.08

DESeq2
Adjusted log2
p-value
FC
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
0.133
0.112
0.285
0.038
0.004
0.002
0.024
0.174
0.036
0.001
0.014
0.112
0.010

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
-0.35
-1.96
-0.40
-1.00
-0.97
-0.93
-0.75
-0.74
-0.59
-0.87
-1.05
-0.45
-1.07

VOOM-LIMMA
Adjusted log2
p-value
FC
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subunit 1
subunit 2
subunit 3
subunit 4
subunit 4L
subunit 5
subunit 6
subunit 7
subunit 9
subunit 10
subunit 11
1 alpha subcomplex subunit 2
1 alpha subcomplex subunit 5
1 alpha subcomplex subunit 6
1 alpha subcomplex subunit 9
1 alpha subcomplex subunit 12
1 beta subcomplex subunit 7
1 beta subcomplex 9
flavoprotein 1
flavoprotein 2
iron-sulfur protein 4
iron-sulfur protein 6

Annotation

Table 3.3. Expression of genes involved in the electron chain transport in Halocafeteria seosinensis
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0.000
0.004
N/A
0.000
0.000

0.58
0.44
N/A
0.63
0.62

0.91
0.41
N/A
1.00
1.00

Complex III
m.80458
TR3373
f-1_O5
m.67892
m.89567
481.8
564.6
0.0
69.4
246.3

0.000
0.003
0.002
0.019

0.46
0.54
0.52
0.53

631.5
987.2
0.2
84.4
311.4

0.022

1.53

-0.76
-1.15
N/A
-0.64
-0.69

-1.11
-0.86
-0.92
-0.89

0.61

0.005
0.046
N/A
0.003
0.001

0.000
0.008
0.007
0.082

0.018

-0.76
-1.13
N/A
-0.63
-0.67

-1.10
-0.86
-0.91
-0.88

0.62

-0.78
0.14
-0.49
-0.09
0.80
-0.42
-0.33
-2.16
-1.00
-0.89

0.013
0.308
0.036
0.754
0.008
0.072
0.350
0.01
0.002
0.038

0.008
0.500
0.022
0.742
0.004
0.158
0.258
0.000
0.000
0.026

-0.80
0.11
-0.54
-0.11
0.78
-0.39
-0.39
-2.19
-1.00
-0.91

VOOM-LIMMA
Adjusted log2
p-value
FC

DESeq2
Adjusted log2
p-value
FC

m.74576
54.0
105.0
0.98
Complex II (Succinate dehydrogenase)
m.48989
331.0
198.5
1.00
m.48074
331.2
234.1
0.60
m.46418
488.7
334.3
0.55
TR3269
553.4
383.3
0.12

Abundance
(TPM)
EBSeq
ORF
15%
30%
Post Fold
names
salt
salt
Change
PPDE
Complex I (NADH dehydrogenase - continued)
m.20620
176.0
130.9
0.39
0.57
m.52326
55.5
76.8
0.22
1.08
m.9807
22.2
20.1
0.69
0.68
g3835
9.5
11.2
0.07
0.92
m.93153
15.5
33.9
1.00
1.73
m.75939
11.1
10.9
0.99
0.76
TR4890
298.9
295.0
0.06
0.75
TR1148
345.7
92.9
0.99
0.20
m.10265
398.2
255.9
0.98
0.49
m.79606
2653.6 1833.3
0.06
0.52

cytochrome c1
cyt. b-c1 complex subunit 6
cytochrome b
peptidase subunit alpha
peptidase subunit beta

flavoprotein subunit 1
subunit 2
cytochrome b subunit
cytochrome b small subunit
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iron-sulfur protein 8
intermediate-associat. prot. 30
assembly factor 6
assembly factor 7
assembly factor 3
assembly factor 5
Nuum
LYR motif-containing protein 5
gamma carbonic anhydrase 1
mitochondrial acyl carrier
protein
Ind1/MRP

Annotation
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m.11490
36.0
24.4
m.74554
102.9
28.7
TR1614
476.5
366.4
m.33952
82.7
82.3
TR1765
125.0
101.0
m.21092
85.5
75.9
Complex V (ATP synthase)
688_f-1_O1
1.1
0.4
m.50724
784.2
721.9
m.59503
555.2
482.4
m.10551
740.4
508.2
m.77785
482.2
433.0
688_f-2_O3
0.0
0.0
f-3_O12
0.0
0.1

0.53
0.21
0.58
0.77
0.62
0.68
0.26
0.71
0.67
0.52
0.67
N/A
N/A

1.00
1.00
0.12
0.20
0.84
0.38
1.00
1.00
0.83
0.14
0.05
N/A
N/A

N/A
N/A
N/A
0.43
0.71

Complex IV (cytochrome oxidase)
f2_O5
0.0
0.0
N/A
f-2_O6
0.2
0.0
N/A
688_f-2_O2
0.0
0.0
N/A
m.93907
1927.8 1122.5
0.07
m.58879
44.5
41.1
0.50

0.016
0.000
0.006
0.010
0.199
N/A
N/A

0.000
0.000
0.062
0.213
0.015
0.029

N/A
N/A
N/A
0.009
0.032

0.131

0.72

0.03

-1.76
-0.48
-0.57
-0.92
-0.55
N/A
N/A

-0.90
-2.20
-0.75
-0.36
-0.66
-0.55

N/A
N/A
N/A
-1.14
-0.49

-0.45

DESeq2
Adjusted log2
p-value
FC

EBSeq
Post Fold
Change
PPDE

Abundance
(TPM)
ORF
15%
30%
names
salt
salt
Complex III (continued)
m.35127
779.3
747.4

0.008
0.010
0.014
0.019
0.322
N/A
N/A

0.002
0.000
0.164
0.182
0.087
0.031

N/A
N/A
N/A
0.024
0.034

0.105

-2.10
-0.46
-0.56
-0.91
-0.47
N/A
N/A

-0.87
-2.19
-0.68
-0.30
-0.59
-0.51

N/A
N/A
N/A
-1.14
-0.46

-0.43

VOOM-LIMMA
Adjusted log2
p-value
FC

F1 subunit alpha
F1 subunit beta
F1 gamma subunit
F1 delta subunit
F1 epsilon subunit
Atp6 (subunit a)
subunit 8 (Atp8)

subunit 1
subunit 2
subunit 3
subunit VIb
protoheme IX
farnesyltransferase
subunit XI assembly protein
assembly protein COX15
copper chaperone (COX17)
assembly protein COX19
assembly factor 5
protein sco1

111

ubiquinol-cytochrome C
reductase iron-sulfur subunit

Annotation
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0.28
0.99

0.60
0.51

0.022
0.000

-0.71
-0.96

0.097
0.012

-0.64
-0.94

-0.19

F0 subunit 9 (C1)
malate dehydrogenase
inner membrane protease
ATP23
ATP synthase regulation protein
NCA2
molecular chaperone Atp11
F1 complex assembly factor 2

Annotation
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Abbreviations: TPM, averaged transcripts per million; PPDE, Probability of being Differentially Expressed, Post Fold Change, posterior fold
change (30% over 15% salt); log2FC, log2 fold change (30% over 15% salt); N/A, transcript abundance was too low for genes encoded on
the mitochondrial genome for which transcripts were probably not adenylated thus not selected during library preparation.

61.8
51.6

-0.21

0.213

76.7
77.2

0.86

m.9383
m.1513

0.52

0.250

18.8

16.6

m.9569

N/A
0.99
-0.27

N/A
0.025
0.197

N/A
0.055
0.230

N/A
0.81
-0.30

VOOM-LIMMA
Adjusted log2
p-value
FC

DESeq2
Adjusted log2
p-value
FC

Abundance
(TPM)
EBSeq
ORF
15%
30%
Post Fold
names
salt
salt
Change
PPDE
Complex V (ATP synthase - continued)
f-2_O10
0.2
0.6
N/A
N/A
m.3341
36.8
88.6
0.99
1.78
m.92678
13.4
14.0
0.00
0.81

Fig. 3.13. ORFs in H. seosinensis coding for enzymes acting in the porphyrin biosynthetic
pathway. For differentially expressed ORFs (in bold), the Posterior Probability of being
Differentially Expressed (PPDE) and the Fold Change (FC, 30% over 15% salt) is indicated.
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Fig. 3.14. ORFs in H. seosinensis coding for enzymes acting in the ubiquinone biosynthetic
pathway. For differentially expressed ORFs (in bold), the Posterior Probability of being
Differentially Expressed (PPDE) and the Fold Change (FC, 30% over 15% salt) is indicated.
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Fig. 3.15. ORFs in H. seosinensis coding for enzymes acting in glycolysis. For differentially
expressed ORFs (in bold), the Posterior Probability of being Differentially Expressed (PPDE)
and the Fold Change (FC, 30% over 15% salt) is indicated. From fructose 1,6-biphosphate to
pyruvate, two molecules of each metabolite are processed per molecule of glucose (shaded
area).
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lactate dehydrogenase (2.1-fold upregulation) had noticeably higher expression at
high salt.
In short, oxygen limitation at high salt appears to have led to partial
repression of H. seosinensis respiration-related genes that was compensated for by
the upregulation of fermentation genes. Therefore, adaptation to lower oxygen
availability is part of the H. seosinensis response to high salt.

3.4- Signal Transduction: From Sensing the Environment to Altering the
Transcriptional Program
Grown in two different salt concentrations, H. seosinensis differentially
expressed genes encoding proteins involved in sensing the environment and in
transducing signals that ultimately lead to altering the expression of relevant genes.
This transcriptional program involved genes typically acting in the G-protein
pathway and in cyclic nucleotide signaling, various kinases, P2X receptors, and
transcription factors especially involved in stress response, such as sirtuins and heat
shock factors. Sequences for these proteins in H. seosinensis tended to have low
similarity to known genes, lowering confidence for functional annotation. However,
differential expression of many of these genes suggested that they play important
roles in modulating H. seosinensis activity at varying salinity.
3.4.1- Cyclic Nucleotide Dependent Signaling
Using cyclic nucleotides as a second messenger is a universal signaling
mechanism that regulates a wide variety of cellular activities. The first described
cyclic nucleotide cascade model involved activation of a transmembrane receptor by
extracellular stimuli followed by interaction with a G protein complex, leading to the
dissociation of G protein subunits (Robison et al. 1971). Consequently, G proteins
activate or inhibit adenylate cyclase, which generates the second messenger cyclic
adenosine monophosphate (cAMP). The latter binds to protein kinase A (PKA),
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which in turn transduces the signal to the appropriate effectors depending on the
required cellular response.
As sensors of extracellular conditions, H. seosinensis up-regulated (by up to
350-fold) 11 genes related to G protein-coupled receptors (GPCR) with homology to
domains of the slime mold cAMP receptor and membrane region of the
Frizzled/Smoothened family (PFMA05462 and PFAM01534 respectively, Table 3.4).
A large variety of GPCRs exist, and some are known to be transcriptionally induced
by salt exposure as in Oryza sativa (Yadav and Tuteja 2011). GPCRs have a
distinguishable structure where seven transmembrane regions separate the
extracellular N-terminal tail from the cytoplasmic C-terminal tail, features that were
detected by TMHMM in sequences listed in Table 3.4. Typically, GPCR sequence
conservation tends to be low, with an average of <25% pairwise identity between
members of the same family (Oliveira et al. 1999). As a result, the identity of the
putative sensed stimuli could not be determined solely based on analysis of H.
seosinensis sequences. However, based on their expression profile, many of these
genes might be important in regard to long-term salt adaptation.
Ten of these genes coding for GPCRs were closely related and possibly
originated from gene duplication events, however no homologs were detected in the
NR and MMETSP databases given my standardized search criteria (>30% identity
with 2/3 alignments coverage). When the identity threshold was relaxed to >20%
identity, 20 sequences were gathered, including one expressed by C. roenbergensis.
Phylogenetic analysis demonstrated that H. seosinensis sequences clustered together
with moderate bootstrap support (72%) to the exclusion of the sequence from C.
roenbergensis (Figure 3.16). These duplicated genes had contrasting expression
levels (from 2.8-fold decrease for ORF m.21317 to 350-fold increase for m.82040,
Table 3.4). Four were activated at high salt as their average transcript level rose
from <1.2 transcript per million (TPM) at 15% salt to >15 TPM at high salt. Since
these salt-responsive genes were evolutionarily dynamic, they represent attractive
candidates for further studies on salt adaptation, aiming at characterizing their
respective stimulus and downstream signaling partners.
117
117

118

Abundance (TPM)
ORF
15%
30%
names
salt
salt
G protein-coupled receptors
m.82040
0.05
25.14
m.28994
0.02
15.93
m.43860
13.62
37.08
m.63112
0.77
16.90
m.28285
7.83
10.09
m.77134
1.17
26.53
m.21316
5.17
29.78
m.21317
47.31
22.15
m.56320
10.76
18.02
m.61334
0.04
0.81
G proteins
m.12403
91.37
89.15
m.23018
8.64
16.25
m.73239
43.96
37.39
m.20288
127.70
138.83
Protein kinase A
m.46128
76.30
88.58
m.79597
30.38
41.48
m.83951
35.29
39.27
Adenylate cyclases
m.83214
8.87
9.26
m.60922
0.66
3.93
350.34
257.41
2.17
17.84
1.06
17.68
4.55
0.35
1.36
8.85
0.75
1.42
0.66
0.84
0.88
1.05
0.84
0.81
5.05

1.00
1.00
1.00
1.00
0.09
1.00
1.00
1.00
0.20
1.00
1.00
0.71
1.00
0.04
0.03
0.04
0.06
0.93
0.41

EBSeq
Post fold
change
PPDE

0.173
0.292

0.514
0.682
0.372

0.001
0.112
0.000
0.334

0.000
0.000
0.000
0.000
0.924
0.000
0.000
NA
0.190
0.013

-0.30
1.25

-0.17
0.07
-0.23

-0.40
0.51
-0.59
-0.25

7.71
7.71
1.10
3.81
0.08
4.09
2.17
-1.47
0.44
2.51

DESeq2
Adjusted
p-value
log2FC

0.204
0.330

0.451
0.497
0.340

0.017
0.074
0.004
0.226

0.000
0.000
0.002
0.000
0.967
0.000
0.000
0.003
0.094
0.004

-0.30
2.84

-0.14
0.09
-0.18

-0.38
0.49
-0.57
-0.24

9.18
8.67
1.10
4.29
0.02
4.20
2.21
-1.44
0.45
3.39

VOOM-LIMMA
Adjusted
p-value log2FC

Table 3.4. Expression of genes involved in signaling cascade in Halocafeteria seosinensis
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Abundance (TPM)
ORF
15%
30%
names
salt
salt
Guanylate cyclases
m.5216
0.34
45.22
m.72172
0.30
3.37
m.85803
2.66
4.78
m.80667
10.78
13.83
m.31327
9.50
23.13
m.65409
12.43
13.12
m.80299
4.54
8.89
m.24353
16.26
17.20
m.52473
8.19
18.96
m.84504
13.56
12.32
m.51628
10.37
12.79
Phosphodiesterases
m.89581
0.49
2.86
m.43482
5.37
30.49
m.19732
13.45
28.14
m.17625
3.57
4.60
m.62195
24.04
39.84
m.1263
2.85
6.74
m.73524
5.71
12.81
m.89632
5.44
8.39
m.60926
10.72
20.64
m.35609
39.43
37.05
m.40399
11.68
16.65
m.7956
7.30
8.19
100.71
8.86
1.46
1.00
1.90
0.83
1.54
0.79
1.79
0.69
1.00
4.64
4.38
1.66
1.01
1.30
1.83
1.89
1.24
1.48
0.73
1.14
0.88

1.00
1.00
0.10
0.01
1.00
0.68
1.00
0.05
1.00
1.00
0.04
1.00
1.00
1.00
0.02
0.06
1.00
0.11
0.52
0.96
0.75
0.05
0.12

EBSeq
Post fold
change
PPDE

0.000
0.000
0.001
0.928
0.200
0.001
0.194
0.614
0.005
0.088
0.644
0.658

N/A
0.000
0.346
0.979
0.000
0.213
0.001
0.530
0.000
0.001
1.000
2.06
2.12
0.73
0.04
0.38
0.86
0.84
0.30
0.56
-0.44
0.19
-0.18

6.53
3.00
0.52
0.01
0.93
-0.26
0.62
-0.31
0.84
-0.53
0.00

DESeq2
Adjusted
p-value
log2FC

0.002
0.000
0.005
0.768
0.094
0.005
0.107
0.573
0.010
0.088
0.514
0.407

0.000
0.000
0.250
0.842
0.000
0.154
0.006
0.607
0.003
0.009
0.904

2.11
2.14
0.74
0.07
0.42
0.84
0.97
0.25
0.58
-0.38
0.19
-0.23

6.72
3.10
0.51
0.03
0.95
-0.23
0.64
-0.20
0.85
-0.51
0.04

VOOM-LIMMA
Adjusted
p-value log2FC
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Abundance (TPM)
EBSeq
ORF
15%
30%
Post fold
names
salt
salt
change
PPDE
Sensory histidine kinases
m.13308
0.13
4.75
1.00
32.12
m.13214
8.43
43.97
1.00
4.48
m.91175
6.58
16.07
1.00
1.94
m.29497
10.95
21.92
0.96
1.56
m.43073
30.80
47.13
1.00
1.18
m.13905
33.88
23.59
1.00
0.55
m.29833
34.67
28.96
1.00
0.65
Histidine-containing phosphotransfer proteins
m.28961
44.90
133.11
1.00
2.29
m.2685
84.55
106.19
0.04
0.96
Mitogen-activated protein kinases
m.31471
0.87
22.24
1.00
18.81
m.81114
29.21
122.04
1.00
3.17
m.55540
3.09
12.11
1.00
3.23
m.51772
20.05
56.83
1.00
2.22
m.89580
2.72
8.25
1.00
2.38
m.4769
13.54
38.18
1.00
2.08
m.79532
3.30
9.20
1.00
2.07
m.24771
7.69
17.71
1.00
1.79
m.63746
38.56
28.05
1.00
0.56
m.4818
72.04
49.61
1.00
0.53
m.60901
11.84
1.53
1.00
0.11
m.33974
16.59
0.81
1.00
0.04
3.86
1.96
0.95
0.64
0.25
-0.85
-0.62
1.20
-0.05
4.13
1.64
1.60
1.14
1.23
1.03
1.02
0.85
-0.83
-0.90
-2.77
-4.43

0.000
0.001
0.000
0.007
0.020
0.000
0.005
0.000
0.849
0.000
0.000
0.001
0.000
0.000
0.005
0.014
0.000
0.000
0.000
0.000
0.000

DESeq2
Adjusted
p-value
log2FC

0.001
0.000
0.004
0.001
0.002
0.024
0.031
0.000
0.001
0.004
0.036
0.000

0.002
0.996

0.001
0.005
0.001
0.010
0.124
0.002
0.044

4.23
1.71
1.68
1.18
1.21
1.24
1.26
0.88
-0.81
-0.90
-3.26
-4.64

1.23
0.00

5.83
2.37
0.98
0.64
0.27
-0.84
-0.61

VOOM-LIMMA
Adjusted
p-value log2FC
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Abundance (TPM)
EBSeq
ORF
15%
30%
Post fold
names
salt
salt
change
PPDE
Calcium-dependent protein kinases
m.12706
0.10
3.51
1.00
19.67
m.37224
2.00
24.90
1.00
9.41
m.16106
1.15
10.84
1.00
7.08
m.24266
3.28
18.43
1.00
4.52
m.81494
5.16
14.19
1.00
2.19
m.83739
4.58
10.55
1.00
1.82
m.20526
18.17
36.24
0.96
1.55
m.25940
31.88
72.48
1.00
1.77
m.63829
21.42
51.51
1.00
1.87
m.20537
19.63
15.24
1.00
0.60
m.21877
35.31
26.39
1.00
0.57
Calmodulin-dependent kinases
m.40160
6.14
23.10
1.00
2.98
m.20528
4.14
9.24
0.98
1.78
m.40168
22.76
38.02
0.99
1.28
Other serine/threonine protein kinases
m.8926
0.06
19.29
1.00
185.54
m.80566
0.47
19.38
1.00
31.09
m.24240
48.70
231.70
1.00
3.67
m.88063
20.87
70.59
1.00
2.71
m.32208
36.35
95.36
1.00
2.07
m.47366
38.81
61.42
1.00
1.25
m.53058
57.56
56.21
1.00
0.75
m.49893
23.68
2.84
1.00
0.10
3.98
3.21
2.80
2.14
1.11
0.85
0.63
0.83
0.91
-0.73
-0.79
1.56
0.79
0.36
7.21
4.92
1.87
1.41
1.05
0.33
-0.40
-3.29

0.000
0.000
0.000
0.000
0.000
0.003
0.132
0.000
0.000
0.000
0.000
0.000
0.087
0.099
0.000
0.000
0.000
0.000
0.000
0.041
0.001
NA

DESeq2
Adjusted
p-value
log2FC

0.000
0.000
0.000
0.001
0.000
0.033
0.017
0.000

0.000
0.037
0.038

0.000
0.000
0.000
0.000
0.003
0.007
0.042
0.000
0.000
0.005
0.001

7.65
5.03
1.92
1.41
1.09
0.35
-0.38
-3.33

1.58
0.84
0.42

4.44
3.32
2.92
2.18
1.13
0.84
0.72
0.85
0.93
-0.69
-0.77

VOOM-LIMMA
Adjusted
p-value log2FC
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-0.76
-0.92
-0.85
4.45
2.49
1.71
1.65
-5.47
-0.19
-0.85
0.62
0.89
-1.99
-0.55
0.64
-0.27

0.006
0.009
0.003
0.001
0.000
0.000
0.000
0.000
0.248
0.006
0.016
0.308
0.000
0.024
0.002
0.413

VOOM-LIMMA
Adjusted
p-value log2FC

Abbreviations: TPM, averaged transcripts per million (at 15% or 30% salt); PPDE, Probability of being
Differentially Expressed, Post Fold Change, posterior fold change (30% over 15% salt); log2FC, log2 fold change
(30% over 15% salt); NA, not available due to an extreme count outlier in one of the samples.

Abundance (TPM)
EBSeq
DESeq2
ORF
15%
30%
Post fold Adjusted
names
salt
salt
change
p-value
PPDE
log2FC
Other serine/threonine protein kinases (continued)
m.61748
31.34
22.73
1.00
0.56
0.001
-0.81
m.51667
32.74
23.23
0.99
0.53
0.005
-0.88
m.85991
28.86
21.37
1.00
0.55
0.000
-0.84
P2X receptors
m.48508
0.12
2.76
1.00
15.44
0.000
3.47
m.49662
59.70
428.55
1.00
5.52
0.000
2.44
m.23394
11.90
48.48
1.00
3.19
0.000
1.67
m.23395
2.98
11.71
1.00
3.14
0.000
1.62
m.407
3.62
0.08
1.00
0.02
0.000
-5.06
m.85617
17.02
18.67
0.58
0.85
0.271
-0.22
m.49618
12.97
8.85
1.00
0.52
0.000
-0.91
m.15826
17.31
33.01
1.00
1.47
0.037
0.56
m.15807
1.48
3.20
0.15
1.84
0.449
0.72
m.35759
9.02
2.76
1.00
0.24
0.000
-2.02
m.66849
27.48
23.85
0.71
0.66
NA
-0.59
m.72620
15.80
31.01
1.00
1.51
0.000
0.60
m.56329
1.23
1.30
0.00
0.84
0.635
-0.26

122

Fig. 3.16. Maximum-likelihood phylogenetic tree for gene duplication cluster 109 (grey
box): G-protein coupled receptors. For H. seosinensis sequences (in bold), the Posterior
Probability of being Differentially Expressed (PPDE) and the Fold Change (FC, 30% over
15% salt) is indicated. Bootstrap values (>50%) are indicated at branch nodes. The scale bar
indicates the substitution rate/site.
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However, transducers of the canonical pathway downstream of GPCR were
not differentially expressed or not convincingly identified (due to distant
phylogenetic relationships). Genes related to G protein subunits alpha and beta (no
gamma found) in H. seosinensis were not differentially expressed. Genes related to
adenylate cyclase and to PKA were also not differentially expressed. Since these
members of the cascade are involved in many cellular processes in parallel, it seems
logical that they were not transcriptionally regulated. Nonetheless, characterization
of the differentially expressed GPCR could allow clarification of how H. seosinensis
senses the extracellular conditions.
Other evidence indicated that high salt adaptation involved cyclic nucleotide
messaging, especially cyclic guanosine monophosphate (cGMP). While two genes
related to adenylate cyclase (AC) were detected in H. seosinensis, some ten genes
related to guanylate cyclase (GC) were expressed, including two genes markedly upregulated at high salt (8.9- and 100-fold increase, Table 3.4). These GCs were all
membrane-localized; they each contained two class III cyclase catalytic domains
(PFAM00211) separated by two transmembrane regions each containing 5-6
membrane-spanning stretches. This topology suggested that the active site was
formed by the heterodimeric association of both domains as commonly observed in
some class III cyclases (Willoughby and Cooper 2007).
The specificity for H. seosinensis cyclase enzymes was identified based on
conserved residues in the purine-binding pocket, where lysine and glutamate
correspond to adenine and guanine specificity respectively (yellow boxes in Figure
3.17; Baker and Kelly 2004). Two other highly conserved residues are the
asparagine and arginine thought to be required to stabilize the transition state of the
enzyme (pink boxes in Figure 3.17; Yan et al. 1997). Interestingly, in the H.
seosinensis GCs, C-terminal domains did not contain these residues, suggesting they
were not catalytic domains (Yan et al. 1997; Linder 2005). This resembles the type I
AC where the C-terminal domain is non-catalytic (it lacks the asparagine-arginine
pair) but promotes the catalytic activity of the N-terminal domain (Baker and Kelly
2004). For most of the H. seosinensis GCs, and most importantly for the
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Fig. 3.17. Partial alignment of nucleotide cyclase sequences showing conservation of
residues specific for adenine (K) or guanine (E, yellow boxes) and residues required for
catalytic activity (N and R, red boxes). The alignment was generated using the Conserved
Domain Database sequence for the cyclase homology domain (CD07302) and both Nterminal and C-terminal domains of H. seosinensis sequences (in bold; DE indicate sequences
that were up-regulated at high salt; m.24353 is a 5’ partial ORF), of guanylate cyclase from
Paramecium tetraurelia (CAB44361.1), Plasmodium falciparum (CAD52725.2) and D.
discoideum (CAB42641.1), and of adenylate cyclase from Euglena gracilis (BAB85619.1), D.
discoideum (Q03100.2) and Rattus norvegicus (AAA40682.1).
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differentially expressed ones, no evidence of regulatory domains or stimuli-derived
binding domain could be detected. One possibility is that the membrane itself could
trigger GC activity (Reddy et al. 1995; Cooper et al. 1998).
Antagonists of nucleotide cyclases are cyclic nucleotide phosphodiesterases
(PDE) that hydrolyze nucleoside 3’,5’-cyclic phosphate to nucleoside 5’-phosphate,
thus terminating the associated signal. Halocafeteria seosinensis expressed more
than ten proteins encoding a cyclic nucleotide phosphodiesterase domain
(PFAM00233), including two that were up-regulated at high salt (4.4-fold and 4.6fold, Table 3.4). These two proteins also encoded GAF domains (PFAM01590 and
PFAM13492) involved in regulation and dimerization of the enzyme (Conti and
Beavo 2007). PDE can be specific to cAMP, cGMP or both (dual specificity),
unfortunately the characteristics leading to the recognition of these substrates with
subtle differences still remain elusive (Ke et al. 2011). To determine whether
differentially expressed PDE in H. seosinensis are involved in cAMP- or cGMPdependent signaling will require biochemical characterization.
3.4.2- Sensory Histidine Kinases
Histidine kinases (HK) initiate signaling cascades by sensing varying stimuli
(e.g. osmotic change, chemicals, nutrients or temperature) and subsequently
transduce the information to a response regulator by phosphorylation, ultimately
leading to gene repression/activation or allosteric regulation of target proteins
(Nongpiur et al. 2012). The prototypical histidine kinase consists of two domains: a
catalytic and ATP-binding domain (HATPase_c, PFAM02518) and a dimerization and
histidine phosphotransfer domain (His kinase A, PFAM00512). In ~25% of HK, the
enzyme is fused with the receiver domain to form hybrid histidine kinases in which
the phosphotransfer is mediated by the histidine-containing phosphotransfer
protein/domain (HpT; Gao and Stock 2009).
In H. seosinensis, two genes related to sensory hybrid HK were up-regulated
(4.5- and 32-fold, Table 3.4). Furthermore, two genes containing the HpT module
(PFAM01627) were expressed in H. seosinensis, one being 2.3-fold up-regulated at
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high salt (ORF m.28961). The sensing domain, located at the N-terminus of HK
proteins, is commonly very divergent, reflecting the idea that they detect a variety of
environmental stimuli (Stock et al. 2000; Anantharaman et al. 2001; Aravind et al.
2002). HK genes that were the most up-regulated at high salt (m.13308, 32-fold
change and m.13214, 4.5-fold change) encoded Cyclase/Histidine kinase-Associated
Sensory Extracellular (CHASE) domains. These domains were surrounded by
hydrophobic regions that were predicted to span the membrane by TMHMM,
suggesting they might be exposed to the extracellular milieu, as predicted. Although
little is known about CHASE domains and their ligands (Anantharaman and Aravind
2001; Mougel and Zhulin 2001), in plants, they bind cytokinin and regulate cell
differentiation and division, but are also encoded in HK (AHK2 and AHK3) known to
function in drought and osmotic stress signaling (Tran et al. 2007). As part of
Dictyostelium adenylyl cyclase G, the CHASE domain is regulated by osmolarity,
ensuring the cyst form stays dormant in adverse environmental conditions (van Es
et al. 1996). These sensory proteins represent good candidates for future
experimental investigation of salt-related signaling cascades in H. seosinensis.
Osmoadaptation in yeast is dependent on the HOG pathway, which consists of
a cascade involving hybrid histidine kinases and mitogen-activated protein kinases
(MAPK) that regulate the transcription factor Hog1. Several sequences from H.
seosinensis were homologous to these genes (namely SLN1, HHK7, SSK1, SSK2, PBS2,
YPD1 and HOG1), but they shared sequence similarity only in conserved domains (i.e.
domains of histidine kinase, histidine kinase ATPase, response receiver, MAPK, and
HpT). Whether these genes in H. seosinensis have the same HOG pathway-related
functions as their yeast homologs is obscured by the large evolutionary distances
between them (except the transcription factor Hog1, 45%ID, E value = 4e-104), and
requires further experimental investigation.
Many other kinases and phosphatases were up-regulated at high salt (Table
3.4), including kinases dependent on mitogen (seven genes with 2.1- to 19-fold overexpression), calcium (five genes with 2.2- to 20-fold over-expression) or calmodulin
(one gene with 3.0-fold over-expression) and other serine/threonine protein
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kinases (five genes with 2.1- to 186-fold over-expression), many of which arose from
gene duplication (seven and four clusters for kinases and phosphatases
respectively).
3.4.3- P2X Receptors
Halocafeteria seosinensis expressed 13 genes related to P2X receptors (P2XR,
PFAM00864), of which four were up-regulated (3.1- to 15-fold over-expression
including one with high transcript abundance: m.49662 with 429 TPM at 30% salt)
and two were down-regulated (4.2- and 42-fold repression; Table 3.4). These genes
stemmed from gene duplication events (Figure 3.18). P2X receptors are known as
ATP-gated cation channels involved in signaling. In vertebrates, they are trimeric
receptors in which each subunit contains a short cytoplasmic N-terminal tail, a
longer C-terminal tail of varying length and an extracellular domain delimited by
two transmembrane domains. This overall structure was also observed in H.
seosinensis P2XR-related sequences, although the hydrophobic signal of putative
transmembrane regions was weak in a few instances. In vertebrates, P2XR are
involved in varying mechanisms like synaptic transmission, cell stress,
chemotransduction, inflammation and redox signaling (Khakh 2001; Burnstock and
Knight 2004; Stojilkovic et al. 2014).
The presence of these receptors in unicellular eukaryotes was only recently
established based on in-depth functional investigations of Ostreococcus tauri and
Dictyostelium discoideum receptors (e.g. Cai 2012). Heterologous expression of D.
discoideum and O. tauri P2XR in human kidney cells showed that, similarly to
vertebrate P2XR, these channels were activated by ATP and permeable to calcium,
although O. tauri P2XR was 2.5X more permeable to sodium (Fountain et al. 2007;
Fountain et al. 2008). The D. discoideum genome encodes five P2XR genes for which
the corresponding proteins all localize to contractile vacuoles, an organelle involved
in osmoregulation (Ludlow et al. 2009). Disruption of the p2xA gene in strain AX4
resulted in an inability to regulate cell volume in hypotonic solution
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Fig. 3.18. Maximum-likelihood phylogenetic tree for gene duplication cluster 141 (grey
box): P2X receptors. For H. seosinensis sequences (in bold), the Posterior Probability of
being Differentially Expressed (PPDE) and the Fold Change (FC, 30% over 15% salt) is
indicated. Bootstrap values (>50%) are indicated at branch nodes. The scale bar indicates
the substitution rate/site.
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(Fountain et al. 2007), although this was not observed when the gene was disrupted
in a different strain, AX2 (Ludlow et al. 2009; Sivaramakrishnan and Fountain 2013).
Although endogenous extracellular ATP released during hypotonic cell swelling
seemed to play a role as a stress signal molecule (Sivaramakrishnan and Fountain
2015), the role of P2XR remained elusive in this mechanism.
Despite a low degree of amino-acid conservation in P2XR (Verkhratsky and
Burnstock 2014), many functional residues are preserved between D. discoideum, O.
tauri and the vertebrate sequences, including ATP-binding residues (K69 and K308 of
rat P2X2), protein kinase C-interacting residues (motif Tx[K/R]) and the C-terminal
motif enhancing membrane retention (YxxxK), although the latter is substituted to
YxxxL in O. tauri (Fountain et al. 2007; Fountain et al. 2008). In H. seosinensis
sequences, residues binding ATP were not conserved or partially conserved,
suggesting these channels were insensitive to ATP (Figure 3.19). Interestingly, an
essential aspartate residue (North 2002) was conserved in most of H. seosinensis
sequences but was substituted to asparagine in four cases, as in the O. tauri P2XR
sequence (N353 of O. tauri P2XR, circle in Figure 3.19). Fountain et al. (2008)
suggested that this substitution could be linked to the lower calcium permeability of
the O. tauri channel by showing that changing this site to aspartate increased
calcium permeability. The protein kinase C (PKC) consensus sequence (Tx[K/R];
Wen and Evans 2009) was also conserved in all of H. seosinensis sequences, except in
two for which the phosphorylated threonine was substituted by serine (that can
potentially be phosphorylated) or alanine, suggesting that some of these channels
could be regulated by cytoplasmic PKC as for the vertebrate P2XR.
The human genome encodes seven P2X proteins that assemble into homo- or
hetero-trimeric receptors, multiple combinations allowing for functional versatility
(North 2002). This P2XR multimeric state was also observed in D. discoideum, in
which the genome encodes five P2X genes (Fountain et al. 2007). The O. tauri
genome encodes four genes (Fountain et al. 2008). In H. seosinensis, 13 genes
clustered into 3 independent clades, reflecting a hot spot of duplication events
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Fig. 3.19. Partial alignment of P2X receptor protein sequences indicating conservation of
crucial residues for ATP binding (‘A’ in triangle) including reference sequences (in bold)
from O. tauri (CEF98706.1), D. discoideum (XP_645378.1), R. norvegicus (P49653.1) and H.
sapiens (Q9UBL9.1), and H. seosinensis sequences constituting gene duplication clusters 29
and 141. The protein kinase C recognition motif (Tx[K/R]) is boxed. The position indicated
with a circle is essential for function and may be linked to calcium permeability.

131
131

(Figures 3.18 and 3.20, the percentage identity threshold was relaxed to 20% to
gather more homologs). In EggNOG, P2XR are assigned to the class ‘Intracellular
trafficking, secretion and vesicular transport’ that was enriched in duplicated genes
in H. seosinensis (adjusted p-value = 4.3 × 10-3, Figure 3.3). By representing 31% of
duplicated genes in this class, P2XR contributed substantially to this enrichment. In
eleven cases, genes in the same clades were located next to each other on the
genome, with the exception of m.85617 and m.48508, which were separated by a
single gene (encoding a Giardia variant-specific surface protein domain,
PFAM03302).
To investigate whether this level of duplication was unique to H. seosinensis, I
examined the genomes of 15 organisms (Table 3.5) and 359 transcriptomes
sequenced during the MMETSP (excluding dinoflagellates for which genomes are
known to contain highly duplicated genes) in search of sequences homologous to H.
seosinensis P2XR-related sequences (using an E value < 0.00001 as a threshold to
gather as many homologs as possible). Homologs harvested using H. seosinensis
P2XR sequences as queries were used to interrogate the dataset from their
respective species of origin in order to recover more gene duplicates (excluding
sequences >90% identical). I identified P2XR-related sequences in seven (47%) of
the genomes and 150 (42%) MMETSP transcriptomes. Only eight (2%) protists
expressed more than ten P2XR-related proteins (Pyramimonas parkeae, Pseudonitzschia fraudulenta, Pyramimonas parkeae, Chrysochromulina ericina,
Chrysochromulina polylepis, Chrysochromulina rotalis, Mesodinium pulex,
Dolichomastix tenuilepis). Although duplication of P2XR-related genes happened in
several organisms, high numbers of duplicates/genome seem to be rather
uncommon, suggesting that these patterns of differential gene expression and gene
duplication in H. seosinensis potentially have a role in salt adaptation, where multiple
subunit combinations could lead to fine-tuned environmental stress responses.
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Fig. 3.20. Maximum-likelihood phylogenetic tree for gene duplication cluster 29 (grey box):
P2X receptors. For H. seosinensis sequences (in bold), the Posterior Probability of being
Differentially Expressed (PPDE) and the Fold Change (FC, 30% over 15% salt) is indicated.
Bootstrap values (>50%) are indicated at branch nodes. The scale bar indicates the
substitution rate/site.
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Table 3.5. Genomes used to survey gene duplication of P2X receptors
Organisms
Acanthamoeba castellanii*
Acytostelium subglobosum*
Aureococcus anophageferrens*
Blastocystis hominis
Capsaspora owczarzaki*
Dictyostelium fasciculatum*
Dictyostelium purpureum*
Ectocarpus siliculosus
Nannochloropsis gadita
Phaeodactylum tricornutum
Phytophthora infestans
Phytophthora sojae
Phytophtora parasitica
Salpingoeca rosetta*
Thalassiosira pseudonana

GenBank assembly accession
GCF_000313135.1
GCF_000787575.1
GCA_000186865.1
GCA_000151665.1
GCF_000151315.2
GCF_000203815.1
GCF_000190715.1
GCA_000310025.1
GCA_000240725.1
GCA_000150955.2
GCA_000142945.1
GCA_000149755.2
GCA_000247585.2
GCF_000188695.1
GCA_000149405.2

*: Genomes encoding P2X receptors.

3.4.4- Transcription Factors
Many genes related to various transcription factors were upregulated at high
salt including basic leucine zipper (BZIP) domain-containing factors, heat shock
transcription factors, sirtuins, and transcription factors of the Myb superfamily.
Halocafeteria seosinensis expressed more than ten genes encoding BZIP
domains (PFAM00170 and PFAM07716) and among them three were upregulated at
high salt (2.1- to 40-fold, Table 3.6). The most upregulated gene (m.26350) encoded
a BZIP domain related to the one of activating transcription factor 2 (ATF2,
CD14687). Expression of this gene was remarkably induced at high salt, with
transcript level rising from an average of 4 to 184 TPM. In mammals, ATF2 interacts
with DNA at the cAMP-responsive element when phosphorylated by stress-activated
protein kinases in response to varying stimuli like pro-inflammatory cytokines, UV
radiation, DNA damage or variation of reactive oxygen species (van Dam et al. 1995).
Molecular interactions between ATF2, another transcription factor c-Jun and the
genomic sequence enhancer for the gene interferon-β are known (Panne et al. 2004).
Examination of the H. seosinensis sequence indicated that many of the residues
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Abundance (TPM)
ORF
15%
30%
names
salt
salt
BZIP transcription factors
m.26350
3.74
184.45
m.66567
11.09
117.35
m.26504
68.52
188.84
m.8753
26.73
42.72
m.77566
205.47
337.19
m.61243
184.61
113.16
m.46704
98.59
126.85
m.86230
228.47
358.31
m.90423
25.14
59.77
m.31559
7.23
11.39
m.34007
35.40
74.33
Sirtuins
m.20906
1.07
20.08
m.51236
27.68
137.90
m.8428
47.62
53.37
m.29062
0.60
2.36
m.29080
4.97
5.26
m.18553
5.64
14.49
m.18775
6.55
9.24
Heat shock transcription factor
m.36206
7.04
29.42
m.87751
16.40
57.27
m.51685
8.75
23.30
40.07
8.15
2.14
1.26
1.28
0.46
0.98
1.23
1.88
1.23
1.65
15.35
3.76
0.86
3.00
0.90
2.02
1.15
3.59
2.94
2.11

1.00
1.00
1.00
1.00
1.00
0.23
0.04
0.48
0.74
0.28
1.00
1.00
1.00
0.03
0.00
0.14
0.92
0.09
1.00
1.00
1.00

EBSeq
Post fold
change
PPDE

0.003
0.001
0.001

0.000
0.000
0.576
0.256
0.860
0.067
0.752

0.000
0.000
0.000
0.063
0.022
0.012
0.945
NA
0.008
0.552
0.000

1.70
1.49
1.06

3.74
1.89
-0.21
1.24
-0.15
0.98
0.19

5.20
3.01
1.08
0.34
0.36
-1.07
-0.02
0.30
0.89
0.30
0.72

DESeq2
Adjusted
p-value
log2FC

0.004
0.003
0.004

0.000
0.000
0.490
0.056
0.850
0.038
0.704

0.000
0.000
0.002
0.100
0.075
0.075
0.953
0.143
0.043
0.401
0.002

1.94
1.60
1.05

4.01
2.00
-0.18
2.23
-0.11
1.06
0.15

5.35
3.09
1.09
0.37
0.38
-1.06
0.02
0.32
0.89
0.39
0.76

VOOM-LIMMA
Adjusted
p-value
log2FC

Table 3.6. Expression of genes coding for transcription factors in Halocafeteria seosinensis
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Abundance (TPM)
EBSeq
ORF
15%
30%
Post fold
names
salt
salt
change
PPDE
Heat shock transcription factor (continued)
m.49753
24.10
51.65
1.00
1.67
m.27955
37.99
23.99
0.98
0.48
m.28229
43.31
35.26
1.00
0.62
m.77800
38.04
33.88
1.00
0.70
m.93231
38.79
48.36
0.04
0.95
m.49301
51.38
93.16
0.30
1.35
Myb superfamily of transcription factors
m.93181
21.00
121.08
1.00
4.72
m.93641
15.99
71.25
1.00
3.54
m.41207
5.87
21.75
1.00
2.82
m.83871
1.66
5.39
1.00
2.57
m.8412
0.50
1.93
1.00
2.89
m.63380
5.64
17.87
0.99
2.54
m.19672
22.56
43.88
1.00
1.50
m.45072
32.52
58.33
1.00
1.40
m.89019
44.79
100.76
1.00
1.74
m.39666
35.65
65.80
0.98
1.39
m.91407
10.30
5.96
1.00
0.46
m.91409
2.14
2.45
0.20
0.96
m.26990
50.02
41.71
0.56
0.65
m.10692
12.08
18.58
0.08
1.17
m.94075
22.04
16.20
1.00
0.56
m.44643
19.23
17.59
0.20
0.71
m.55775
68.37
54.19
0.65
0.60
0.74
-1.02
-0.68
-0.51
-0.06
0.43
2.14
1.81
1.48
1.32
1.46
1.23
0.59
0.49
0.80
0.48
-1.12
-0.08
-0.61
0.23
-0.83
-0.48
-0.71

0.000
0.000
0.000
0.002
0.698
0.241
NA
0.000
0.000
0.006
0.022
0.065
0.000
0.011
0.000
NA
0.000
0.937
0.042
0.454
0.000
0.149
0.007

DESeq2
Adjusted
p-value
log2FC

0.001
0.000
0.001
0.007
0.009
0.029
0.002
0.011
0.000
0.023
0.000
0.775
0.030
0.378
0.002
0.120
0.013

0.005
0.003
0.015
0.037
0.832
0.196

2.28
1.84
1.62
1.40
1.62
1.33
0.62
0.51
0.83
0.52
-1.11
-0.18
-0.60
0.19
-0.80
-0.42
-0.68

0.76
-1.00
-0.65
-0.50
-0.04
0.52

VOOM-LIMMA
Adjusted
p-value
log2FC
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Abundance (TPM)
EBSeq
DESeq2
ORF
15%
30%
Post fold Adjusted
names
salt
salt
change
p-value
PPDE
log2FC
Myb superfamily of transcription factors (continued)
m.57095
4.14
11.38
0.28
2.30
0.123
1.08
m.42533
12.78
21.35
0.67
1.32
0.074
0.40
m.70073
18.30
26.68
0.26
1.12
0.368
0.16
m.70070
23.58
29.79
0.05
0.95
0.855
-0.07
m.32801
7.35
3.41
0.28
0.36
0.000
-1.44
m.3350
8.60
3.49
0.99
0.31
0.000
-1.63
m.60704
26.44
34.05
0.03
0.98
0.919
-0.03
m.92279
8.76
7.01
0.23
0.60
0.167
-0.70
m.83876
17.40
8.53
1.00
0.38
0.000
-1.36
m.51203
36.17
51.39
0.05
1.09
0.641
0.13
m.33860
10.39
14.30
0.04
1.05
0.734
0.07
m.42866
19.11
24.41
0.00
0.99
0.991
0.00
m.63376
87.10
132.98
0.15
1.18
0.389
0.25
m.53156
7.93
2.02
1.00
0.20
0.000
-2.23
m.39384
19.53
21.47
0.20
0.83
0.207
-0.26
m.23804
35.13
42.84
0.04
0.95
0.807
-0.07
m.83256
108.97
148.71
0.05
1.05
0.704
0.08
m.83303
92.33
107.80
0.03
0.89
0.547
-0.16
m.51232
36.39
37.81
1.00
0.80
0.015
-0.32
m.62240
8.90
11.02
0.00
0.96
0.826
-0.05
m.48741
47.10
49.64
1.00
0.82
0.004
-0.28
m.80955
45.47
37.83
1.00
0.65
0.018
-0.62
m.61959
43.65
47.35
1.00
0.85
0.092
-0.23
m.7096
4.02
8.63
0.16
1.81
0.261
0.78
0.076
0.042
0.242
0.898
0.002
0.006
0.955
0.227
0.000
0.429
0.570
0.868
0.231
0.000
0.166
0.874
0.507
0.467
0.048
0.801
0.061
0.015
0.131
0.129

1.20
0.42
0.18
0.03
-1.40
-1.53
0.01
-0.53
-1.34
0.15
0.09
0.02
0.25
-2.30
-0.24
-0.03
0.10
-0.14
-0.30
-0.04
-0.26
-0.63
-0.21
0.89

VOOM-LIMMA
Adjusted
p-value
log2FC
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1.00
1.00
1.00
1.00
1.00
1.00
0.05
0.37
1.00
0.03
0.99
0.02
1.00
0.02
0.92
0.03

79.30
14.10
1.53
0.69
1.62
0.72
0.72
1.98
0.78
1.00
0.83
0.42
0.70
0.90
1.21
0.98

EBSeq
Post fold
change
PPDE
0.000
0.000
0.002
0.011
0.000
0.035
0.470
0.039
0.094
0.983
0.136
0.252
0.003
0.705
0.090
0.928

5.93
3.77
0.62
-0.52
0.69
-0.47
-0.43
0.94
-0.36
0.01
-0.25
-1.04
-0.50
-0.14
0.28
-0.02

DESeq2
Adjusted
p-value
log2FC
0.000
0.000
0.006
0.015
0.002
0.027
0.592
0.027
0.058
0.901
0.133
0.083
0.014
0.594
0.059
0.989

6.78
3.90
0.65
-0.50
0.72
-0.47
-0.27
1.01
-0.37
0.02
-0.23
-1.18
-0.49
-0.14
0.30
0.00

VOOM-LIMMA
Adjusted
p-value
log2FC

Abbreviations: TPM, averaged transcripts per million; PPDE, Probability of being Differentially Expressed,
Post Fold Change, posterior fold change (30% over 15% salt); log2FC, log2 fold change (30% over 15% salt);
NA, not available due to an extreme count outlier in one of the samples.

Abundance (TPM)
ORF
15%
30%
names
salt
salt
AP2 domain-containing protein
m.1235
0.02
5.04
m.1227
9.01
166.75
m.52833
7.56
15.10
m.66136
79.63
71.32
m.74828
23.99
48.75
m.46485
21.99
20.52
m.66815
24.77
23.75
m.66817
10.62
25.54
m.63830
12.24
12.27
m.80289
11.20
14.84
m.51950
26.92
28.64
m.34779
0.55
0.28
m.89218
54.49
50.45
m.78252
155.28
182.99
m.68406
30.66
48.31
m.24425
29.56
36.85
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involved in these interactions were conserved (Figure 3.21). However, the level of
divergence was substantial outside this region, suggesting this protein is probably
interacting with different partners, including the recognized activation DNA
sequence. Understanding whether the H. seosinensis gene performs similar functions
as ATF2, including the nature of the stress that led to increased expression, requires
more investigation.

Fig. 3.21. Partial alignment of activating transcription factor 2 protein sequences showing
conservation of DNA recognition site (Rx5RNRxAAxR[S/C]xKR) based on study of crystal
structures of the human factor (in bold, P15336; Panne et al 2004). The alignment also
includes sequences from H. seosinensis (m.26350), Metarhizium brunneum
(XP_014545513.1), Schizosaccharomyces cryophilus (XP_013025988.1) and Rattus
norvegicus (NP_112280.1).

Silent information regulator proteins (sirtuins) were first described as deacetylases of histones that induce a more compact protein conformation around
DNA, leading to gene repression. Later they were found to also de-acetylate a wider
range of proteins, such as transcription factors, co-factors and enzymes (Feige and
Auwerx 2007, 2008; Haigis and Sinclair 2010). In mammals, they are implicated in a
wide range of cellular processes including aging, metabolism and tolerance to
oxidative stress (Feige and Auwerx 2008). Via sensing levels of their co-factor NAD+,
they regulate gene expression based on the energetic state of the cell. There are
seven sirtuin genes encoded in the human genome (Frye 2000) and H. seosinensis
expressed seven genes related to SIRT1, 2, 4 and 7 (Table 3.6). Two of them,
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encoding a SIRT7 domain (CD01410), were highly upregulated at high salt (3.8- and
15-fold).
The cellular function of SIRT7 is the least known of the sirtuins (Liu and Chen
2015). Enriched in metabolically active tissues, SIRT7 upregulates ribosomal RNA
gene transcription by de-acetylating residue K373 of RNA polymerase I subunit
PAF53 (Ford et al. 2006; Chen et al. 2013). Under stress conditions (e.g. glucose
deprivation, treatment with anisomycin, actinomycin D or AICAR), hyper-acetylation
of PAF53 caused by SIRT7 inhibition ultimately leads to slower growth (Chen et al.
2013). At the homologous position to the acetylated lysine residues, the H.
seosinensis PAF53 sequence, but also yeast sequences, instead harbor an arginine.
This position is involved in DNA binding in yeast (Geiger et al. 2010) suggesting that
no acetylation mechanism regulates DNA binding at this position in H. seosinensis.
Despite apparent differences between the mammalian SIRT7 regulation system, my
differential expression results suggest that expression of genes related to SIRT7
might also be linked to cellular stress in H. seosinensis.
Halocafeteria seosinensis expressed nine genes containing heat-shock factor
(HSF)-type DNA-binding domains (PFAM00447); three of them were up-regulated at
high salt (2.1- to 3.6-fold). HSFs regulate the expression of heat-shock proteins,
chaperones that survey the protein pool to ensure proper folding, by targeting heatshock DNA elements (HSEs) allowing for recruitment of the transcription machinery.
HSEs consist of inverted repeats separated by two variable nucleotides (e.g.
GAAxxTTC; Pelham and Bienz 1982). Sequence comparison of H. seosinensis HSFrelated sequences to human HSF1 indicated that all sites involved in binding HSE
were conserved in two of them, the most upregulated and the most downregulated
genes, suggesting they might bind canonical HSE sequences (Figure 3.22; Neudegger
et al. 2016). However, investigating the upstream genomic region of HSP genes in H.
seosinensis, only one had the canonical ‘TTC..GAA’ and this gene was not
differentially expressed. Nonetheless, these differentially expressed factors can
potentially be linked to the over-expressed chaperones discussed in section 3.5.3.
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Fig. 3.22. Partial alignment of heat shock factor protein sequences indicating conservation
of residues that, in human HSF1 (in bold, NP_005517.1; Neudegger et al. 2016), interact with
the guanine of the heat shock DNA element (triangle), stabilize and orient the interaction
(squares) and residues that, when acetylated, lead to repression of the transcription factor
(circled “A”). Arrows indicate the most up-regulated (filled) and down-regulated (empty)
genes at high salt in H. seosinensis.

Halocafeteria seosinensis expressed ~40 genes encoding domains of the MYB
superfamily of transcription factors (PFAM00249 and PFAM13921), of which six
were substantially upregulated at high salt (2.5- to 4.7-fold, Table 3.6). Transcription
factors of the MYB superfamily are involved in the regulation of a wide range of
physiological and biochemical processes, including metabolite biosynthesis,
development, cell cycle control and light and hormone signaling (Chen et al. 2006).
In plants, they also regulate abiotic stress response gene expression by modulating
root growth, biosynthesis of polyamines in leaves, stomatal movement (control of
pore opening/closure), cell wall, cuticle and suberin modification (to adjust barriers
that protect plants from water loss) and biosynthesis of flavonoids as strong
antioxidant molecules to protect cells against reactive oxygen species (Baldoni et al.
2015; Roy 2016). It is worth noting that MYB factors are also regulated at the posttranslational level by phosphorylation, acetylation, sumoylation and proteolytic
cleavage, and thus more MYB domain-containing factors in H. seosinensis could be
involved in salt stress response (Pireyre and Burow 2015).
Sixteen genes encoding AP2 DNA-binding domains (PFAM00847) were
expressed in H. seosinensis, including two genes that were upregulated at high salt
141
141

(14- and 79-fold, Table 3.6). ORF m.1227 notably rose from an average of 9 TPM at
15% salt to 167 TPM at high salt. First thought to be plant-specific, AP2 domaincontaining proteins were identified in a wider range of organisms (Magnani et al.
2004; Oberstaller et al. 2014). Similarly to MYB factors, AP2 domain-containing
factors in plants are known to be involved in a variety of key developmental steps
and in environmental stress response pathways (Licausi et al. 2013; Dey and Vlot
2015). In the apicomplexan parasites Plasmodium and Toxoplasma, they regulate cell
cycle progression and parasite virulence, amongst other functions (Behnke et al.
2010; Walker et al. 2013). However, even though highly conserved AP2-related
domains between Plasmodium falciparum and Cryptosporidium parvum kept their
DNA binding specificity, the overlap of targeted genes between the species is quite
low (De Silva et al. 2008). This observation suggests that great caution is required
when transferring knowledge on transcriptional regulation networks between
species. As for the other transcription factors, the targeted genes in H. seosinensis
stay undetermined and further investigation is required to specify what aspect of
high salt adaptation is regulated by AP2 domain-containing proteins.
In summary, exposure to high salt stimulated the expression of many genes
likely involved in modulating transcription directly or indirectly in H. seosinensis. I
identified the importance of the cyclic nucleotide-dependent (especially cGMP)
signaling pathway by detecting the differential expression of guanylate cyclases and
cyclic nucleotide phosphodiesterases. These cascades were potentially initiated by G
protein-coupled receptors, extracellular sensors that were involved in several gene
duplication events and of which at least four were activated at high salt. Genes
related to P2X receptors were massively duplicated and differentially expressed.
Although these genes have yet elusive functions in H. seosinensis, consistent with
their salt-responsive expression, a gene of this family was linked to osmoregulation
in D. discoideum. Finally, several transcription factors known to be involved in stress
response (BZIP, SIRT7, MYB, AP2 and heat shock factors) were upregulated at high
salt. This is consonant with a gene response to the extreme condition to which H.
seosinensis was exposed. Further work should characterize in greater detail these
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responsive genes in order to identify the interacting partners of their respective
proteins, the target genes they regulate or the factors they sense.

3.5- Stress Response: Dealing With Reactive Oxygen Species and Surveying
Troublemakers
Environmental stresses lead to increased cellular levels of reactive oxygen
species (ROS; Lushchak 2011; Sharma et al. 2012). Mitochondria are probably the
dominant source of ROS, where stress conditions induce an imbalance in the
electron transport chain leading to reverse electron transport and undesired
oxidation of oxygen by complex I, generating ROS (Tomanek 2015). The ability to
survive such stress resides in the capacity to manage these destructive ions that
otherwise react with DNA, proteins and lipids (Yu 1994). For example, plant species
with greater antioxidant capacities show a greater resistance to salt stress (Panda
and Das 2005). As well, the capacity to repair or to degrade problematic proteins is
key to survival in extreme conditions. Grown at high salt, H. seosinensis up-regulated
an arsenal of genes, some of which were amongst the most highly transcribed in this
condition, that are involved in protecting a wide diversity of molecules (especially
proteins and lipids) in several cellular compartments. Proteins encoded by these
genes either contributed to directly neutralize ROS (e.g. superoxide dismutase and
peroxidase), were involved in repairing and protecting cellular components affected
by ROS (e.g. glutathione-dependent proteins and chaperones such as heat shock
proteins), or were involved in controlling potential sources of ROS (e.g. quinone
oxidoreductase).
3.5.1- Direct Detoxification of ROS by Superoxide Dismutase and Peroxidase
Two highly expressed and up-regulated genes, superoxide dismutase (SOD)
and peroxidase, indicated that the level of ROS was likely higher in H. seosinensis
grown at high salt. SODs catalyze the dismutation of superoxide radicals into less
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damaging species, namely hydrogen peroxide (H2O2) and molecular oxygen
(Fridovich 1995). Subsequently, peroxidases reduce H2O2 to water.
Halocafeteria seosinensis expressed two SODs: one (ORF m.9318) was
predicted to reside in the cytosol, based on absence of a targeting signal, and showed
a 2.7-fold increase at high salt (Table 3.7). The second (m.23828) encoded a
mitochondrial transit peptide, was concordantly closely related to mitochondrial
manganese (Mn) SOD, and was only slightly up-regulated (60% increase). The
expression level for these genes was notably elevated in high salt, with 1861 TPM
and 824 TPM respectively (ranks 97 and 175). Although m.9318 was related to
bacterial sequences, it was clearly eukaryotic since it was encoded with introns on
the genome, and was also closely related to several other protist sequences.
MnSODs in metazoans, plants and yeasts commonly reside in mitochondria,
while the evolutionarily unrelated cytosolic form of SOD instead depends on copper
or zinc (e.g. Holley et al. 2012; Miriyala et al. 2012; Sarsour et al. 2014; Bresciani et
al. 2015). Exceptions have been reported where MnSODs are localized to the
cytoplasm in marine invertebrates (Wang et al. 2015), to the cytosol in the liver of
primates (Steinman 1982) and in many fungi (Fréalle et al. 2005), or to the
peroxisomes in plants (del Río et al. 2002). Protists are generally assumed to
express cytosolic iron-dependent (Fe) SOD instead of MnSOD. This is based on
studies of a few parasites (Bécuwe et al. 1996; Loftus et al. 2005; Asojo et al. 2006;
Wilkinson et al. 2006). However, reports are accumulating on the occurrence of
cytosolic MnSODs in protists including Phytophthora spp. and Symbiodinium spp.
(Blackman et al. 2005; Krueger et al. 2015); note that chloroplast MnSODs have also
been reported, in Euglena gracilis and Chlamydomonas reinhardtii (Kanematsu and
Asada 1979; Allen et al. 2007).
FeSODs and MnSODs are evolutionarily related and, due to their wide
distribution in all domains of life, they are thought to have ancient origins (Miller
2012). Concordantly, the H. seosinensis SODs were related to each other (44%
identical), to cytosolic MnSODs (<46% identical to MnSOD from Phytophthora
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Abundance (TPM)
EBSeq
ORF
15%
30%
Post fold
names
salt
salt
change
PPDE
Superoxide dismutases
m.9318
549.68 1860.88
1.00
2.66
m.23828
396.37
823.78
1.00
1.59
Peroxidase
m.79082
161.47 3985.78
1.00
18.42
Cytosolic glutathione transferases
m.57692
108.13 1279.90
1.00
9.06
m.3188
384.89
333.97
0.03
0.65
m.69131
115.33
581.10
1.00
3.91
m.64209
569.94
518.85
0.03
0.70
m.34325
94.88
91.27
0.26
0.73
m.75424
380.60
264.22
0.07
0.51
m.24329
74.34
4.59
1.00
0.05
m.27085
34.54
31.98
0.14
0.72
Microsomal glutathione transferases
m.21576
306.54 1064.12
0.99
2.66
m.17240
266.69
118.84
0.99
0.34
m.14941
109.36
81.56
0.17
0.56
m.31322
251.52
67.34
1.00
0.21
Glutaredoxins
m.39259
8.04
46.48
1.00
4.76
m.72582
222.23
821.73
1.00
2.81
m.84602
332.08
286.24
0.08
0.66
m.85098
186.64
164.18
0.07
0.67
4.04
3.08
-0.59
1.95
-0.49
-0.44
-0.93
-4.27
-0.44
1.37
-1.50
-0.79
-2.24
2.18
1.44
-0.59
-0.55

4.85E-27
2.49E-18
1.65E-01
3.48E-18
2.21E-01
5.61E-02
1.95E-02
7.73E-45
3.48E-01
1.17E-04
1.32E-05
4.49E-02
1.52E-25
5.71E-10
5.82E-04
9.97E-02
1.72E-01

1.02E-04
4.17E-03
7.45E-02
1.26E-01

2.78E-03
1.41E-03
5.92E-02
4.89E-04

2.71E-05
1.31E-01
2.61E-05
1.50E-01
5.53E-02
3.83E-02
6.74E-06
2.66E-01

1.49E-05

1.22E-03
1.77E-02

1.38
0.66

5.92E-06
1.71E-02

2.27
1.56
-0.57
-0.53

1.43
-1.51
-0.72
-2.23

3.26
-0.57
1.98
-0.49
-0.40
-0.87
-4.33
-0.38

4.29

1.42
0.69

VOOM-LIMMA
Adjusted
p-values log2FC

DESeq2
Adjusted
p-values
log2FC

Table 3.7. Expression of genes involved in stress response in Halocafeteria seosinensis
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Abundance (TPM)
EBSeq
ORF
15%
30%
Post fold
names
salt
salt
change
PPDE
Gluthatione conjugate pumps
m.20314
24.07
24.63
1.00
0.78
m.77447
10.03
11.10
0.05
0.83
Peroxiredoxins
m.14635
46.81
472.62
1.00
7.78
m.10580
2937.56 3301.80
0.01
0.86
m.351
76.59
50.98
0.91
0.51
m.25391
985.88
392.85
0.28
0.30
m.57627
283.58
563.30
0.59
1.52
NADPH-dependent alcohol dehydrogenase
m.77193
2.37
626.65
1.00
202.04
Small heat shock proteins
m.64653
91.24
812.76
1.00
6.70
m.65830
163.13
904.27
1.00
4.24
m.67185
54.76
273.96
1.00
3.75
m.8880
20.88
2.87
0.99
0.10
ATP-dependent ClpB protease
m.91451
12.06
100.38
1.00
6.27
HSP70-like proteins
m.81151
83.27
1656.85
1.00
15.24
m.13417
1456.47 1290.18
0.44
0.70
m.13416
172.15
0.36
1.00
0.00
m.73633
190.27
243.81
0.01
1.00
m.66450
2.22
3.87
0.15
1.40
m.44257
996.51 1322.50
0.01
1.02
7.51
2.54
1.98
1.80
-3.04
2.54
3.75
-0.50
-9.07
0.00
0.32
0.04

7.79E-156
NA
1.00E-05
2.54E-04
8.40E-09
1.24E-10
6.23E-20
2.87E-02
3.02E-165
9.96E-01
7.98E-01
9.24E-01

2.90
-0.20
-0.96
-1.67
0.60

8.83E-24
5.52E-01
8.25E-04
2.00E-04
1.26E-01

3.32E-05
4.58E-02
6.16E-07
9.86E-01
2.04E-01
8.04E-01

1.95E-04

1.17E-03
1.09E-03
1.74E-03
3.01E-03

8.19E-05

1.06E-05
4.76E-01
5.48E-03
5.58E-03
7.84E-02

1.46E-01
4.75E-01

-0.34
-0.27

6.40E-02
3.76E-01

3.99
-0.46
-9.38
0.00
2.44
0.06

2.74

2.89
2.22
2.13
-2.98

7.72

3.00
-0.18
-0.92
-1.66
0.62

-0.33
-0.21

VOOM-LIMMA
Adjusted
p-values log2FC

DESeq2
Adjusted
p-values
log2FC
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-0.54
0.59
1.20
3.70
1.11
1.02

1.40E-02
4.32E-02
3.64E-03
4.53E-06
3.60E-03
7.50E-04

VOOM-LIMMA
Adjusted
p-values log2FC

Abbreviations: TPM, averaged transcripts per million; PPDE, Probability of being Differentially Expressed, Post
Fold Change, posterior fold change (30% over 15% salt); log2FC, log2 fold change (30% over 15% salt); NA, not
available due to an extreme count outlier in one of the samples.

Abundance (TPM)
EBSeq
DESeq2
ORF
15%
30%
Post fold Adjusted
names
salt
salt
change
p-values
PPDE
log2FC
HSP70-like proteins (continued)
m.79811
810.87
711.59
0.92
0.68
3.10E-03
-0.55
m.1530
105.11
193.40
0.84
1.46
8.22E-03
0.54
Protein-L-isoaspartate/D-aspartatyl O-methyltransferase
m.50853
46.34
133.20
1.00
2.18
1.07E-03
1.10
NAD(P)H:quinone oxidoreductases
m.42655
10.26
160.29
1.00
11.73
3.63E-10
4.23
m.35863
571.80 1581.48
0.99
2.14
3.55E-02
-0.86
m.79636
167.58
435.01
1.00
1.98
9.31E-04
0.89
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nicotianae, accession AAY57577) and to FeSODs (<43% identical to FeSOD from
Trypanosoma grayi, KEG14863.1). I therefore conducted a phylogenetic analysis to
investigate the predicted localization of H. seosinensis SODs based on the
phylogenetic context. This analysis revealed three clades: one well-supported clade
containing sequences annotated as mitochondrial and, as expected, m.23828 (100%
bootstrap support), another well-supported clade containing the described FeSOD
sequences (93% bootstrap support), and a third clade containing m.9318 that
showed weak support (bootstrap support of 56%, Figure 3.23). I investigated
further the putative cellular localization of eukaryotic sequences by combining
predictions from TargetP and mitoprotII. Transit peptides were predicted for 67%
of sequences in the ‘mitochondrial’ clade (probability > 0.75). Conversely, none of
the sequences in the m.9318-containing clade and only 7% of sequences in the
FeSOD clade had a mitochondrial transit peptide confidently predicted. This
indicates that the bifurcation between the ‘mitochondrial’ clade and the other two
clades might be linked to varying subcellular functions.
All sequences in the alignment possessed the highly conserved residues
involved in interacting with the metallic cofactors or located in the immediate
environment of these, with the exception of one tryptophan residue that was
substituted to phenylalanine or leucine in 26 sequences (Wintjens et al. 2004).
Interestingly, only three sequences included in the m.9318-containing and
‘mitochondrial’ clades showed deviations from the MnSOD-specific residues (i.e.
202/205 had perfect match), while sequences clustering with FeSOD had completely
different residues (N = 119 sequences; Figure 3.24). This indicated that the
recovered clades probably gathered sequences according to their cofactor specificity
and that both H. seosinensis SODs were likely Mn-specific enzymes. This contrasts
with the general assumption that cytosolic SODs in eukaryotes depend on copper,
zinc or iron (see above) and suggests that cytosolic MnSOD might be more common
in protists than previously believed (see also Blackman et al. 2005; Krueger et al.
2015). Although more investigation is required to confirm the subcellular
localization and the cofactors of H. seosinensis SODs, my results indicate that a
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Fig. 3.23. Maximum-likelihood phylogenetic tree for superoxide dismutase (SOD)
sequences showing three clades exclusively including sequences annotated as
mitochondrial SOD, sequences for which no mitochondrial targeting peptide could be
predicted excluding bacterial sequences (Predicted cytoplasmic MnSOD), and sequences of
described iron-dependent SOD (FeSOD). For H. seosinensis sequences (in bold), the Posterior
Probability of being Differentially Expressed (PPDE) and the Fold Change (FC, 30% over
15% salt) is indicated. Bootstrap values (>50%) are indicated at branch nodes. The scale bar
indicates the substitution rate/site.

149
149

Fig. 3.24. Partial alignment of superoxide dismutase (SOD) sequences showing residues
exclusively conserved in manganese-dependent SOD (triangle) as described by Wintjens et
al. (2004). Selected taxa are listed according to the clade in which they cluster in Figure 3.23.
Puzzle pieces indicate the three sequences out of 205 that deviate from the expected motif
(boxed residues).
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cytosolic Mn-dependent SOD contributed to protect H. seosinensis against ROS at
high salt.
Subsequently, the reaction product of SOD (H2O2) is degraded by peroxidases
and catalases. One enzyme related to peroxidase, ORF m.79082, had a striking
expression pattern, with average transcript level raised 18-fold from 161 TPM at
15% salt to 3,986 TPM at 30% salt (i.e. the 11th most expressed transcript at high
salt; Table 3.7). It was related to a family of uncharacterized peroxidase-related
bacterial enzymes (TIGR01926). The next most closely related sequences belong to
the alkylhydroperoxidase (TIGR00778) and carboxymuconolactone decarboxylase
(PFAM02627) families. Although no information is available yet on the enzymes of
the TIGR01926 family, enzymes of the alkylhydroperoxidase family were linked to
increased resistance to oxidative stress (Hillas et al. 2000; Paterson et al. 2006).
Mycobacterium tuberculosis alkylhydroperoxidase AhpD catalyzes the oxidation of
peroxides via the action of residues Glu118, Cys130, His132, Cys133 and His137 (Koshkin
et al. 2003). In my alignments, these residues were conserved in most members of
the above-mentioned families, including m.79082, with the exception of His132
(motif Ex11Cx2Cx3H, Figure 3.25).

Fig. 3.25. Partial alignment of peroxidase sequences showing residues essential for
catalytic activity (as displayed on top of the alignment) in Mycobacterium tuberculosis AhpD
protein (in bold, ALB19631) as described by Koshkin et al. (2003). This gene, commonly
found in bacteria, was also detected in H. seosinensis (m.79082) and in MMETSP
transcriptomes generated from Protocruzia adherens (CAMPEP_0114993680), an
undescribed Labyrinthulomycetes sp. strain NY07348D (CAMPEP_0205091550), Pseudonitzschia fraudulenta (CAMPEP_0201178858), Thalassiosira miniscula
(CAMPEP_0184455648) and Oxyrrhis marina (CAMPEP_0205046082). Rhodospirillum
rubrum AhpD sequence (in bold, 2OUW) for which a crystal structure is available is also
shown as a reference.
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Interestingly, m.79082 clustered with proteobacterial sequences to the
exclusion of five homologous sequences harvested from the MMETSP dataset
(Figure 3.26). These protist sequences did not cluster together, suggesting that
independent LGT events might have occurred in each of these taxa (though see
below). Protist sequences, including m.79082, had 100 nucleotide-long segments
>70% identical to bacterial sequences (meeting the criterion that I normally used to
discard sequences during my analyses). However, m.79082 was encoded in the
genome assembly next to intron-containing genes. The extremely high expression of
this gene also strongly argues against m.79082 being a contaminating bacterial
sequence, since eukaryotic mRNA was poly-A selected (see section 2.1) and bona
fide protein-coding transcripts from the food source Haloferax never had expression
levels >10 TPM.
However, bacterial contamination in the cases of MMETSP sequences was
harder to assess, particularly due to the high sequence conservation of these
peroxidases (including at the nucleotide level) and because contamination from food
bacteria was not as tightly controlled in the MMETSP compared to the H. seosinensis
data generation reported here. Nonetheless, the low number of sequences
homologous to m.79082 in this dataset indicated that this enzyme was, at best, not
commonly found in protists, further suggesting that H. seosinensis acquired this
peroxidase-coding gene laterally from bacteria. Since this gene was not detected in C.
roenbergensis transcriptome, it is plausible that is was acquired relatively recently in
H. seosinensis, plausibly co-incidentally with the adaptation to a halophilic lifestyle.
Alternatively, this gene could have been lost in C. roenbergensis or not expressed
under the growth condition tested during the MMETSP data generation. Given its
high over-expression at high salt (18-fold increase) and its high transcript
abundance (3,986 TPM), this LGT event likely contributed meaningfully to increase
H. seosinensis resistance to high salt stress.
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Fig. 3.26. Maximum-likelihood phylogenetic tree for peroxidase showing the relatedness of
eukaryotic sequences (in bold) to prokaryotic sequences. For H. seosinensis sequence
(m.79082), the Posterior Probability of being Differentially Expressed (PPDE) and the Fold
Change (FC, 30% over 15% salt) is indicated. Bootstrap values (>50%) are indicated at
branch nodes. The scale bar indicates the substitution rate/site.
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3.5.2- Glutathione-Dependent Detoxification
The glutathione system is ubiquitous in living cells. Glutathione can
accumulate up to millimolar intracellular concentrations, and represents a central
metabolite for removing or modifying endogenous electrophilic compounds and
several xenobiotics (Meister and Anderson 1983; Deponte 2013). Glutathione is a
tripeptide (Glu-Cys-Gly) that neutralizes harmful electrophilic compounds either
spontaneously, or enzymatically in reactions catalyzed by glutathione transferases
(GT). GTs have evolved into at least 10 classes with diverse physiological functions,
activities and substrate specificities. Halocafeteria seosinensis expressed GTs of the
mainly cytosolic classes Beta, Omega, Sigma and Theta, and of the MembraneAssociated Proteins in Eicosanoid and Glutathione metabolism (MAPEG)
superfamily. High salt also up-regulated H. seosinensis genes coding for proteins that
employ glutathione as co-factor, like glutaredoxin and peroxiredoxin, and for
cinnamyl-alcohol dehydrogenase which is potentially involved in homeostasis of the
NADPH that provides the reducing power for enzymes participating in ROS
detoxification (e.g. glutathione reductase and thioredoxin reductase).
3.5.2.1- Glutathione Transferases of the Beta Class
One of the genes related to Beta class of GTs (ORF m.57692) was highly upregulated at high salt (9.1-fold) and had high transcript abundance (average of 1280
TPM at 30% salt, rank 136). Further, m.57692 was closely related to another nondifferentially expressed gene (ORF m.3188) and also to bacterial sequences,
suggesting it was acquired by lateral gene transfer, followed by gene duplication and
neo-functionalization. However, homologs of these proteins were also detected in
the MMETSP dataset and, without a resolved phylogeny, I could not demonstrate
that these genes were unambiguously acquired by H. seosinensis from bacteria.
In GTs of the Beta class, binding of glutathione results from a network of
interactions involving conserved residues C10, H106 and Y157 (E. coli numbering;
Casalone et al. 1998; Allocati et al. 1998; Inoue et al. 2000). Residues S11, H15 and
E198 are also crucial for Beta class GTs, since substitutions of amino acid at these
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positions compromise catalytic activity due to loss of structural stability (Federici et
al. 2007; Federici et al. 2009). These residues are strictly conserved in the Beta class
but not in the other classes (Allocati et al. 2009). Alignment comparison of H.
seosinensis Beta GTs with Escherichia coli, Ochrobactrum anthropi, Burkholderia
xenovorans and Proteus mirabilis GT sequences, for which crystal structures have
been studied, demonstrated the conservation of all these crucial residues,
supporting the inferred identity for these proteins in H. seosinensis (Figure 3.27).
Beta class GTs participate in detoxification reactions against a variety of
xenobiotics and metabolites resulting from oxidative and chemical stresses. In O.
anthropi, increased GT expression is observed with exposure to membrane-active
toxins, like chlorinated phenols or atrazine, and under oxidative stress derived from
aromatic substrate degradation, but hydrogen peroxide does not induce expression
directly (Favaloro et al. 2000; Tamburro et al. 2004). By contrast, in P. mirabilis, GT
B1-1 mRNA and protein levels increase as a direct response to H2O2 exposure, and
the enzyme is involved in detoxification of antimicrobial agents (Allocati et al. 2003).
However, these GTs predominantly localize to the periplasmic space (Allocati et al.
1994; Tamburro et al. 2004). This compartment is absent in eukaryotes, and the
absence of predictable target peptides in H. seosinensis GT sequences suggests that
these enzymes most likely reside in the cytoplasm. This implies that, while these
enzymes probably kept glutathione as substrate (as indicated by functional residue
conservation), they might have adapted to different co-substrates, localized in
different compartments.
3.5.2.2- Microsomal Glutathione Transferases
Microsomal glutathione transferases (MGT) of the MAPEG superfamily also
play a critical role in oxidative stress-related detoxification. In H. seosinensis, one
gene related to MGT3, ORF m.21576, was 2.7-fold up-regulated and had a high
average expression at high salt (1,064 TPM, rank 420; Table 3.7), suggesting it had
an important stress-related function. It probably originated from a recent gene
duplication event, though the statistical support was only moderate (bootstrap
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Fig. 3.27. Partial alignment of glutathione transferases of the Beta class showing
conservation of residues interacting with the substrate (triangle) and residues essential for
structural stability (circle) based on studies of enzymes (in bold) from Ochrobactrum
anthropi (2NTO), Burkholderia xenovorans (2DSA), Escherichia coli (1N2A) and Proteus
mirabilis (2PMT; Casalone et al. 1998; Allocati et al. 2000; Inoue et al. 2000; Federici et al.
2007; Federici et al. 2007). The alignment also includes H. seosinensis sequences (m.57692,
m.3188) and their closest related sequences in the NR database from Phaeospirillum fulvum
(WP_021133055.1), Rhodocyclaceae bacterium PG1-Ca6 (AJP48267.1), Hylemonella gracilis
(WP_035608673.1), Klebsiella pneumoniae (WP_040214185.1) and Sorangium cellulosum
(WP_044968822.1).
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support 78%, Figure 3.28; the putative sister ORF is not differentially expressed).
MGT3s probably have glutathione-dependent peroxidase activity toward lipid
hydroperoxides, concordant with their membrane localization, and wide-specificity
glutathione transferase activity toward lipophilic substrates (Jakobsson et al. 1997;
Chen et al. 2011). Proteins belonging to the MAPEG superfamily typically possess
four transmembrane domains (Jakobsson et al. 1999; Bresell et al. 2005).
Concordantly, m.21576 encoded four regions with high hydrophobicity and a signal
peptide, suggesting it might function in a membrane somewhere along the secretory
path.
These sequences harbored the MAPEG superfamily-wide conserved motif
(Rx3Nx2[E/D]) and additional glutathione-interacting residues (Figure 3.29;
Martinez Mollina et al. 2008). Based on the conservation of these residues and on
the broad membrane-related detoxification function of MAPEG enzymes, I predict
that this up-regulated gene in H. seosinensis is involved in protecting cell membranes
against toxic lipophilic compounds, probably derived from high levels of ROS.
3.5.2.3- Glutaredoxins
Cysteinyl residues are particularly vulnerable to ROS since they are among
the most easily oxidized residues in proteins, and thus an early cellular response to
oxidative stress is increased protein thiolation (Lii et al. 1994; Ravichandran et al.
1994). As a result, protein activity and function can be affected by inter- or intramolecular disulfide formation, as well as creation of sulfenic, sulfonic, sulfinic acid
groups and also by S-nitrosylation of these cysteinyl residues (Lillig et al. 2008). This
can be prevented by the concerted action of glutathione and glutaredoxin, as they
are the thiol transferases responsible for the reduction of protein disulfides and
glutathione-protein mixed disulfides (Lillig et al. 2008). In S. cerevisiae, mutants of
glutaredoxins Grx1 and Grx2 are more susceptible to oxidants like hydroperoxides,
paraquat and iron chloride, and conversely, overexpression of these genes improves
tolerance to oxidants (Luikenhuis et al. 1998; Collinson et al. 2002; Collinson and
Grant 2003).
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Fig. 3.28. Maximum-likelihood phylogenetic tree for gene duplication cluster 19 (grey box):
microsomal glutathione transferase. For H. seosinensis sequences (in bold), the Posterior
Probability of being Differentially Expressed (PPDE) and the Fold Change (FC, 30% over
15% salt) is indicated. Stars indicate sequences included in Figure 3.29. The clade named
Eukarya* includes sequences from chlorophytes, cryptophytes, amoebozoans, ciliates and
stramenopiles. Bootstrap values (>50%) are indicated at branch nodes. The scale bar
indicates the substitution rate/site.

158
158

Fig. 3.29. Partial alignment of microsomal glutathione S-transferase (MGST) sequences
showing the MAPEG superfamily-wide conserved motif (Rx3Nx2[E/D], boxed) and residues
that bind glutathione (triangles) in human leukotriene synthase (HsLT4C in bold, 2PNO; Ago
et al. 2007). Note that Q53 in HsLT4C (circled) is conservatively substituted to His in MGST3
(Martinez Molina et al. 2008). Human MGST3 (HsMGST3, AAB82609.1) is displayed as a
reference in addition to H. seosinensis sequences (m.21576 and m.14941) and other related
sequences from Cafeteria roenbergensis (CAMPEP_0117709534), Polarella glacialis
(CAMPEP_0197963974), Bigelowiella natans (CAMPEP_0185225088), Capsaspora
owczarzaki (XP_004364452.1), Acanthamoeba castellanii (XP_004333244.1), Emiliania
huxlei (CAMPEP_0182241500), Oxyrrhis marina (CAMPEP_0204345712), Dunalilella
tertiolecta (CAMPEP_0202397120), Eucalyptus grandis (XP_010062340.1) and Ustilago
hordei (CCF50363.1).
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In H. seosinensis, two genes related to glutaredoxins were up-regulated at
high salt (m.72582 with 2.8-fold increase and m.39259 with 4.8-fold increase).
Glutaredoxins are divided in two groups: dithiol glutaredoxins that harbor two
active-site cysteines, as for H. seosinensis sequences (Figure 3.30), and monothiol
glutaredoxins that have only one. Dithiol glutaredoxins reduce disulfide bridges and
protein-glutathione conjuguates by forming a transient disulfide between the target
protein and the N-terminal glutaredoxin cysteine that is subsequently reduced by
the C-terminal cysteine, releasing the restored protein (Rouhier et al. 2008). Two
more glutathione molecules are needed to regenerate glutaredoxin, and finally
glutathione reductase regenerates the resulting glutathione disulfide (Lillig et al.
2008).

Fig. 3.30. Partial alignment of glutaredoxin (GRX) protein sequences showing the two
active-site cysteines of dithiol glutaredoxins (S. cerevisiae GRX1, 2 and 8 as references and H.
seosinensis sequences in bold) and the unique cysteine of monothiol glutaredoxins (as in
ScGRX3 – ScGRX7).
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Given that glutaredoxins belong to a highly versatile enzyme family with
common functionality, the precise roles of m.72584 and m.39259 are not definable
from sequence evidence alone. However, based on the over-expression of
glutathione transferases, one possibility is that the glutaredoxins deglutathionylate
proteins (Murphy 2012). In mammalian, yeast, plant and nematode cells, glutathione
conjugates are excreted by multidrug-resistance proteins (Keppler 1999). Homologs
of these ATP-dependent exporters were detected in H. seosinensis (ORFs m.20315
and m.77447; Table 3.7) but were not substantially differentially expressed. As
secretion of glutathione conjugates results in wasting precious resources,
regeneration by glutaredoxin might be an advantageous way to reclaim glutathione
and the restored protein.
Alternatively, glutaredoxins can also directly reduce peroxides (Lee et al.
2002), can act as electron donor for a variety of enzymes like ribonucleosidediphosphate reductase (Holmgren 1979) and may be involved in iron homeostasis
and Fe/S cluster assembly (Lillig et al. 2008). In addition, besides the protective role
of glutathione and glutaredoxin against irreversible inactivation of protein thiols,
evidence is accumulating that glutathionylation can act as a regulatory mechanism
by specifically increasing or reducing protein activity (Shelton et al. 2005; Gallogly
and Mieyal 2007). Proteins probably regulated by reversible glutathionylation
include actin (Wang et al. 2001), glyceraldehyde 3-phosphate dehydrogenase (Lind
et al. 1998; Grant et al. 1999; Zaffagnini et al. 2007), protein tyrosine phosphatase
1B (Barrett et al. 1999) and NFκB subunit p50 (Pineda-Molina et al. 2001).
3.5.2.4- Peroxiredoxins
Glutathione is also the physiological reductant for most enzymes of the 1-Cys
peroxideroxin (Prdx) 6 family that, contrary to members of the other Prdx families,
can bind and reduce phospholipid hydroperoxides (Fisher 2011). In H. seosinensis,
one ORF (m.14635) related to Prdx 6 had average transcript abundance rising from
47 TPM to 473 TPM with increased salinity (Table 3.7). Although Prdx 6 can also
reduce H2O2, overexpression of this enzyme suggests that phospholipids were
161
161

threatened by oxidants in H. seosinensis. Interestingly, Prdx 6 was previously shown
to be transcriptionally regulated during oxidative stress in human systems and
Plasmodium yoelii (Kawazu et al. 2003; Kim et al. 2003; Chowdhury et al. 2009;
O'Flaherty and de Souza 2011).
In Prdx 6, substrate oxidation is catalyzed by a single peroxidatic cysteine
residue included in the conserved motif PVCTTE, also found in the H. seosinensis
sequence (Figure 3.31; Nevalainen 2010). A putative catalytic triad His39-Cys47Arg132, determined in a crystal structure study of human Prdx 6 (Choi et al. 1998),
was also conserved in H. seosinensis. Without a second resolving cysteine, as is the
case for the other types of Prdx, Prdx 6 requires a thiol-containing electron donor
like glutathione to be regenerated, and this is done, at least for some of them, by the
concerted activity of GT (Manevich et al. 2004).

Fig. 3.31. Partial alignment of peroxiredoxin (Prdx) sequences showing the putative
catalytic triad (triangles) based on study of human Prdx 6 crystal structure (in bold,
NP_004896.1; Choi et al. 1998). Sequences from Helobdella robusta (XP_009018281.1) and
Pseudomonas resinovorans (WP_028629099.1) that, like H. seosinensis sequence (m.14635),
deviate from the lipase motif GxSxG (boxed) are shown. These sequences nonetheless
include the putative serine catalytic residue (circle). For comparative purposes, sequences
from Aphanomyces astaci (XP_009823721.1), Ectocarpus siliculosus (CBN79130.1),
Arabidopsis thaliana (NP_175247.1) and S. cerevisiae (AJQ03409.1) are included in the
alignment.
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Members of the Prdx 6 family display a second activity for phospholipid
hydrolysis that is dependent on the serine residue included in the conserved lipase
motif GxSxG (Kim et al. 1997). At these positions, m.14635 differed by having GSWG,
but still included the putative catalytic serine residue. More than 15 variants of
serine-containing putative lipase motifs exist (Nevalainen 2010) and comparative
analysis of sequences related to m.14635 identified a few other Prdx 6-related
enzymes containing this GSWG motif (from the leech Helobdella robusta and the
bacterium Pseudomonas resinovorans). Whether the latter motif confers
phospholipase activity remains to be answered experimentally.
Both functions are dependent on the pH and thus on the localization of the
enzyme, where the phospholipase activity is stimulated by low pH occurring in
lysosomes and the peroxidase activity is maximal at cytosolic pH 7 (Chen et al. 2000).
The H. seosinensis enzyme is assumed here to be cytosolic based on the lack of
predicted sequence signal. Notably, the catalytic sites for these functions seem to act
independently since mutants for the lipase catalytic serine lose lipase activity but
keep peroxidase activity towards H2O2 and short-chain organic hydroperoxides
(Chen et al. 2000).
3.5.2.5- NADPH-Dependent Alcohol Dehydrogenase
NADPH provides the reducing power required to quench ROS, acting as the
cofactor for enzymes such as glutathione reductase and thioredoxin reductase, for
example (Murphy 2012; Mailloux et al. 2013). Notably, one sequence (ORF m.77193)
related to cinnamyl-alcohol dehydrogenase (CD08297) had an expression level
rising from an average of 2 TPM at 15% salt to 627 TPM at high salt (202-fold upregulation; Table 3.7). Cinnamyl-alcohol dehydrogenase oxidizes a wide range of
alcohols to aldehydes using NADP, and potentially contributes to maintaining
NADP/NADPH balance (Larroy et al. 2002; Vidal et al. 2009). Indirect evidence of
high ROS level at high salt suggested that high NADP+ levels probably occurred in H.
seosinensis and overexpression of cinnamyl-alcohol dehydrogenase could contribute
to regeneration of NADPH.
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Inspection of a multiple alignment including NADH- and NADPH-dependent
alcohol dehydrogenases indicated conservation of Zn2+-binding and NADPH-specific
residues in the H. seosinensis sequence (Figure 3.32). Interactions between S.
cerevisiae Adh6p and NADPH are mediated by residues Ser210, R211and K215 (Valencia
et al. 2004). These are conserved in the H. seosinensis sequence. In NADH-dependent
enzymes, the small, neutral amino acid at position 210 is substituted by a negatively
charged residue that forms hydrogen bonds with the 2’- and 3’-hydroxyl groups of
the coenzyme adenosine ribose (Fan et al. 1991; Bellamacina 1996). These
observations suggest that this H. seosinensis enzyme is a NADPH-dependent zincbinding alcohol dehydrogenase.
The cinnamyl-alcohol dehydrogenase sequence was closely related to certain
bacterial sequences (Figure 3.33), however, it was encoded on a genomic contig
surrounded by intron-containing genes and had high transcript abundance, showing
that it was not a bacterial contamination. The phylogenetic analysis (Figure 3.33)
grouped this sequence with a zinc-dependent alcohol dehydrogenase sequence from
the halotolerant cyanobacterium Halothece sp. PCC 7418 (Garcia-Pichel et al. 1998)
with maximum support, whereas other eukaryotic sequences, except the ones from
A. castellanii and G. sulphuraria, formed a clade to the exclusion of all prokaryotic
sequences (84% bootstrap support). As with the lateral acquisition of the
peroxidase and the glutathione transferase, gain of this alcohol dehydrogenase gene
from a prokaryote might plausibly have played a role in H. seosinensis adaptation to
high salt. However, further experimental work is required to determine whether this
gene truly contributes to NADP homeostasis.

164
164

Fig. 3.32. Partial alignment of zinc-dependent alcohol dehydrogenase sequences showing
conservation of residues binding the catalytic zinc ion (circled Z) and NAD(P)H (circled N).
At position 210 (Ser210, S. cerevisiae 1Q1N numbering), small neutral amino acids (Ala, Gly,
Ser) confer specificity for NADPH while NADH-dependent enzymes harbor a negatively
charged residue. In NADPH-dependent dehydrogenase, the following position contains a
positively charged residue as in S. cerevisiae enzyme or a threonine as in the amphibian
enzyme (Pelophylax perezi 1P0C; Rosell et al. 2003) that interacts with the NADPH terminal
phosphate group. The alignment contains H. seosinensis sequence (in bold) and its closest
sequence in the NR database (Halothece sp. WP_041596283.1), and sequences for
characterized NADPH-dependent enzymes from Helicobacter Pylori (3TWO), Populus
tremuloides (1YQD) and Catharanthus roseus (5H81), and for NADH-dependent enzymes
from Moraxella sp. (4Z6K), Geobacillus stearothermophilus (3PII), Ralstonia eutropha (3S1L),
Brucella suis (3MEQ) and Pseudomonas aeruginosa (1LLU).
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Fig. 3.33. Maximum-likelihood phylogenetic tree for zinc-dependent alcohol
dehydrogenase showing robust clustering of sequences from H. seosinensis (m.77193; PPDE,
Posterior Probability of being Differentially Expressed and FC, Fold Change 30% over 15%
salt) and the cyanobacterium Halothece sp. (grey box) at the exclusion of all other bacterial
and eukaryotic (in bold) sequences. Bootstrap values (>50%) are indicated at branch nodes.
The scale bar indicates the substitution rate/site.
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3.5.3- Chaperones
In addition to up-regulating genes for directly neutralizing ROS or removing
electrophilic groups from proteins, lipids and metabolites, H. seosinensis also
overexpressed several chaperones that repair misfolded proteins, or at least
minimize their detrimental impact.
All genes encoding the alpha-crystallin domain of the small heat shock
proteins (sHSPs, PFAM00011) in H. seosinensis were differentially expressed, with
three being 3.8- to 6.7-fold up-regulated and one (m.8880) being 10-fold repressed
(Table 3.7). sHSPs binds to denatured proteins, thus preventing irreversible
aggregation until these proteins are refolded by the ATP-dependent HSP70 system
(Ehrnsperger et al. 1997; Lee and Vierling 2000) or potentially degraded (Lee et al.
1997). The functions of sHSPs are diverse partly due to their dynamic
oligomerization involving varying subunit combinations (Sun and MacRae 2005).
Interestingly, two sHSP alpha-crystallin-domain-containing proteins with
contrasting expression patterns (4.2-fold up-regulated m.65830 and 9.7-fold
repressed m.8880) might have arisen through gene duplication, but this was not
resolvable by phylogenetic analysis of these very short proteins (data not shown).
Concordantly, another chaperone involved in protein disaggregation was upregulated at high salt (6.3-fold increase): the ATP-dependent chaperone ClpB
(m.91451). While sHSPs prevent protein-protein aggregation by binding to
misfolded proteins, ClpB dynamically mediates the disaggregation of stressdamaged proteins (Hodson et al. 2012). Subsequently, proper folding is achieved by
the intervention of the Hsp70 chaperone system (see below). The ClpB chaperone is
particularly important since, while the Hsp70 system can independently correct
populations of small aggregates, resolubilisation of large aggregates requires ClpB
(Goloubinoff et al. 1999; Diamant et al. 2000).
Aggregation can be the result of protein conformational changes induced by
ROS oxidation (Mirzaei and Regnier 2008). However, since higher salinity correlates
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with increased hydrophobic effect, it is tempting to speculate that this indirect
evidence of protein aggregation at high salt (overexpression of aggregationpreventing chaperones) could partly result from higher intracellular salt content. It
is still unknown whether salt concentration varies in H. seosinensis (direct
measurements of cell ion content have not been performed), however I have good
indirect indications that the intracellular salt content is probably higher that in
marine protists (see chapter 2). It is reasonable to assume that salt intrusion occurs
into the cytosol, at least incidentally during phagotrophy, and that this is more
intense when extracellular salinity is higher, potentially leading to greater proteinprotein aggregation.
As mentioned above, stress-denatured proteins re-gain their native
conformation due to the action of the Hsp70 system. Halocafeteria seosinensis
expressed eight genes encoding the Hsp70 domain (PFAM00012) with one being
strongly up-regulated at high salt (m.81151; Table 3.7). Average transcript
abundance for this gene rose 15-fold from 83 TPM at 15% salt to 1,657 TPM at 30%
salt, where it corresponded to the 110th most expressed transcript. Based on the coexpression status of this gene, coding for a cytosolic Hsp70, and the ClpB chaperone
in H. seosinensis, I hypothesize that these two enzymes collaborate to disaggregate
cytoplasmic protein.
However, Hsp70 chaperones display a wide diversity of physiological
functions, both during normal protein biogenesis and upon stress-induced unfolding,
that are mediated by partner co-chaperones (Clerico et al. 2015). For example, a
proteomic survey identified ~700 proteins interacting with DnaK (the major
bacterial Hsp70) in E. coli (Calloni et al. 2012). Substrate specificity of Hsp70s is also
driven by cofactors: the J proteins (Kampinga and Craig 2010). In H. seosinensis, 29
genes encoded a DnaJ domain (PFAM00226, present in members of the J-protein
family), but none of them was up-regulated at high salt. Despite the complexity of
the Hsp70 system and thus my limited ability to identify the specific cellular role of
m.81151, the overexpression of this gene combined with the up-regulation of other
chaperones suggested that H. seosinensis protein pool was threatened at high salt.
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Lastly, H. seosinensis grown at high salt up-regulated by a factor of 2.2
another gene involved in protein repair, protein-L-isoaspartyl/D-aspartyl Omethyltransferase (PIMT; Table 3.7). This enzyme repairs L-isoaspartyl residues
generated from the spontaneous deamidation of asparaginyl residues and
isomerization of aspartyl residues that otherwise can induce loss of protein function
(Brennan et al. 1994; Hayes and Setlow 1997; Smith et al. 2002). This type of lesion
is encountered especially during environmental stresses or during long-term
storage, conditions in which PIMT favors viability. For example, E. coli cells lacking
this gene show reduced viability at stationary phase when exposed to environmental
stresses, including high salt concentrations and exposure to ROS generated by
paraquat (Visick et al. 1998). Similarly, exposure to salt and dehydration stresses
increases PIMT expression and activity in wheat seedlings (Mudgett and Clarke
1994). It is noteworthy that the increased occurrence of isoaspartate observed
during oxidative stress in damaged proteins (e.g. Ingrosso et al. 2002) is probably an
indirect effect, since ROS are not chemically expected to directly react with
asparagines and aspartates (O'Connor 2006).
3.5.4- Control of Reactive Semiquinones
Quinones are essential to aerobic life forms due to their role in the electron
transport chain, and their reduced forms, hydroquinones, can also confer protection
by directly reducing environmental oxidizers (Cotelle et al. 1991; Hino et al. 1998).
However, one-electron reduction of quinones generates unstable semiquinones that,
in the presence of molecular oxygen, can participate in the formation of highly
reactive oxygen species (Wrobel et al. 2002). One mechanism for preventing the
occurrence of this damaging situation is the divalent reduction of quinones to fully
oxidized hydroquinones by NAD(P)H : quinone oxidoreductases (NQO; Brock et al.
1995; Sparla et al. 1999; Jaiswal 2000; Ross et al. 2000; Jensen et al. 2002; Wrobel et
al. 2002; Adams and Jia 2005). In addition to preventing the formation of harmful
semiquinones and through production of hydroquinones with antioxidant
properties, NQO also has the ability to directly scavenge superoxide radicals (Siegel
et al. 2004). Similar to other detoxifying enzymes, quinone reductase flavoenzymes
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commonly have broad substrate specificity, suggesting they can protect cells against
an array of potentially damaging quinones (Jensen et al. 2002; Wrobel et al. 2002),
and are induced by stress exposure (Akileswaran et al. 1999; Pomposiello et al.
2001; Cohen et al. 2004; Ross 2004).
Halocafeteria seosinensis expresses three related genes encoding a NQO type
IV domain (TIGR01755), and all were up-regulated at high salt (2.1- to 12-fold
increase) suggesting that tight control of any source of ROS was required.
Furthermore, one of them (m.35863) had very high transcript abundance at 30%
salt (average of 1,581 TPM, rank 118). Phylogenetic analysis indicated that the genes
probably arose through duplications after divergence from Cafeteria roenbergensis
(Figure 3.34). These sequences showed a high degree of similarity (48~62%
identical) with NQO type IV sequences from fungal and plant species, for which
enzymatic activities were characterized (Brock et al. 1995; Jensen et al. 2002;
Laskowski et al. 2002; Wrobel et al. 2002), and from E. coli, for which the protein
crystal structure is available as well (Andrade et al. 2007). Inspection of an
alignment of these sequences identified conserved functional residues, supporting
the inferred annotation for these proteins in H. seosinensis (Figure 3.35).
3.5.5- Summary of section 3.5
In summary, H. seosinensis up-regulated several genes at high salt known to
limit cellular damage induced by stress, especially ROS-derived stress. ROS would be
expected to be neutralized enzymatically by superoxide dismutases, including a
probable cytosolic Mn-dependent superoxide dismutase that is not commonly
described in protists, and by a peroxidase that was likely acquired by LGT. The
glutathione system would protect proteins and metabolites through the action of
cytoplasmic and membrane glutathione transferases, peroxiredoxin 6 and
glutaredoxins that would regenerate glutathionylated proteins. Among the latter
enzymes, one highly expressed and up-regulated glutathione transferase of the
bacterial Beta class was probably acquired by LGT, suggesting that acquisition of
genes from foreign organisms contributed to increasing H. seosinensis resilience to
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Fig. 3.34. Maximum-likelihood phylogenetic tree for gene duplication cluster 270 (grey
box): NAD(P)H : quinone oxidoreductase. For H. seosinensis sequences (in bold), the
Posterior Probability of being Differentially Expressed (PPDE) and the Fold Change (FC,
30% over 15% salt) is indicated. Stars indicate sequences from characterized enzymes
included in Figure 3.35. Bootstrap values (>50%) are indicated at branch nodes. The scale
bar indicates the substitution rate/site.
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Fig. 3.35. Partial alignment of NAD(P)H:quinone oxidoreductase sequences showing
structural residues that shape the active-site cavity and contribute to orient the substrate
and cofactors (circles), and residues that interact through hydrogen bonds with the cofactor
FMN (triangles) in E. coli WrbA (in bold, 3B6I) based on Andrade et al. (2007) and Wolfova
et al. (2009). The alignment also includes H. seosinensis sequences (m.42655, m.35863 and
m.79636), and sequences for which the enzymatic activity was characterized in
Gloeophyllum trabeum (XP_007871146.1; Jensen et al. 2002), Triphysaria versicolor
(AAG53945.1, Wrobel et al. 2002), A. thaliana (NP_200261.1, Laskowshi et al. 2002) and
Phanerochaete chrysosporium (AAD21025.1, Brock et al. 1995).
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high salt stress. Several chaperones, including small alpha-crystallin-domaincontaining heat shock proteins, the ClpB chaperone, Hsp70 and protein-Lisoaspartyl/D-aspartyl O-methyltransferase would be expected to prevent protein
aggregation, mis-folding and spontaneous deamidation of asparaginyl residues and
isomerization of aspartyl residues. Finally, up-regulation of NAD(P)H : quinone
oxidoreductases could have helped reduce the detriments of oxidative stress by
preventing the formation of reactive semiquinones and by directly or indirectly
(through synthesis of antioxidant hydroquinones) scavenging ROS. Overall,
expression of these genes, many of which were abundantly transcribed at high salt,
most likely contributes to increase H. seosinensis tolerance of hypersaline conditions.

3.6- Salt Adaptation and Membrane Lipid Remodelling
Extracellular salinity affects biological membranes by favouring transition
from the bilayer (lamellar) phase to the hexagonal-II (non-bilayer) phase of certain
lipids and by inducing membrane fluidity variations (Harlos and Eibl 1981; Seddon
et al. 1983; Russell 1989; Sutton et al. 1990; Beney and Gervais 2001; Simonin et al.
2008). Consequently, as a response to variations in salinity, organisms adapt the
composition of membrane lipids by adjusting the length, branching and saturation of
fatty acids and the relative proportion of phospholipid head groups (Quinn 1981).
Generally, in halotolerant and halophilic bacteria, anionic lipids like
phosphatidylglycerol increase at the expense of zwitterionic lipids like
phosphatidylethanolamine (Vreeland et al. 1984; Russell 1989, 1993). Notably,
while phosphatidylethanolamine adopts a hexagonal-II phase, phosphatidylglycerol
maintains a lamellar phase under varying conditions and is able to suppress the
transition of phosphatidylethanolamine to the hexagonal-II phase, suggesting the
adjusted ratio at higher salinities contributes to avoid the formation of
microdomains of hexagonal-II phase lipids, and thus prevents alterations of the
membrane permeability (Russell 1989).
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Eukaryotes display membrane lipid compositions that differ from these of
bacteria, with the exception of the mitochondrial and the thylakoid membranes, for
which the lipid composition is reminiscent of their bacterial origins (Vothknecht and
Westhoff 2001; van Meer et al. 2008). For example, eukaryotic membranes contain
sterols that are thought to decrease membrane fluidity by reducing lipid acyl chain
mobility (Demel and De Kruyff 1976). Considerable information is available on the
salt response in certain mesophilic organisms, primarily plants and yeasts, however
these studies are not directly applicable to halophilic systems since the salt
concentrations tested rarely exceed the millimolar range. The few studies on
halotolerant and halophilic yeasts have indicated that species respond differently in
terms of sterol and phospholipid content, and fatty acid saturation level, implying
that different mechanisms are being used to regulate membrane fluidity (TunbladJohansson et al. 1987; Hosono 1992; Khaware et al. 1995; Andreishcheva et al. 1999;
Turk et al. 2004; Smolyanyuk et al. 2013). One factor that seems to characterize
halophilic yeasts is a low sterol:phospholipid ratio, and thus a capacity to maintain
membrane fluidity along a broad range of salt concentrations (Turk et al. 2011).
Eukaryotes also differ from bacteria by having intracellular compartments.
Since the plasma membrane is exposed to the extracellular milieu but
endomembranes are not, salt exposure influences their respective lipid composition
differently and can complicate lipid characterization studies. For example, when the
halotolerant alga Dunaliella salina is exposed to increased salinity, an increase in
phosphatidylethanolamine and polyunsaturated fatty acids and a decrease in
diacylglycero-trimethylserines were measured in the total lipids (Al-Hasan et al.
1987). In contrast, investigation of an enriched plasma membrane fraction showed
the opposite, i.e. decrease of phosphatidylethanolamine and polyunsaturated fatty
acids and increase of diacylglycero-trimethylserines (Peeler et al. 1989). At higher
salinity, D. salina synthesizes large amounts of glycerol, which potentially impacts
the properties of endomembranes, as suggested by Azachi et al. (2002), who
reported a higher ratio of unsaturated to saturated fatty acids in microsomes
compared to the plasma membrane or thylakoid membranes.
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Even though membrane adaptation to salinity is a complex phenomenon and
transcriptomic analyses can only provide a very partial picture, investigation of the
H. seosinensis transcriptional program strongly suggested that lipid metabolism was
affected.
3.6.1- Sterol Synthesis, Regulation and Transport
Vertebrates, fungi and plants synthesize differing pools of sterols: cholesterol
being the main sterol in vertebrates, ergosterol in fungi and phytosterols in plants.
Most biosynthetic steps are shared between the three sterol types (although the
order varies) and are catalyzed by homologous enzymes acting on different
substrates with high structural similarity (Desmond and Gribaldo 2009). Because of
this, it is challenging to infer the sterol profile of H. seosinensis (which is distantly
related to animals, fungi and plants) based on sequence information alone. However,
I identified enzymes indicating that H. seosinensis synthesized sterols de novo
(Figure 3.36 and Table 3.8), using cycloartenol as precursor, as is the case for several
protists investigated previously (Rees et al. 1969; Anding et al. 1971; Raederstorff
and Rohmer 1987a, b; Nes et al. 1990). Importantly, when genes involved in sterol
synthesis were identified as transcriptionally regulated in H. seosinensis, they were
repressed at high salt. In addition, sterol insertion in the membrane was probably
reduced due to esterification cycles.
Three lines of evidence suggested that sterol synthesis in H. seosinensis
employed the phytosterol branch of the pathway. Firstly, although the sequence
most closely related to oxidosqualene cyclase in H. seosinensis (m.78304) did not
phylogenetically cluster specifically with either the vertebrate/fungi version
(lanosterol synthase) or the plant version (cycloartenol synthase; Figure 3.37), it
possessed all functional residues shown to confer specificity for cycloartenol
On next page: Fig. 3.36. ORFs in H. seosinensis coding for enzymes acting in sterol
biosynthesis. For differentially expressed ORFs (in bold), the Posterior Probability of being
Differentially Expressed (PPDE) and the Fold Change (FC, 30% over 15% salt) is indicated.
Biosynthesis of plant-like sterols in H. seosinensis is supported especially by sequence
analysis of enzymes indicated by a star.
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15.38
29.65

171.10
67.27
50.07
126.83
213.87
79.89
19.07
13.30
33.35
32.75
2.65
33.44
5.03
20.30
2.64

24.96

m.22592
m.88947

m.88175
m.70478
m.66451
m.31330
m.91444
m.68329
m.26733
m.35144
m.88487
m.41605
m.26739
m.51528
m.17881
m.78053
m.20854

m.33861

ORF
names
m.88587
m.78304
m.73826

28.87

174.27
48.70
80.53
190.54
170.12
140.67
0.10
1.87
8.23
10.48
7.31
23.36
38.83
42.31
2.40

20.86
14.27

Abundance (TPM)
15%
30%
salt
salt
136.80
34.08
41.97
67.88
264.80
137.63

0.74

0.99
1.00
0.92
0.14
1.00
0.06
1.00
1.00
1.00
1.00
0.08
1.00
1.00
1.00
0.17

0.06
1.00

0.89

0.79
0.56
1.24
1.14
0.61
1.43
0.00
0.11
0.19
0.24
2.49
0.54
5.89
1.58
0.77

1.04
0.37

EBSeq
Post fold
change
PPDE
1.00
0.19
0.98
1.24
1.00
0.40

3.68E-01

3.21E-02
2.27E-09
1.48E-01
4.38E-01
3.42E-05
1.32E-01
2.25E-83
4.73E-29
6.14E-22
6.22E-18
6.65E-01
8.69E-02
2.27E-31
1.59E-02
5.70E-01

8.69E-01
1.10E-13

-0.16

-0.33
-0.83
0.32
0.20
-0.70
0.51
-7.53
-3.12
-2.32
-2.02
0.54
0.59
2.53
0.66
-0.35

0.07
-1.43

DESeq2
Adjusted
p-value
log2FC
2.36E-17
-2.35
7.91E-02
0.32
2.00E-13
-1.31

3.28E-01

5.32E-02
5.29E-04
5.88E-02
2.51E-01
3.02E-03
4.37E-02
5.92E-06
9.78E-06
2.23E-05
4.07E-05
1.48E-01
2.17E-03
3.60E-06
1.18E-02
5.15E-01

7.89E-01
8.75E-05

-0.14

-0.31
-0.81
0.36
0.22
-0.68
0.62
-7.78
-3.21
-2.32
-2.04
3.46
-0.85
2.61
0.72
-0.29

0.06
-1.44

VOOM-LIMMA
Adjusted
p-value
log2FC
3.53E-05
-2.46
5.12E-02
0.34
1.05E-04
-1.30
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Annotation
Squalene monooxygenase
Cycloartenol synthase
Sterol 24-Cmethyltransferase
4-methylsterol oxidase
Cycloeucanelol
cycloisomerase
Sterol 14-demethylase
Delta14-sterol reductase
Sterol delta-isomerase
Delta7-sterol 5-desaturase
7-dehydrosterol reductase
Delta(24)-sterol reductase
NPC1-related proteins
NPC1-related proteins
NPC1-related proteins
NPC1-related proteins
NPC1-related proteins
NPC1 N-terminal domain
Sterol O-acyltransferase
Sterol O-acyltransferase
Diacylglycerol Oacyltransferase
Sterol esterase

Table 3.8. Expression of genes involved in sterol metabolism in Halocafeteria seosinensis
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Abundance (TPM)
15%
30%
salt
salt
0.27
0.27
0.26
1.50
7.31
17.33

EBSeq
Post fold
change
PPDE
0.16
0.92
0.93
4.47
1.00
1.87

DESeq2
Adjusted
p-value
log2FC
9.53E-01
-0.08
2.23E-02
1.87
1.44E-03
0.89

VOOM-LIMMA
Adjusted
p-value
log2FC
6.75E-01
-0.47
2.35E-02
1.98
5.41E-03
0.90

Annotation
Sterol esterase
Sterol esterase
Sterol esterase
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Abbreviations: TPM, averaged transcripts per million; PPDE, Probability of being Differentially Expressed, Post Fold Change, posterior fold
change (30% over 15% salt); log2FC, log2 fold change (30% over 15% salt).

ORF
names
m.85697
m.85682
m.85677

Fig. 3.37. Maximum-likelihood phylogenetic tree for oxidosqualene cyclase sequences
showing the independent grouping of H. seosinensis sequence (m.78304 in bold, PPDE:
Posterior Probability of being Differentially Expressed, FC: Fold Change 30% over 15% salt)
relative to the enzymes from plants, animals and fungi. Circled “C” indicates protist
sequences predicted to encode cycloartenol synthase based on residue conservation (taxa
boxed in Figure 3.38). Bootstrap values (>50%) are indicated at branch nodes. The scale bar
indicates the substitution rate/site.
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production (Figure 3.38; Hart et al. 1999; Herrera et al. 2000; Meyer et al. 2002;
Segura et al. 2002; Suzuki et al. 2006). Secondly, H. seosinensis expressed
cycloeucalenol isomerase, which produces obtusifoliol along the plant-like branch of
the pathway (Desmond and Gribaldo 2009). Thirdly, the sequence related to sterol
demethylase in H. seosinensis contained a conserved residue specifying preference
for the plant-specific substrate obtusifoliol (Figure 3.39; Gotoh 1992; Lepesheva et
al. 2006).
Although the end products of sterol synthesis in H. seosinensis remain to be
determined experimentally, transcriptional repression of several genes of the
pathway indicated that probably less sterol accumulated in the cell at high salt.
Cycloeucalenol isomerase (mentioned above) showed 2.7-fold repression, while
other repressed enzymes were related to squalene monooxygenase (5.3-fold
repression) and sterol 24-C-methyltransferase (2.5-fold repression). Interestingly, a
decrease in membrane sterol content at increasing salinity was measured directly in
the halotolerant yeasts Yarrowia lipolitica and Debaryomyces hansenii (TunbladJohansson et al. 1987; Andreishcheva et al. 1999).
Lower sterol synthesis at high salt implies reduced sterol transport. Proteins
involved in transport of sterol and sterol-modified lipids include the Patched (Ptc)
domain-containing proteins (Kuwabara and Labouesse 2002). Interestingly, in H.
seosinensis, among the five expressed proteins containing a Ptc domain
(PFAM02460), four were repressed at high salt (4.2- to 220-fold repression; NPC1related proteins in Table 3.8). This protein family includes the Niemann-Pick type C1
(NPC1) protein, to which all H. seosinensis proteins were evolutionarily affiliated
(TIGR00917). As previously reported for NPC1 proteins of N. gruberi and a few
stramenopiles and ciliates (Adebali et al. 2016), H. seosinensis proteins lacked the Nterminal domain commonly found in metazoa, fungi, amoebozoa and plant NPC1, but
expressed this domain as a separate protein (ORF m.51528). The NPC1 N-terminal
domain is potentially involved in transfer of cholesterol from NPC2 to NPC1, thus
suggesting that this interaction is probably non-existent or occurs differently
outside Amorphea and plants (Li et al. 2016).
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Fig. 3.38. Partial alignment of oxidosqualene cyclase sequences showing the catalytic
aspartate residue (circle) and residues that confer specificity for cycloartenol (triangle) in A.
thaliana cycloartenol synthase (in bold, P38605.2; Hart et al. 1999; Herrera et al. 2000;
Segura et al. 2002). Protist sequences perfectly matching these residues are boxed.
Sequences included in collapsed clades in Figure 3.37 are indicated (chlorophytes,
kinetoplastids, fungi and animals). Enzymes experimentally characterized as cycloartenol
synthase in D. discoideum (Godzina et al. 2000), and as lanosterol synthase in T. brucei
(Buckner et al. 2000), S. cerevisiae (Corey et al. 1994) and H. sapiens (Thoma et al. 2004) are
indicated in bold.
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Fig. 3.39. Partial alignment of sterol 14-alpha-demethylase sequences showing residues
(boxed) specific for obtusifoliol (F) or lanosterol (I/L) based on a study of Trypanosoma
cruzi enzyme (in bold, XP_821219.1) where a single mutation from Ile to Phe induced a shift
in specificity from lanosterol to obtusifoliol (Lepesheva et al. 2006). Obtusifoliol specificity
is also observed in Trypanosoma brucei (XP_828695.1), and plants like Arabidopsis thaliana
(NP_172633.1; Kushiro et al. 2001), Sorghum bicolor (P93846.1; Bak et al. 1997) and Zea
mays (NP_001168886.1; Taton and Rahier 1991), while activity specific for lanosterol is
observed in fungi like Phanerochaete chrysosporium (ACI23621.1; Warrilow et al. 2008),
Candida albicans (AIX03612.1; Song et al. 2004) and Saccharomyces cerevisiae (GAA23717.1;
Aoyama et al. 1984), and animals like Danio rerio (NP_001001730.2; Morrison et al. 2014),
Mus musculus (AAF73986.1; Keber et al. 2011) and Homo sapiens (3LD6; Strömstedt et al.
1996).
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NPC1 proteins also encode a five transmembrane sterol-sensing domain (SSD,
PFAM12349) that potentially monitors free sterol level in the membrane,
consequently affecting sterol transport (Li et al. 2016). Each H. seosinensis NPC1related sequence encoded at least one SSD, and in three cases, it contained two SSDs,
which is uncommon. These domains are also found in a variety of animal proteins
involved in cholesterol and lipid homeostasis, like the Sterol regulatory elementbinding protein Cleavage-Activation Protein and 7-dehydrocholesterol reductase, in
which it binds sterol embedded in the lipid bilayer (Ohgami et al. 2004; Feldman et
al. 2015).
The mechanism of action of NPC1 is still ambiguous, but in mammals it is
involved in intracellular cholesterol trafficking, especially in neuron cells, and in
sphingolipid metabolism and transport (Sugimoto et al. 2001; Zervas et al. 2001;
Zhang et al. 2001; Yu et al. 2014). Similar to mammalian cells, npc1 mutants of the
filamentous fungus Fusarium graminearum have impaired sterol transport
(Breakspear et al. 2011). However, defective NPC1 not only results in impaired
transport of cholesterol but also of glycosphingolipids and spingosine (Lloyd-Evans
and Platt 2010). Furthermore, no sterol homeostasis disruption is observed, but
sphingolipid metabolism is perturbed in A. thaliana when the NPC1-like protein is
knocked-out or in S. cerevisiae when the SSD of the NPC1 homolog is mutated
(Malathi et al. 2004; Feldman et al. 2015). The latter observations suggest that NPC1
might be a multi-substrate transporter, but indicate that these repressed genes in H.
seosinensis might be involved at least in lipid transport. Therefore, although
functions for these genes in H. seosinensis stay undetermined, I assume that
sterol/sphingolipid transport for structural purposes was affected at high salt, in
line with repression of sterol-related genes.
In addition to transcriptional regulation, sterol homeostasis is also achieved
by cycles of esterification and hydrolysis that respectively induce sterol withdrawal
from the membrane and sterol insertion in the membrane. Sterol esterification,
catalyzed by sterol O-acyltransferases (SOAT), leads to accumulation of sterol esters
in cytoplasmic fat droplets since these molecules are less soluble in the membrane
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bilayer (Rogers et al. 2015). Conversely, hydrolysis by sterol esterases, results in
free sterols being inserted back in the membrane. This represents the main shortterm sterol regulation mechanism in mammals, yeasts and plants, and was also
described in the apicomplexan parasite Toxoplasma gondii (Yang et al. 1996;
Schaller 2004; Lige et al. 2013; Rogers et al. 2015). Halocafeteria seosinensis
expressed two genes related to SOATs (ORFs m.17881 and m.78053). Consistent
with repression of sterol synthesis, m.17881 was up-regulated at high salt (5.9-fold
increase; Table 3.8), suggesting that membrane sterol level was potentially lower in
this condition.
SOAT are enzymes with varying levels of specificity/preference. For example,
although cholesterol is the best substrate of acyl-CoA cholesterol acyltransferase,
the mammalian SOAT, the enzyme can also esterify other types of sterol including
oxysterol, plant sterols and yeast sterol (Zhang et al. 2003; Rogers et al. 2015). The
same is also observed for A. thaliana sterol acyltransferase 1 (AtSAT1) that esterifies
lanosterol, stigmasterol, sitosterol, with in vitro preference for cycloartenol (Chen et
al. 2007). Higher levels of SOAT lead to more sterol esters as shown in A. thaliana,
where overexpression of AtSAT1 led to a twofold increase of sterol ester and a
reduction from 59% of free sterol in wild type to 28% in transgenic plants (Chen et
al. 2007). Thus, over-expression of these genes in H. seosinensis could be linked to
membrane sterol homeostasis, perhaps with varying substrate specificity, where
less membrane sterol would be required to ensure a fluid membrane a high salt.
Halocafeteria seosinensis sequences contain the MBOAT family motif
FYxDWWN shown to be essential for SOAT catalytic activity (Figure 3.40; Guo et al.
2001). However, SOATs belong to the membrane-bound O-acyltransferase (MBOAT)
family that also includes diacylglycerol O-acyltransferases (DGAT). Unfortunately, a
survey of papers that identified functional residues in SOAT and DGAT based on
sequence analyses and mutation studies indicated that no functional residues are
universally and exclusively conserved in each group (Cao et al. 1996; Oelkers et al.
1998; Guo et al. 2001; Lin et al. 2003; Guo et al. 2005; An et al. 2006; Cao 2011).
Therefore, although phylogenetic analysis indicated that H. seosinensis putative
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Fig. 3.40. Partial alignment of membrane-bound O-acyltransferase sequences showing the
family motif FYxDWWN (boxed).
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SOAT sequences clustered with other SOAT-related sequences at the exclusion of
DGAT sequences (with high bootstrap support, 99% and 90%; Figure 3.41), I could
not determine confidently the function of these enzymes based on conserved
functional residues.
Sterol is inserted back in the plasma membrane after hydrolysis of the acyl
chain by sterol esterase. Interestingly, the gene closest to yeast sterol esterases in H.
seosinensis (i.e. S. cerevisiae genes TGL1, YEH1 and YEH2; Valachovic et al. 2002;
Koeffel et al. 2005) was not differentially expressed. Other genes in H. seosinensis
encoded the lipase domain alpha beta hydrolase but could not be associated to
sterol esterase based on sequence conservation. This suggests that H. seosinensis
does not transcriptionally regulate sterol esterase as a mechanism of generating
more free sterol to insert in the membrane.
Twelve molecules of oxygen are required to synthesize one sterol molecule
(Summons et al. 2006). As mentioned previously, oxygen solubility is depressed at
high salt, raising the question of whether the repression of sterol synthesis at high
salt was actually a result of lower oxygen availability. However, I infer that this is
unlikely: although yeasts are auxotrophic for sterol when grown in complete
absence of oxygen (Andreasen and Stier 1953), low oxygen availability actually
stimulates transcription of sterol biosynthetic enzymes (Hughes et al. 2005; Todd et
al. 2006; Chun et al. 2007; Synnott et al. 2010). Meanwhile, the transcriptome of H.
seosinensis indicates that it is respiring at high salt, implying some oxygen
availability. This argues against an oxygen-dependent repression of sterol synthesis
at high salt in H. seosinensis and suggests that another factor, potentially a need for
increased membrane fluidity, was involved.
3.6.2- Mitochondrial Membrane Restructuring by Cardiolipin Remodeling
Cardiolipin, a signature lipid of the mitochondrial inner membrane,
represents an essential structural component that modulates the membrane
properties and interacts with several membrane proteins (Luévano-Martínez and
Kowaltowski 2015). It also contributes to biogenesis, assembly and stability of the
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Fig. 3.41. Maximum-likelihood phylogenetic tree for membrane-bound O-acyltransferases
including sequences annotated as diacylglycerol O-acyltransferase (DGAT, grey box) and
sterol O-acyltransferase (outside the grey box). For H. seosinensis sequences (in bold), the
Posterior Probability of being Differentially Expressed (PPDE) and the Fold Change (FC,
30% over 15% salt) is indicated. Bootstrap values (>50%) are indicated at branch nodes.
The scale bar indicates the substitution rate/site.
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respiratory chain supercomplexes (Zhang et al. 2005; Joshi et al. 2009; Acehan et al.
2011), to mitochondrial DNA stability and segregation (Luévano-Martínez et al.
2015) and it also anchors cytochrome c specifically and irreversibly to the
membrane (Rytömaa and Kinnunen 1994).
Cardiolipin results from the condensation of cytidine
diphosphodiacylglycerol with phosphatidylglycerol catalyzed by cardiolipin
synthase (Schlame et al. 1993). This enzyme was present but not differentially
expressed in H. seosinensis (Table 3.9). It is then remodelled to mature, more
unsaturated cardiolipin by deacylation forming monolysocardiolipin followed by
reacylation with another fatty acid catalyzed by tafazzin (Schlame and Rüstow 1990;
Gu et al. 2004). In rat, the enzyme responsible for deacylation of immature
cardiolipin is a mitochondrial phospholipase A2 (Zachman et al. 2010), while in
yeast, this reaction is catalyzed by the lipase Cld1p (Beranek et al. 2009).
Alternatively, acyl remodelling can potentially occur via a single transacylase step
without the intervention of a lipase (Vreken et al. 2000; Xu et al. 2003; Schlame
2013). In H. seosinensis, I could not identify the enzyme performing the lipase step
since several proteins were distantly related to the rat and yeast sequences.
However, a gene related to tafazzin (ORF m.48339), for which the predicted protein
encoded a mitochondrial transit peptide, was 2.1-fold up-regulated at high salt,
suggesting that increased cardiolipin remodelling was part of H. seosinensis high salt
transcriptional program.
As previously discussed, H. seosinensis was most probably exposed to high
levels of ROS at high salt. Given that mature cardiolipin is vulnerable to oxidative
damage, especially due to its polyunsaturated state (Kim et al. 2011), a plausible
explanation of tafazzin up-regulation and induced remodelling would be as a way to
remove ROS-damaged acyl chains in order to replace them with unaltered chains, as
suggested by Baile et al. (2013). If not repaired, peroxidized cardiolipin leads to
decreased activity of complexes I, III and IV, for instance (Paradies et al. 2000, 2001,
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0.85
0.48
0.41
0.38

4.66E-01
1.98E-15
1.05E-14
1.03E-05

-0.21
-1.05
-1.26
-1.34

4.19E-01
1.08E-04
8.56E-05
1.86E-03

0.06
1.00
1.00
0.97

Fatty acid elongases (FAE)
m.26086
32.01
35.33
m.59689
85.46
52.47
m.60210
170.73
92.31
m.45555
71.26
36.19

-0.17
-1.03
-1.25
-1.30

-1.12
0.13
0.63
0.25
-0.41
-0.68
-0.03

5.81E-05
3.71E-01
8.13E-03
1.83E-01
1.69E-02
7.35E-03
8.61E-01

1.00
0.09
0.96
0.09
1.00
0.75
0.02

Fatty acid desaturases (FAD)
m.39033
197.76
116.38
m.34478
145.42
204.30
m.67707
244.20
457.97
m.88596
60.19
87.56
m.75259
126.28
119.98
m.8345
166.22
133.92
m.68423
260.18
326.82
-1.14
0.11
0.58
0.21
-0.44
-0.69
-0.04

-1.59
-0.98

4.27E-03
1.04E-02

7.54E-23
5.23E-01
4.77E-03
3.86E-01
1.22E-03
1.65E-03
8.58E-01

-3.98
2.05

1.61E-06
1.04E-03

0.45
1.08
1.50
1.16
0.73
0.61
0.96

0.01
1.10

9.78E-01
3.91E-04

VOOM-LIMMA
Adjusted
p-value
log2FC

Abundance (TPM)
EBSeq
DESeq2
ORF
15%
30%
Post fold Adjusted
names
salt
salt
change
p-value
PPDE
log2FC
Cardiolipin synthesis
m.62852
32.35
40.47
0.00
0.97
8.99E-01
-0.03
m.48339
14.10
37.24
1.00
2.11
2.04E-07
1.07
Phosphatodylglycerol (PG) / phosphatidylinositol (PI) transport
m.67395
1959.17 156.93
1.00
0.06
5.60E-44
-3.91
m.67401
1000.75 5366.43 1.00
4.03
7.31E-07
1.94
PI and phosphatidylethanolamine synthesis
m.10411
144.53
60.14
1.00
0.32
2.40E-09
-1.63
m.47108
82.70
53.75
1.00
0.50
1.06E-05
-0.99

Long-chain FAE
Long-chain FAE
Long-chain FAE
Long-chain FAE

Delta12 FAD
Delta12 FAD
Delta9 FAD
Delta6 FAD
Delta6 FAD
Delta6 FAD
Delta4-sphingolipid
FAD
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PI synthase
Phosphoethanolamine
cytidylyltransferase

PG/PI transfer potein
PG/PI transfer potein

Cardiolipin synthase
Tafazzin

Annotation
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2.17E-03
3.49E-02
4.63E-03
9.90E-01
7.14E-01
9.02E-02
1.86E-01
2.16E-01

-0.91
0.43
0.75
0.00
0.05
0.37
0.32
0.18

VOOM-LIMMA
Adjusted
p-value
log2FC
ELFCS
ELFCS
ELFCS
ELFCS
ELFCS
ELFCS
ELFCS
ELFCS

Annotation
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Abbreviations: TPM, averaged transcripts per million; PPDE, Probability of being Differentially Expressed, Post Fold Change, posterior fold
change (30% over 15% salt); log2FC, log2 fold change (30% over 15% salt); NA, not available due to an extreme count outlier in one of the
samples.

Abundance (TPM)
EBSeq
DESeq2
ORF
15%
30%
Post fold Adjusted
names
salt
salt
change
p-value
PPDE
log2FC
Eukaryotic long-chain fatty acid CoA synthetase (ELFCS)
m.10561
159.56
108.87
0.96
0.52
NA
-0.93
m.78263
6.92
12.05
0.96
1.35
3.99E-02
0.44
m.30351
3.45
7.62
1.00
1.69
5.29E-04
0.76
m.83169
13.62
17.75
0.05
1.02
9.28E-01
0.04
m.33721
33.24
43.51
0.01
1.01
8.76E-01
0.02
m.81834
40.82
63.54
0.06
1.25
2.37E-01
0.32
m.85588
66.00
106.41
0.19
1.24
3.08E-01
0.31
m.1208
83.24
119.13
0.41
1.12
3.08E-01
0.16

2002; Musatov 2006). Concordantly, yeasts and human cells lacking tafazzin suffer
from increased oxidative damage (Chen et al. 2008; Gonzalvez et al. 2013).
Alternatively, cardiolipin, as a fundamental structural component of the
mitochondrial membrane, confers specific elastic and viscous properties, allowing
for reversible expansion/stretching and contraction. This is especially important in
non-permissive growth conditions (high temperature, salt or osmolarity: LuévanoMartínez and Kowaltowski 2015). Indeed, cardiolipin-lacking mitochondria display
weakened osmotic stability and are potentially more subject to leakage due to
altered swelling and shrinkage behaviours (Koshkin and Greenberg 2002). Tafazzinmediated remodelling impacts the organelle architecture since tafazzin, for which
substrate specificity depends on the membrane physical properties, can quickly
reshuffle acyl groups locally, conferring flexibility of the lipid composition, as a
‘membrane chaperone’ that allows fusion, fission, bending and flattening of the
membrane (Schlame et al. 2012). Therefore, up-regulation of tafazzin might be a
way to increase mitochondrial morphological adaptability at high salt in H.
seosinensis. Salt intrusion is likely to occur, at least accidentally, in a medium with
salinity as extreme as 30%, and a higher level of tafazzin might contribute to
maintaining homeostatic conditions and preventing mitochondrial dysfunction.
3.6.3- Lipid Transport and Synthesis
Two genes encoding lipid recognition domains were identified that had
recently duplicated (i.e. after the divergence of Cafeteria roenbergensis and H.
seosinensis from their common ancestor) but had drastically different expression
patterns, and thus represented excellent ecoparalog candidates (Figure 3.42). They
were encoded next to each other on the genome. One was 16-fold repressed at high
salt (m.67395) while the other was 4.0-fold up-regulated (m.67401), and both of
them had transcript abundance among the highest in their respective favored
salinity (1,959 TPM, rank 95 at 15% salt, and 5,366 TPM, rank 7 at 30% salt
respectively, Table 3.9). The homologous Cafeteria roenbergensis mRNA transcript
(from the MMETSP) also had high relative abundance (4,317 TPM, rank 32)
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Fig. 3.42. Maximum-likelihood phylogenetic tree for gene duplication cluster 455 (grey
box): phosphatidylglycerol/phosphatidylinositol transfer proteins. For H. seosinensis
sequences (in bold), the Posterior Probability of being Differentially Expressed (PPDE) and
the Fold Change (FC, 30% over 15% salt) is indicated. Bootstrap values (>50%) are
indicated at branch nodes. The scale bar indicates the substitution rate/site. * Sequences
generated from Tiarina fusus were potentially contaminated with sequences from the food
source Rhodomonas lens.
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suggesting these proteins have important functions. While m.67395 had no targeting
sequence predicted with confidence, the probability that m.67401 (up-regulated at
high salt) encoded a signal peptide was relatively high, at 0.83.
These genes encoded a MD-2-related lipid recognition domain (PFAM02221)
characteristic of a family of four groups of proteins that mediate diverse biological
functions involving lipid metabolism and transport, possibly through specific
interactions with lipids (Inohara and Nunez 2002). The H. seosinensis ecoparalogs
were most closely affiliated to a group of phosphatidylglycerol /
phosphatidylinositol transfer proteins (PG/PI-TP) that are responsible for the
intermembrane movement of phospholipids, although their physiological function is
undetermined (Wirtz 1991). The closest characterized homolog available, expressed
by Aspergillus oryzae, was shown to transfer preferentially PG and PI but also
phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine (Record et
al. 1995). Similarity between A. oryzae PG/PI-TP sequence and m.67395 was
detectable by BLASTP comparison (28% identical) while multiple alignment by eye
was necessary to reveal that m.67401 was 18% identical to this protein.
Transcription of the A. oryzae gene was stimulated by phospholipid
supplementation of the medium and co-accumulation of mRNA transcripts and
related proteins was observed (Record et al. 1999).
The substantial difference in expression pattern between these two genes in
H. seosinensis suggested that membrane phospholipids needed to be adjusted as a
response to increased salinity. Further experiments are required to determine what
types of phospholipid were transferred as well as their cellular localisation, but this
observation prompted me to investigate lipid synthesis in search of additional clues
regarding substrate specificity of these transfer proteins.
Identifying lipid biosynthetic enzymes was complicated, since H. seosinensis
sequences were typically distantly affiliated to proteins that had been studied and
because many of them putatively have broad substrate specificity, like
choline/ethanolamine phosphotransferases and kinases that can process either
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choline- or ethanolamine- containing phospholipids (Lykidis 2007). In any case,
most genes predicted to be involved in lipid synthesis in H. seosinensis were not
differentially expressed, with the exception of two enzymes: phosphatidylinositol
synthase (PIS) and phosphoethanolamine cytidyltransferase (PEC). These proteins
were unambiguously identified by phylogenetic analyses and by specific domain
arrangement.
PIS synthesizes phosphatidylinositol using CDP-diacylglycerol and myoinositol as substrates. Only one sequence was related to this enzyme in H. seosinensis
(ORF m.10411, 42% identical to rat PI synthase; Monaco et al. 1994) and it was 3.1fold repressed at high salt (Table 3.9). The sequence predicts a fourfold-spanning
membrane protein encoding a signal peptide and the ER retention signal KKxx. This
suggests that it localized in the ER membrane, like the fungal, plant and mammalian
enzymes (Antonsson 1997; Löfke et al. 2008; Bochud and Conzelmann 2015). A saltinduced decrease of phosphatidylinositol was also reported in the halotolerant yeast
D. hansenii (Tunblad-Johansson et al. 1987). However, in addition to its structural
role, phosphatidylinositol is the precursor for several derivatives involved in a
diverse array of biological functions including glycolipid anchoring of proteins
(Paulick and Bertozzi 2008), cell signalling (Divecha and Irvine 1995), vesicle
trafficking (Martin 2001) and endocytosis (Sun et al. 2007). Therefore, with so many
roles, deciphering the reason for transcriptional repression of PIS at high salt would
require further investigation.
PEC participates in phosphatidylethanolamine synthesis by condensing
phosphoethanolamine with CDP. In H. seosinensis, the most closely related gene
(m.47108), 2.0-fold repressed at high salt, encoded two cytidyltransferase domains
(CD02174 and CD02173) which is a common feature of this enzyme (Lykidis 2007).
No signal sequence could be predicted, consistent with the cytoplasmic localization
of the enzyme in mammals (Vermeulen et al. 1993; Bleijerveld et al. 2004), T. brucei
(Gibellini et al. 2009) and P. falciparium (Maheshwari et al. 2013).
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In contrast, PEC in plants and in the alga Chlamydomonas reinhardtii localizes
to the outer membrane of mitochondria or the ER membrane (Wang and Moore
1991; Yang et al. 2004; Mizoi et al. 2006). Signal peptides can be predicted for these
sequences only with low or moderate support (probability between 0.38-0.79).
These enzymes possess an extra N-terminal transmembrane region, not detected in
the cytoplasmic versions (i.e. from mammals, T. brucei and P. falciparium), that is
also found in H. seosinensis predicted protein. Therefore, PEC in H. seosinensis is
potentially more similar to the plant version in terms of regulation and physiological
activity.
Nevertheless, in both mammals and plants, PEC is highly specific for
phosphoethanolamine and, as the rate-limiting step of the pathway, is considered
the key-regulatory enzyme of phosphatidylethanolamine synthesis (Sundler and
Akesson 1975; Wang and Moore 1991; Vermeulen et al. 1994; Bladergroen and van
Golde 1997; Tang and Moore 1997; Maheshwari et al. 2013). Altogether, this
suggested that phosphatidylethanolamine synthesis was repressed at high salt in H.
seosinensis as observed in the halotolerant yeast D. hansenii and the halophilic yeast
Phaeotheca triangularis (Andreishcheva et al. 1999; Turk et al. 2004). This result
also relates to salt adaptation in bacterial membranes, where
phosphatidylethanolamine is predicted to destabilize the bilayer phase at higher
salinities (Russell 1989).
Regarding phosphatidylglycerol synthesis, H. seosinensis putative
phosphatidylglycerophosphate synthase (m.79658), that catalyzes the committed
step of the pathway (Greenberg and Lopes 1996; Alder 2012) was not differentially
expressed. This sequence encoded the catalytic domains of eukaryotic
phosphatidylglycerophosphate synthase (CD09135 and CD09137) and a
mitochondrial targeting peptide. In non-photosynthetic eukaryotes,
phosphatidylglycerol is found exclusively in mitochondrial membrane as a minor
constituent where it is rapidly converted to cardiolipin (Daum 1985; Horvath and
Daum 2013). Other than being a precursor for cardiolipin, phosphatidylglycerol was
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therefore unlikely to influence the property of membranes, especially the plasma
membrane, in response to variations in extracellular salinity.
In summary, I found evidence for the transcriptional regulation of genes
involved in phosphatidylinositol and phosphatidylethanolamine synthesis. Two
enzymes, PIS and PEC, indicated that synthesis of these lipids was potentially
repressed at high salt. It is tempting to speculate that the ecoparalog related to lipid
transfer proteins that was up-regulated at low salt might be involved in the
transport of phosphatidylinositol or phosphatidylethanolamine. Obviously, testing
this hypothesis will require additional experimental work.
3.6.4- A Note on Lipid Saturation and Elongation
The length and saturation level of fatty acyl chains impact membrane fluidity,
with a greater number of double bonds and shorter chain lengths increasing fluidity
(Lodish et al. 2000; Beney and Gervais 2001). In H. seosinensis, putative desaturases
(with domain PFAM00487) were not differentially expressed, with the exception of
a gene related to delta12 fatty acid desaturases (CD03507) that was 2.2-fold
repressed at high salt (Table 3.9). The related enzyme potentially functions in the ER
since it encoded the retention signal KDEL. If this enzyme acted on lipid exported to
the plasma membrane, its down-regulation at high salt is unexpected since it would
theoretically lead to lower membrane fluidity in a condition that favors reduced
fluidity.
By contrast, a set of genes encoding long chain fatty acid elongases
(PFAM01151) were repressed at high salt (2.1- to 2.6-fold), concordantly with a
theoretical need for shorter acyl chains in this condition (Table 3.9). Enzymes of this
family are involved in the synthesis of very long fatty acids (>20 carbons; Oh et al.
1997). Another set of genes related to eukaryotic long-chain fatty acid CoA
synthetases (CD05927) that activate fatty acid with chain lengths between 12 and
20 were not differentially expressed.
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3.6.5- Summary of Section 3.6
In summary, genes involved in sterol biosynthesis and transport were
repressed at high salt, while genes involved in generating steryl esters were upregulated, suggesting that levels of free (unesterified) sterol might be lower at high
salt. I also detected repression of phosphatidylinositol and
phosphatidylethanolamine synthesis and fatty acid elongases at high salt. In addition,
high salt indirectly affected mitochondrial membranes by stimulating remodeling of
cardiolipin, a signature lipid of the inner mitochondrial membrane. Finally, two
recently duplicated genes with strikingly different expression patterns indicated
that lipid intermembrane flow differed in both conditions supporting the idea that
membranes were affected by the extracellular salinity.
Based on these transcriptomic data, a tentative model for lipid metabolism in
H. seosinensis as a response to higher extracellular salinity includes: repression of
synthesis, transport and insertion of sterol in plasma membrane, remodelling of
mitochondrial cardiolipin, and decreased fatty acid elongation. Expression of several
of these genes might result in membrane fluidity adjustment. Especially,
intracellular content is likely to influence the properties of membrane systems. For
example, H. seosinensis potentially synthesized ectoine and hydroxyectoine (see
chapter 2), molecules that have been shown to have a fluidizing effect on bilayer
systems (Harishchandra et al. 2010), suggesting that, in addition to their putative
role as organic osmolytes, these molecules could influence membrane fluidity.
Concordantly, the enzyme synthesizing hydroxyectoine was 220-fold up-regulated
at high salt. Looking forward, direct measurement of lipids in varying membrane
fractions is required to describe further H. seosinensis adaptation and to confirm the
role of differentially expressed genes identified by my transcriptome analysis.

197
197

3.7- Carbohydrate Metabolism is Affected by Salinity Variation
A substantial proportion of genes related to glycoside hydrolases and sugar
transporters were up-regulated at high salt. More specifically, six of them (2.1- to
9.1-fold increase) were related to hexaminidase, polygalacturonase, α-xylosidase
and α-galactosidase (glycoside hydrolase families 20, 28, 31 and 36), and five genes
(3.1- to 44-fold increase) were related to transporters of the Major Facilitator
Superfamily (domains of transporters for sugar – PFAM00083, for nucleotide-sugar
– COG5070, and for triose-phosphate – PFAM03151; Table 3.10). Enhanced
expression of these genes indicated that the intracellular carbohydrate content
might be higher at high salt. In line with this possibility was the up-regulation (2.4fold) of fructosamine-3-kinase (PFAM03881). This enzyme removes unwanted
fructosamine residues added to proteins during spontaneous glycation, a
phenomenon that is proportional to intracellular glucose concentration (Delpierre
and Van Schaftingen 2003). This enzyme in H. seosinensis possessed the conserved
aminoglycoside kinase motif PxLXHGDLWSxN (Figure 3.43).

Fig. 3.43. Partial alignment of fructosamine-3-kinase sequences showing the
aminoglycoside kinase motif (PxLxHGDLWSxN, boxed).
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Abundance (TPM)
ORF
15%
30%
names
salt
salt
Glycosyl hydrolases
m.38126
0.23
2.67
m.17615
1.66
8.01
m.13232
1.60
7.90
m.67061
12.85
39.68
m.46314
20.07
57.53
m.78119
14.77
38.35
m.40656
11.71
25.06
m.49098
12.07
20.47
m.66740
7.58
7.88
m.86396
28.21
35.19
m.7502
97.99
128.78
m.33616 123.92
131.14
Sugar transporters
m.89759
1.17
68.97
m.27262
4.84
61.52
m.51724
1.84
10.60
m.52982
1.69
7.36
m.15888
6.44
25.34
m.27173
1.61
4.68
m.1448
17.98
12.83
m.69236
13.73
20.67
m.93427
32.87
35.63
m.79269
34.78
45.45
44.03
9.40
4.95
3.47
3.11
2.31
0.54
1.19
0.83
1.04

1.00
1.00
1.00
1.00
1.00
0.64
1.00
0.13
0.26
0.03

7.78E-114
1.44E-26
NA
1.10E-10
1.20E-12
4.19E-02
3.15E-05
2.62E-01
1.64E-01
8.22E-01

0.00E+00
1.80E-04
4.12E-14
2.93E-10
3.16E-04
1.09E-03
4.47E-03
1.68E-02
4.44E-01
7.89E-01
8.85E-01
1.24E-02

9.09
4.02
3.97
2.46
2.30
2.08
1.69
1.30
0.79
0.96
1.02
0.81

1.00
1.00
1.00
1.00
1.00
1.00
0.96
1.00
0.46
0.06
0.02
1.00
5.41
3.17
2.09
1.76
1.62
1.13
-0.87
0.25
-0.25
0.06

3.09
1.89
1.96
1.29
1.18
1.03
0.75
0.39
-0.34
-0.05
0.03
-0.30

DESeq2
Adjusted
p-value
log2FC

EBSeq
Post fold
PPDE change

1.62E-07
5.39E-06
2.90E-03
1.19E-04
8.29E-05
3.78E-02
1.78E-03
1.49E-01
1.54E-01
5.98E-01

0.00E+00
1.18E-03
6.71E-05
1.38E-04
2.51E-03
4.49E-03
7.79E-03
1.97E-02
1.61E-01
8.28E-01
7.24E-01
7.61E-02

5.56
3.41
2.42
1.78
1.62
1.10
-0.87
0.26
-0.22
0.09

3.36
2.05
2.01
1.32
1.25
1.05
0.78
0.43
-0.44
-0.03
0.06
-0.28

VOOM-LIMMA
Adjusted
p-value
log2FC

Table 3.10. Expression of genes involved in carbohydrate metabolism in Halocafeteria seosinensis
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1.26
5.38
1.14
0.20
0.55
0.58

5.38E-05
8.41E-23
4.31E-06
7.54E-01
9.41E-02
3.29E-01

4.39E-05
6.53E-04
7.40E-01
2.51E-02
2.01E-01

2.11E-03

7.78E-02
5.75E-03
4.73E-02
3.59E-03
5.12E-03
1.38E-02
2.28E-01
7.69E-01
5.83E-01

0.53
-0.58
0.33
-0.67
0.95
-0.64
0.43
-0.08
-0.17

6.53E-01
4.74E-04
9.16E-02
2.03E-04
1.67E-03
NA
NA
7.71E-01
8.28E-01

5.89
1.16
0.13
0.70
0.67

1.28

4.44
-0.58
0.36
-0.65
0.97
-0.64
0.44
-0.06
-0.29

VOOM-LIMMA
Adjusted
p-value
log2FC

DESeq2
Adjusted
p-value
log2FC

Abbreviations: TPM, averaged transcripts per million; PPDE, Probability of being Differentially Expressed,
Post Fold Change, posterior fold change (30% over 15% salt); log2FC, log2 fold change (30% over 15% salt);
NA, not available due to an extreme count outlier in one of the samples.

Abundance (TPM)
EBSeq
ORF
15%
30%
Post fold
names
salt
salt
PPDE change
Sugar transporters (continued)
m.86348
2.07
7.71
0.18
3.40
m.46478
32.57
28.43
1.00
0.66
m.81966
29.35
46.58
0.47
1.26
m.74602
25.63
20.38
1.00
0.62
m.93347
15.60
38.26
1.00
1.96
m.7151
187.25
154.88
0.55
0.63
m.33602
6.36
10.59
0.12
1.36
m.32446 144.50
179.47
0.02
0.94
m.28531
2.19
2.38
0.17
0.88
Fructosamine-3-kinase
m.82266
61.75
194.56
1.00
2.44
Protein glycosylation
m.59896
0.07
5.34
1.00
56.68
m.15355
8.28
22.77
1.00
2.22
m.27749
3.04
4.76
0.09
1.16
m.26405
4.44
8.70
0.98
1.47
m.37811
15.17
28.59
0.04
1.53
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Metabolized carbohydrates are commonly used as organic osmolytes. They
can also stabilize cell membranes under stress conditions by interacting with the
polar heads of phospholipids (Rudolph et al. 1986). However, since the reactive
reducing end of sugars could threaten other cellular components, for example
during protein glycation (mentioned above), osmoprotective carbohydrates are
typically non-reducing saccharides, like trehalose, or they are modified by addition
of a small neutral molecule, like glycerol, glyceramide or glyceric acid (Roberts
2005). As discussed below I could not unambiguously identify enzymes involved in
the synthesis or transport of such carbohydrates in H. seosinensis.
For example, H. seosinensis expressed two non-differentially expressed genes
(ORFs m.91570 and m.88152) containing both domains required for trehalose
synthesis: trehalose-6-phosphate synthase (PFAM00982) and trehalose-6phosphate phosphatase (PFAM02358). In several eukaryotes, the trehalosesynthesizing enzyme is encoded by a fusion of these genes, but no clear evidence
suggests that the fusion protein can catalyze both required reactions, i.e. formation
of trehalose-6-phosphate from glucose-6-phosphate followed by dephosphorylation
(Avonce et al. 2006; Sook Chung 2008). Both proteins in H. seosinensis encoded a
partial domain non-reciprocally, i.e., m.88152 encoded a partial synthase domain but
a complete phosphatase domain and m.91570 encoded a partial phosphatase
domain but a complete synthase domain, indicating that they might function
cooperatively. However, investigation of functional residues only identified partial
conservation for both proteins (Collet et al. 1998; Morais et al. 2000; Gibson et al.
2002; Rao et al. 2006). Direct measurements of intracellular content are therefore
greatly needed to determine whether up-regulation of glycoside hydrolases and
sugar transporters resulted in carbohydrate accumulation.
Hypothetically, increased carbohydrate-related activity could also be linked
to protein glycosylation, potentially leading to increased protein solubility in
conditions with lower water activity (Schülke and Schmid 1988; Tams and Welinder
1995; Tams et al. 1999). Concordantly, among the five genes encoding the domain of
the glycosyl transferase family 41 (PFAM13844, O-linked β-N-acetylglucosamine
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transferases), two were 2.2- and 57-fold up-regulated, suggesting that protein
glycosylation was stimulated at high salt (Table 3.10). These enzymes transfer Nacetylglucosamine to serine and threonine residues in proteins that are normally
localized in the nucleus or in the cytoplasm.
O-linked glycosylation can have myriad effects on proteins. For example, it
can affect protein structure by increasing stability, can regulate enzymatic activity,
and modulate proteolytic cleavage influencing protein expression and processing
(Van den Steen et al. 1998). However, in response to exposure to a variety of
stressors (salt, hydrogen peroxide, heat, UV light, heavy metals), O-linked
glycosylation increases on a large number of proteins as a protective mechanism in
metazoan cells (Zachara et al. 2004; Selvan et al. 2015). The protective effect of Olinked glycosylation is partly explained by modulation of HSP70 and HSP40
expression and persistence (Zachara et al. 2004). It is possible that the saltdependent overexpression of O-linked β-N-acetylglucosamine transferases in H.
seosinensis is related to a similar protective role.
In summary, overrepresentation of upregulated genes assigned to the class
‘Carbohydrate metabolism and transport’ indicated that high salt stimulated the
expression of genes encoding for proteins that interact with sugars. These were
related to glycoside hydrolases, sugar transporters and O-linked β-Nacetylglucosamine transferases. Potentially, up-regulation of these genes can lead to
intracellular accumulation of carbohydrates, used as osmolytes, or to increased
protein glycosylation. Consistently, overexpression of a gene related to
fructosamine-3-kinase suggested that intracellular sugar concentration was higher
at high salt. Investigation of the intracellular metabolites by H-NMR, HPLC or mass
spectrometry and of glycosylated proteins, for example by lectin purification
followed by a labeling procedure, is required to confirm the likelihood of these
hypotheses.
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3.8- Other Highly Up-Regulated Genes
The systems described above represented the best-case examples describing
aspects of the physiological response of H. seosinensis exposed to very high salt
concentration. This description resulted from an exhaustive examination of the most
up-regulated genes and their affiliated molecular partners. In practice ~70% of
genes that were highly up-regulated (> 5-fold change), highly abundant (> 100TPM),
and that were assigned to informative COG classes (i.e. not considering categories
listed in section 2.5) are discussed in the above sections or in chapter 2 (e.g. ectoine
hydroxylase and amino acid transporters) illustrating that these discussed cases
represent a large portion of the whole phenomenon.
Other sequences that fell in this category but were not discussed above
included genes encoding domains for serine carboxypeptidase (PFAM00450, 70-fold
increase), iron-sulfur assembly scaffold (PFAM01592, 5.3-fold increase), proline 4hydroxylase (COG3751, 31-fold increase), an ADP/ATP transporter (PFAM00153,
68-fold increase), alpha/beta hydrolase (PFAM12695, 6.9-fold increase), aldehyde
dehydrogenase (PFAM00171, 45-fold increase) and ATP-dependent exonuclease V,
helicase superfamily I (COG0507, 65-fold increase; Table 3.11). Although proteins
encoded by these genes were homologous to annotated sequences, the context in
which they operate remained elusive.
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EBSeq
Post fold
change
PPDE
1.00
70.44
1.00
5.31
1.00
31.27
1.00
67.98
1.00
65.07
1.00
6.92
1.00
45.32

DESeq2
Adjusted log2
p-values
FC
8.91E-269 6.09
1.67E-06
2.28
3.12E-76
4.88
6.91E-97
5.95
9.19E-43
5.78
3.23E-19
2.73
2.26E-95
5.41

VOOM-LIMMA
Adjusted log2
p-values
FC
3.65E-05 6.15
1.75E-02 2.33
1.18E-04 5.09
8.19E-05 6.16
5.93E-04 6.32
7.30E-04 2.84
8.19E-05 5.64

Annotation
carboxypeptidase
FeS assembly protein
proline 4-hydroxylase
ADP/ATP transporter
exonuclease V
alpha beta hydrolase fold
aldehyde dehydrogenase
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Abbreviations: TPM, averaged transcripts per million; PPDE, Probability of being Differentially Expressed, Post Fold Change, posterior fold
change (30% over 15% salt); log2FC, log2 fold change (30% over 15% salt).

ORF
names
m.61335
m.43550
m.90674
m.17098
m.19219
m.18900
m.69600

Abundance (TPM)
15%
30%
salt
salt
2.17
195.63
27.81
177.31
23.02
967.87
31.67
2759.06
1.29
116.44
17.15
154.48
6.10
371.06

Table 3.11. Expression of highly up-regulated genes in Halocafeteria seosinensis

4- Conclusion
The ability of protists to grow preferentially at very high salt concentrations
was only recently recognized. Although molecular information about halophilic
microbial eukaryotes like fungi and algae has been accumulating in the past years,
this study represents the first in-depth examination of gene expression in a
halophilic protozoon. The transcriptomic response of H. seosinensis grown at very
high salt concentration included the up-regulation of genes involved in signal
transduction, ion homeostasis, stress response, lipid and carbohydrate metabolism.
These overexpressed genes most likely allowed H. seosinensis to adapt to a sustained
higher level of ionic and oxidative stresses, and to acclimate its plasma membrane to
enhanced hypersaline conditions. In addition, several gene duplication and LGT
events potentially contributed to increase H. seosinensis salt adaptation over
evolutionary time.
This study was only the first step in understanding H. seosinensis halophilicity
at the molecular level. Since transcript level is not necessarily correlated with
protein activity, and other control mechanisms in addition to transcriptional
regulation occur in cells, further work, like quantitative proteomics and
determination of enzymatic activity, is required in order to validate the results
presented in this chapter. Moreover, future experiments designed to dissociate the
influence on gene expression of physico-chemical parameters co-varying with
salinity (e.g. concentration of dissolved oxygen) are greatly recommended.
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Chapter 4 - Conclusion

This thesis demonstrates how deep-sequencing techniques can contribute to
obtain a substantial amount of information about organisms that are difficult to
study in vitro, in this case mainly due to the non-axenic nature of most protozoan
cultures. It allowed the identification of cellular components that are pivotal to salt
adaptation and that need to be further studied and quantified, for example sterols or
ectoine/hydroxyectoine. As with any pioneering work, it also raised several working
hypotheses.
In chapter 2, I suggested that intracellular ion content might be higher in
halophilic protists relative to marine protists. This conclusion needs to be validated
by direct measurements of intracellular salt content. However, the non-axenic
nature of our protozoan cultures hinders any techniques that use cell pellets as
starting material, since the signals coming from the organism of interest and from
the prokaryotic prey need to be dissociated. Techniques that do not require isolating
cells by centrifugation include the patch-clamp technique (Miedema and Assmann
1998) or X-ray microanalysis (Oren et al. 1997). Since the former technique is
contingent on physical contact between a cell and an electrode, P. kirbyi would be a
better candidate since it is bigger than H. seosinensis and does not move as
frantically. Measuring optimal activity of enzymes as a function of salt could also
provide insights into intracellular salt content, assuming that cytoplasmic enzymes
are adapted to the cytosolic salinity.
Similarly, cytosolic accumulation of organic osmolytes must be directly
measured, possibly by proton nuclear magnetic resonance (1H NMR) and mass
spectrometry, to validate the differential gene expression results presented in
chapter 2. Effort must be invested at bringing the organism of interest to feed on a
prokaryotic isolate known to not synthesize the osmolyte meant for detection, or
various controls must be included in order to measure intracellular metabolites of
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the prokaryotic population present in the culture and subtract the prokaryotic signal
from the mixed signals. Preliminary experiments using the latter strategy indicated
that this is a challenging task. Amongst other problems, analysis of the generated
spectra was complicated by the high molecular diversity in the extracts and by the
presence of numerous peaks unassignable to know molecules in reference databases.
Halocafeteria seosinensis expressed ectoine hydroxylase that was 200-fold
up-regulated at 30% salt and that produces hydroxyectoine, a commonly used
osmolyte in bacteria that is also a superior protector against desiccation. Therefore,
accumulation of hydroxyectoine could, in principle, protect H. seosinensis in the case
of complete desiccation though vitrification, as shown in certain bacteria (Tanne et
al. 2014). This ability has ecological implications since it could favor H. seosinensis
dispersal, similarly to the ability to form cysts (which has not yet been reported in H.
seosinensis), and contribute to its worldwide distribution.
In chapter 3, I described the transcriptomic response of H. seosinensis to a
long-term exposure to high salt. A complementary investigation would be to
characterize its response to short-term salinity variations. One could expect this
system to be more dynamic, for instance at the level of ion transport. For example,
mRNA accumulation for plasma membrane H+-ATPase in the halophytic plant
Atriplex nummularia and in tobacco culture cells is recorded only during acute salt
adaptation implying that, once the appropriate proton gradient is established, the
abundance of H+-ATPase returned to the same steady state that preceded exposure
to salt (Niu et al. 1993; Perez-Prat et al. 1994).
Repression of genes involved in cellular respiration suggested that variations
in oxygen level potentially affected gene expression. An experimental framework to
test the impact of such a factor would be to reproduce the gene expression study in
conditions where salinity is stable but oxygen varies. This approach may allow the
disentanglement of the transcriptomic response related to differences in oxygen
availability from the response induced by salinity variation (that includes a
concomitant oxygen-dependent component).
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Prey selectivity is known to affect the growth of protozoa and still little is
known about feeding behavior (Verity 1991; Matz et al. 2002; Beardsley et al. 2003;
Pernthaler 2005). In the context of my study, this was a major concern since prey
bacteria seemed to influence the quality of RNA extracts, where bacteria nonadapted to high salt, like Salinivibrio, would trigger sample degradation but not
extreme halophiles like Haloferax. Since P. kirbyi did not grow well on any tested
Haloarchaea, I did not manage to obtain intact RNA extracts for a differential
expression study of P. kirbyi. Therefore, further characterizations of P. kirbyi gene
expression using transcriptomics will require an exhaustive search for the
appropriate food source.
However, these feeding behaviors point at future ecological research avenues.
Since halophilic protozoa can control prokaryotic abundance (Guixa-Boixareu et al.
1996; Pedrós-Alió et al. 2000; Park et al. 2003), how does prey selectivity affect
grazing rates and thus microbial community composition in hypersaline
environments? Discriminant feeding is easy to observe in P. kirbyi. In Petri dishes,
amoebae of P. kirbyi tend to explore streaks of Haloferax without dividing while, on
Salinivibrio, the migrating front quickly progresses, leaving a cleared zone on its way.
My isolates of Salinivibrio and Haloferax divides optimally at 5% and 18% salt
respectively. Therefore, in a three-organism culture with P. kirbyi as predator, we
can propose that a lower salt concentration (e.g. 10% salt) might lead to gradual
enrichment of Haloferax relative to Salinivibrio over time, while higher salinities (e.g.
20% salt) would disfavor Salinivibrio growth and subsequently P. kirbyi. In contrast,
H. seosinensis feeds well on both Salinivibrio and Haloferax, probably contributing to
its success in a wide range of geographical location. Hence, prey selectivity and
availability is likely to influence both protist and prokaryotic diversity.
Finally, while employing a comparative approach as much as possible, the
work presented in this thesis was nonetheless restricted to single strains of two
species. Over the course of recent research on halophilic protists, it has become
increasingly clear that (borderline) extreme halophily has evolved a large number of
times within eukaryotes and that a wide range of organisms can be studied in a
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laboratory setting (Park et al. 2006; Park et al. 2007; Cho et al. 2008; Park et al.
2009; Park and Simpson 2010, 2011; Foissner et al. 2014; Park and Simpson 2015).
The growing availability of diverse halophilic protist cultures therefore unlocks the
possibility of more systematic and comprehensive investigations. Acquisition of
genomes and transcriptomes from other halophilic protists and related organisms
should indicate whether molecular features observed in H. seosinensis and P. kirbyi
represent converging commonalities in the halophile world or species-specific
adaptations. Pieces of the puzzle of protist evolution are starting to fall into place,
providing a better picture as discoveries will undoubtedly accumulate in the near
future.
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