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1. Introduction
1.1 The intertidal zone, a unique changing habitat with many
stressors
All organisms living in the intertidal zone are subject to recurring, harsh changes in
the environment associated to life in the interface of terrestrial and marine habitats.
These changes include, but are not limited to, mechanical strain, biotic attacks,
pollution, temperature, light (UV), desiccation, changes in salinity (Figure 1), and
control the distribution of organisms in the intertidal zone (Davison & Pearson 1996).
They can therefore be considered stressors, according to the definition of stress as
environmental conditions that decrease growth and reproduction (Davison & Pearson
1996). The following section will give a brief overview of different abiotic stressors
in the intertidal zone.

1.1.1 Abiotic stresses in the intertidal zone
light, UV

evaporation, dessication
pollution
precipitation

temperature

freshwater runoff

mean high water line
turbulence, wave action
grazing
H2O2

intertidal
zone

mean low water line

Figure 1: Graphical representation of different abiotic (and biotic) constraints in the intertidal zone

One of the most obvious stressors is wave action. Close to the water-land interface,
waves exert mechanical stress on algae, so that only very well adapted species, or
even no algae colonize very exposed areas of the shoreline at all.
In more sheltered areas, waves remain a stress factor, but other stressors gain in
relative importance, most of them related to the changing tides. Light, and in
9
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particular ultraviolet (UV) light, is quite well absorbed by water so that changing
water levels as well as emersion and immersion will greatly change intensity and
composition of light perceived by organisms. Light is necessary for photosynthesis,
but at the same time, can cause damage to cells if too intense by inducing the
production of oxygen radicals and also, in the case of UV light, directly damaging
DNA. Finally, the availability and intensity of sunlight has a direct influence on
temperature.
While water temperature in the open ocean remains relatively constant throughout
the day, water temperature in tidal pools or the temperature in the absence of water
during low tide is subject to great variability. Depending on the latitude, water
temperature in tidal pools might be close to the freezing point at low tide in winter.
The opposite is true in summer, when elevated temperatures might become a problem.
During

practical

courses

at

the

Helgoland

Biological

Station

(http://www.awi.de/en/institute/sites/helgoland/), for instance, we have measured the
temperature in some rock pools to be 10°C over that of the open water on a sunny
summer afternoon. These changes in temperature affect algae and other organisms in
several ways. An increase in temperature will generally cause an increase in
respiration and at the same time a decrease in O2 solubility, thus creating an
environment deficient in O2. Parallel changes in the pH might also influence algae
directly and via the availability of HCO3 and CO2.
Similar effects also occur in the course of emersion. In addition, algae will start to
desiccate. Some algae can loose up to 90 % of their intracellular water and entirely
recover when re-immersed into water (Dring and Brown 1982). The effects of
desiccation are generally very similar to those of hypersaline stress, as in both cases
a loss of intracellular water will cause a parallel increase in intracellular ion
concentration. Salinity is generally highly variable in the coastal region and
particularly in the intertidal zone, e.g. in tidal pools (Davison & Pearson 1996), where
evaporation as well as precipitation and freshwater runoff have the highest impact
(Kirst 1989). Collén et al. (2007) suggested that saline stress (both hypo- and
hypersaline) is one of the most important stresses in the intertidal zone.
Over the last decades, human activities have also started to generate additional
stressors through various forms of pollution. Oil spills, heavy metal contaminated
waste water from ships or from industries, anti-fouling paint, or un-treated sewage
10

water have drastically changed the costal areas around the more heavily populated
regions. As, from an evolutionary point of view, these stressors are novel, not many
organisms possess mechanisms to tolerate them. Many of these stressors, however,
have some similarities to natural stresses. Heavy metal and in particular copper stress,
for example, is known to cause an intracellular accumulation of reactive oxygen
species (ROSs) just as many other biotic and abiotic stresses do (Mithöfer et al.
2004).

1.1.2 Photosynthetic organisms in the intertidal zone: a focus on
brown seaweeds
Not very many photosynthetic organisms have adapted to life in the intertidal zone.
While the majority of organisms that inhabit the intertidal zone can follow the tides
and avoid the stresses related to immersion and emersion, seaweeds are usually
immobile and, in order to survive in the intertidal zone, have to rely mainly on cellular
mechanisms to tolerate stress (Ocon 2007).
Probably the most abundant photosynthetic inhabitants of the intertidal zone are
brown algae. Brown algae belong to the chromalveolate kingdom and have evolved to
multicellularity independently from red and green algae, as well as the most
commonly studied eukaryotic lineages - animals, fungi, or green plants (Baldauf
2003, Figure 2).
The phylogenetic distance of brown algae from other multicellular eukaryotes can be
illustrated by a number of unique metabolic pathways and features. Brown algal
plastids, for example, like those of all heterokonts, derive from a secondary
endosymbiosis event with a red alga (Keeling 2004), and are surrounded by four

membranes. Recent genomic analyses furthermore indicate that plastids derived
from secondary endosymbiosis might have replaced an earlier green plastid in
heterokonts (Moustafa et al. 2009), traces of which can still be found in heterokont
genomes. Other unique features include the ability of brown algae to synthesize both
C18 (plant-like) and C20 (animal-like) oxylipins (Ritter et al. 2008), their original cell
wall composition and the associated pathways of cell wall synthesis (Kloareg &
Quadrano 1988, Nyvall et al. 2003, Tonon et al. 2008), and the ability to accumulate
high concentrations of iodine in their cell walls, a trait recently discovered in the kelp
Laminaria digitata (Leblanc et al. 2006).
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Brown algae are also of high ecological importance. One eminent example for this are
kelp forests, which are formed mainly by brown algae of the order of Laminariales
(Bartsch et al. 2008) and provide habitats for thousands of species. Most kelp forests
are found in shallow coastal areas of temperate regions (Mann, 1973), but they have
recently also been discovered in deep-water areas (>30 m) in tropical regions
(Graham et al. 2007).
The economic interest of brown algae is related mainly to their use in the industrial
production of polysaccharides (McHugh 2003). For example, alginate, a brown algal
cell wall polysaccharide, is used both for pharmaceutical purposes (Tønnesen &
Karlsen 2002) and in food industry (Jensen 1993). Another example is the production
of the beta-1,3-glucan laminarin, which can act as an efficient stimulator of plant
defense (Klarzynski et al. 2000).

Figure 2: The tree of eukaryotes (taken from the tree of life project http://tolweb.org/, Maddison et al.
2007)

Considering the economic and ecological importance of brown algae, it is essential to
understand the mechanisms underlying the adaptation of these seaweeds to the
intertidal zone. Understanding how an organism interacts with its natural environment
is the first step towards understanding how (anthropogenic) changes will impact an
12

organism, and the basis of deciphering complex interactions between an organism and
its biotic surroundings. This is particularly true for brown algae, as, due to their
phylogenetic distance from the green lineage including terrestrial plants, they might
have developed very distinct mechanisms of stress tolerance.
Before summarizing what is known about the stress response in seaweed in section
1.3, and in spite of the phylogenetic distance of brown algae from terrestrial plants,
the next section will give a brief overview of the stress response in land plants. There
are several similarities between terrestrial plants and algae including brown algae (e.g.
the fact that they are both sessile photosynthetic organisms with cell walls), and the
approaches that were taken to study terrestrial plants have much inspired my work on
Ectocarpus.

1.2 Abiotic stress tolerance in terrestrial plants
1.2.1 Approaches to studying stress tolerance in terrestrial plants
In terrestrial plants, numerous studies have already addressed the question of the
mechanisms underlying the abiotic stress response, and research in this field was
greatly accelerated by the availability of the Arabidopsis genome sequence (The
Arabidopsis Genome Initiative 2000). Soon after the publication of the genome, a
range of transcriptomic studies examined gene expression profiles in response to
several stresses, starting with mechanical and biotic stress (Reymond et al. 2000),
drought and cold stress (Seki et al. 2001), salt stress (Kawasaki et al. 2001), oxidative
stress (Desikan et al. 2001), iron deficiency (Thimm et al. 2001), and high light stress
(Rossel et al. 2002).
Most of these data are deposited in public repositories in a standardized format
according to the MIAME standards (minimum information about microarray
experiments, Brazma et al. 2001). As of July 2009, Gene Expression Omnibus (Edgar
et al. 2002), one of the largest public repositories available, already contained
standardized information from over 300,000 hybridizations performed with different
organisms, many of which were plants. This ever increasing amount of data now
forms the basis for meta-analyses such as that of Benedict et al. (2006), who managed
to identify a network of genes involved in cold signaling by re-analyzing a large
number of publicly available datasets.
13
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Gene expression is still a major element in studies of plant stress response (as can be
seen from Table 1) although, after an initial “boom” of microarray studies, the
scientific community became increasingly aware of the fact that transcriptomic
regulation was only one several levels of regulation. Recent comparative studies have
examined gene expression profiles along with protein abundance (Branco-Price et al.
2008), enzyme activity (Gibon et al. 2004), and metabolite concentration (Kaplan et
al. 2007; Kempa et al. 2008). Although there was a general correlation between these
measures and transcript abundance, several exceptions to this general trend were
found. Especially in complex metabolic networks, it is very difficult to predict what a
plant will do (metabolite changes, changes in enzyme activity) from what a plant
“thinks” (transcription, Sweetlove 2008). Studies such as those of Branco-Price et al.
(2008), Kaplan et al. (2008) and Kempa et al. (2008) have greatly contributed to our
understanding of the stress response in terrestrial plants by highlighting the
importance of additional levels of regulation.
Table 1: One hundred most frequently used words in the titles and abstracts of publication referenced
in PubMed and containing the keywords “plant” and ”stress” (7046 publications in total) as of July
2009. The most commonly used words are located in the left column. Word counts were performed
using Rankwords 2.0.4 (www.mechanicwords.com). Numbers, conjunctions, articles, etc. were
removed manually.
plant(s)
stress(es)
expression
gene(s)
growth
response(s)
salt
acid
induced
water
activity/activities
protein
increased
drought
tolerance
cell(s)
process
species
ABA
oxidative

conditions
different
showed
proteins
analysis
role
level(s)
high
Arabidopsis
effect(s)
resistance
content
regulation
development
type(s)
increase
environmental
control
root(s)
involved

support
soil
signaling
production
concentrations
leaf/leaves
concentration
treatment
reduced
using
higher
antioxidant
observed
accumulation
molecular
low
changes
transgenic
tissues
significantly

specific
significant
seedlings
rice
enzyme(s)
compared
cellular
abiotic
related
important
NaCl
membrane
including
ROS
revealed
physiological
functional
mechanisms
glutathione
extract

used
function(s)
metabolism
key
identified
decreased
biomass
peroxidase
laboratory
suggest
signal
wheat
present
exposure
UV
seed
model
wild
superoxide
salinity

Recently, transcriptomic and metabolomic studies have been extended to comparisons
of the stress response between different ecotypes or similar species. The most
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prominent object of this type of study is Thellungiella halophila, a particularly (salt)
stress resistant species, closely related to Arabidopsis thaliana (the average sequence
identity is 92 %, Inan et al. 2004). The study of T. halophila has already yielded
valuable information on the mechanisms underlying its stress tolerance, e.g. with
respect to ion uptake and exclusion (reviewed in Amtmann 2009), and the
development of further tools including the Thellungiella genome project
(www.jgi.doe.gov/sequencing/why/50029.html) is currently underway.
The probably most important contribution to understanding the abiotic stress response
in plants, however, comes from more targeted studies, as the analysis of changes in
gene expression will only yield relevant information if complemented by functional
studies of the genes and proteins in question. In Arabidopsis (and other terrestrial
plants) a number of tools have facilitated a seemingly endless number of studies
elucidating the function of specific genes or pathways. These tools include a large
number of mutants (see e.g. Ito et al. 2005), as well as resources for gene silencing
using RNAi (e.g. Hilton et al. 2004).
All together, these studies lead to a relatively complete (from a phycological point of
view) picture of how plants perceive and respond to stress. In the following section, I
will give a few examples illustrating some of the aspects of stress signaling and
response in terrestrial plants, focusing on drought and saline stress.

1.2.2 Stress perception and signaling
Stress, and in particular saline and drought stress, is known to have several effects on
plant cells that lead to the activation of stress signaling pathways, which include
changes in cell turgor, to a certain extent changes in cell volume (Xiong & Zhu 2002),
and in the worst case membrane damage and protein denaturation (Schluze et al.
2005). Membrane proteins such as receptor-like kinases, stretch-dependent ion
(calcium) channels and redox-mediated systems (Urao et al. 1999, Kacperska 2004)
have been identified as osmosensors which activate downstream signaling cascades
(Figure 3).
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cell turgor
membrane damage

signal

receptor-like kinases,
stretch-dependent ion channels

receptors / sensors
2nd messengers

Ca++, ROS, ABA, InsP
MAPK, SOS2, CDPK

posphorylation cascades

EREBP/AP2, bZip, Zn finger

transcription factors
stress response

Figure 3: Stress signaling cascade after Xiong et al. (2002) with some examples for each step given on
the right. ROS = reactive oxygen species, ABA = abscisic acid, InsP = inositol-5-phosphate, MAPK =
mitogen-activated protein kinase, SOS = salt overly sensitive, CDPK = cyclin-dependent protein
kinase, EREBP = ethylene-responsive element binding proteins, AP2 = apetala2, bZIP = basic leucine
zipper, Zn = zinc.

With respect to (drought) stress signaling in terrestrial plants, a distinction is
frequently made between abscisic acid (ABA)-dependent and ABA-independent
pathways (Tuteja 2007). ABA is a C15 isoprenoid derived from the cleavage of C40
carotenoids (Nambara & Marion-Poll 2005). As can be seen from Table 1, ABA is a
common subject in studies examining plant stress. ABA levels in plants increase in
response to most abiotic stresses, but in particular in response to osmotic stress, and
activate a number of other second messengers such as inositol triphosphate, reactive
oxygen species, or phospholipid-based signals (Zhu 2002). ABA has been shown to
be involved in processes such as stomatal closure, but also lipid synthesis and plant
development. Although most commonly studied in plants, ABA has also been shown
to be present in several metazoans, where it appears to play a protective role against
injuries (reviewed in Wasilewsk et al. 2008), and in algae including brown algae,
where it might be an inhibitor of growth (Schaffelke 1995).
One of the first elements of the ABA-independent signaling described in detail was
the dehydration responsive element (DRE) in the cis-terminal region of RD29A, a
gene strongly induced in response to drought and salt stress (Yamaguchi-Shinozaki &
Shinozaki 1994). Other genes are the Arabidopsis thaliana SHAGGY-related protein
kinase (AtSK) and the calcium-dependent protein kinase (CDPK), which are thought
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to be activated directly by osmotic stress or by Ca2+ respectively, or the CBF4
transcription factor (Boudsocq & Lauriere 2005).

1.2.3 General mechanisms of response
These ABA-dependent and ABA-independent pathways, and several other
mechanisms, coordinate the actual abiotic stress response, which, according to
Vinocur and Altman (2005), consists of four essential parts: synthesis of compatible
osmolytes (in the case of osmotic stress), synthesis of chaperones, activation of
detoxification mechanisms, and activation of water and ion transporters. In addition, a
5th element, the regulation of growth, has been attributed increasing importance
(Kovtun et al. 2000, Achard et al. 2008, Figure 4). In the following section, I will give
a brief overview of a few of the mechanisms known for each of these five parts in
terrestrial plants.

compatible
osmolytes

signaling
chaperones
gene activation
detoxification

transporters
growth
inhibition
stress tolerance

Figure 4: Elements of stress response in terrestrial plants. Based on Vinocur and Altman (2005), with
modifications.

1.2.4 Synthesis of compatible osmolytes
Compatible osmolytes, i.e. non-perturbing and osmotically active substances, are
commonly employed in all domains of life to control water balance, in particular in
response to different salinities or to drought (Yancey et al. 1982). Two prominent
examples of compatible osmolytes in terrestrial plants are glycine-betaine and proline,
both of which have been shown to be very abundant in halophytes and to correlate
with salt tolerance (reviewed in Hellebust 1976). Mannitol seems to be less important
in terrestrial plants, although artificially increased mannitol levels have been shown to
enhance the stress tolerance in tobacco (Tarczynski et al. 1993). Many substances,
17
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deemed compatible osmolytes, might also play a more direct role in the stress
response as osmoprotectors, making it difficult to distinguish between the osmotic and
the protective effect of a compound. Glycine-betaine concentrations, for example, are
highest in chloroplasts, where glycine-betaine plays an important role in maintaining
photosynthetic activity by stabilizing the thylakoid membrane (Robinson & Jones
1986). Proline also was shown to be an efficient hydroxyl radical scavenger (Smirnoff
& Cumbes 1989). In many ways, these functions resemble those of chaperone
proteins, some of which will be mentioned in section 1.2.6.

1.2.5 Activation of water and ion transporters
In the case of salt stress, one mechanism that is of particular importance for restoring
homeostasis and growth are transporters (reviewed in Blumwald 2000, Munns &
Tester 2008). As high intracellular Na+ concentrations are toxic for most plants, salt
tolerance is often achieved by actively extruding Na+ from the cell. Two enzymes
seem to be vital for this process: H+-ATPases, which create an H+ gradient over a
membrane, and Na+/H+ antiporters, which use this gradient to transport Na+. This
transport can either be directed out of the cell or into specific cell compartments such
as the vacuole, where salts will have fewer or no toxic effects.

1.2.6 Synthesis of chaperones
Molecular chaperones (reviewed in Boston et al. 1996, Wang et al. 2004) are
classically considered proteins that are able to bind to many other proteins and assist
correct protein folding and maturation. Chaperones consequently also play a role in
stabilizing the correct protein conformation, in particular under stress conditions,
where their synthesis is frequently increased. Families of common (plant) chaperones
include the calmodulin-like protein (CLP) family, the heat shock protein (HSP) 90
family, the HSP70 family, calnexins, and small HSPs, many of which are in turn
associated to co-chaperones such as DNAJ/HSP40, glucose regulated protein (GPR)
E, or chaperonin (CPN) 10.

1.2.7 Activation of detoxification mechanisms
Abiotic stress is often related to the production of oxygen radicals that play an
important role in cell signaling, but which at the same time are cytotoxic and need to
be detoxified (Mittler et al. 2004). Plant cells contain a repertoire of ROS scavenging
18

enzymes such as superoxide dismutases (Monk et al. 1989), catalases, glutathione
peroxidases (Halliwell 1974), ascorbate peroxidases (Asada 1992), or peroxiredoxins
(Wood et al. 2003), which, in most cases, catalyze the reaction of reactive oxygen
species with antioxidants such as ascorbic acid and glutathione. These antioxidants
are regenerated, mainly using NAD(P)H, by enzymes such as glutathione reductases
or monodehydroascorbate reductases. Furthermore, several other compounds have
been shown to exhibit antioxidant properties independently of the ROS scavenging
enzymes. These include lipid-related substances like carotenoids (Burton & Ingold
1984, Liebler & McClure 1996), but also the putative compatible osmolytes sorbitol,
mannitol, myo-inositol and proline (Smirnoff & Cumbes 1989).
A comprehensive description of the role of only ROS scavenging enzymes and
antioxidants alone would be enough information to fill an entire thesis; however they
only represent a part of the detoxification mechanisms known in plants. Depending on
the type of stress, other detoxification mechanisms are activated. Some examples are
ferritins (detoxification of heavy metals), gluthathione S-transfereases (removal of
peroxidised lipids and xenobiotics), ubiquitination and protein degradation (removal
of damaged proteins), or DNA repair.

1.2.8 Inhibition of growth
The last aspect of plant stress tolerance I would like to mention has received
comparatively little attention in the literature: the regulation of growth. Growth is the
fifth most common word in abstracts related to plant stress (Table 1) and, by
definition, is negatively affected by stress (see figure 5 for an example). However, it is
oftentimes forgotten that the inhibition of growth is based on complex regulatory
mechanisms, which are essential for survival. One example for this regulation was
given by Kovtun et al. (2000), who demonstrated that the Arabidopsis mitogenactivated protein kinase ANP1, which is activated by H2O2 and initiates several
phosphorylation cascades related to the stress response, also inhibited the effect of
auxin, an important growth hormone in plants. More recently, more complex
connections between growth and stress signaling have been discovered. Again in
Arabidopsis, the changes in expression of a transcriptional regulator controlling genes
involved in the response to cold stress, the CBF1/DREB1b gene, were shown to have
a positive effect on the accumulation of DELLA protein, an important repressor of
plant growth (Achard et al. 2008). Under normal conditions the DELLA protein is
19
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rapidly targeted for degradation by the activity of a specific SCF ubiquitin ligase.
However, this targeting requires binding of the gibberelin receptor GID1 and
biologically active gibberelin. CBF1 regulates the concentration of biologically active
gibberellin via the activation of gibberellin oxidase genes, thus decreasing the
degradation of the DELLA protein and inhibiting growth.
These two examples are only a small part of the molecular bases underlying the
crosstalk between stress signaling and regulation of growth, and much research will
still be required before this part of plant life will be fully understood.

Figure 5: Effects of abiotic stress on plant growth (photo courtesy of René Bürgi)

1.3 Stress tolerance in seaweeds
The first section of this introduction (1.1) demonstrated that seaweeds live in a unique
habitat with high levels of abiotic stress, and the previous section (1.2) illustrated that
terrestrial plants possess several mechanisms for tolerating abiotic stresses, and that
these mechanisms have been relatively well studied. In this third section, I will give
an overview of what is known about specific mechanisms of abiotic stress tolerance in
seaweeds. Although most of the work regarding stress in intertidal seaweeds aims
towards understanding the distribution of different seaweeds in the intertidal zone
(reviewed in Davison and Pearson 1996), a few studies relate the tolerance towards a
particular stress to an underlying mechanism such as the activation of certain
detoxification pathways. As the focus of my thesis is on brown algae, I will
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concentrate on this lineage, but also cite some results obtained for the closely related
diatoms as well as other seaweeds.

1.3.1 Stress perception and signaling
Very little is known about stress perception and signaling, although several
hypotheses exist. In response to osmotic stress, for example, it is generally believed
that these changes are perceived by the cell via sensors probably located in the cell
membrane (Kirst 1989). Observations in the brown alga Fucus serratus also
demonstrate that hyperosmotic stress induces ROS production at the plasma
membrane and cytosolic Ca2+ release, which in turn is responsible for a second
oxidative burst in the mitochondrion (Coelho et al. 2002). These early events may
form the starting point for subsequent signaling cascades that coordinate the stress
response.
In the red alga C. crispus, exposure to methyl jasmonate, an important hormone
involved in the abiotic and biotic stress response in terrestrial plants (Creelman &
Mullet 1997) enhanced both the synthesis of other oxylipins (Bouarab et al. 2004) and
the expression of genes with putative functions in stress response (Collén et al.
2006a). The same is true for brown algae (Laminariales), where oxylipin synthesis of
both plant-like (C18) and animal-like (C20) oxylipins was stimulated in response to
methyl jasmonate treatment (Küpper et al. 2009) and in response to copper stress
(Ritter et al. 2008). Even though no experimental evidence of methyl jasmonate
production exists in either red or brown seaweeds, these results suggest a possible
stress signaling role of both methyl jasmonate and other oxylipins, as reported for
terrestrial plants (Blechert et al. 1995) and animals (Funk 2001).
In diatoms, a calcium- and nitric oxide based signaling mechanism has been revealed
in response to treatments with polyunsaturated aldehydes (Vardi et al. 2006). More
recently, Vardi et al. (2008) identified a chloroplastic nitric oxide-associated protein
(PtNOA) and demonstrated that the over-expression of this gene increases nitric oxide
production in several organisms as well as the sensitivity of diatoms to
polyunsaturated aldehydes, thus further supporting the role of nitric oxide in stress
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signaling in diatoms. To my knowledge, no studies so far have demonstrated a
signaling role of nitric oxide in brown algae1.
Similarly to polyunsaturated aldehydes in diatoms, which are produced upon cell
death, in brown algae, oligoguluronates, i.e. oligomeric degradation products of
alginate, a brown algal cell wall polysaccharide, are produced as a direct result of
grazing. In L. digitata, treatment with oligoguluronates was shown to elicit a strong
oxidative burst with a parallel efflux of potassium (Küpper et al. 2001). ROS
formation is likely to occur via the activity of an oxidase with a flavoprotein subunit,
and signaling events involved in this process probably include phospholipase A2 as
well as calcium and possibly chloride channels. Although several studies have
examined theses events, the precise signaling pathways involved still remain unknown
(Cosse et al. 2007).

1.3.2 Osmoadaptation
In response to saline stress, signaling events such as the ones described above need to
coordinate the adaptation to rapid changes in cell turgor and / or size (Figure 6),
changed ion concentration, and in ion- and water exchange. Very high salinities have
been shown to cause plasmolysis, i.e. the detachment of cell membrane from the cell
wall due to a loss of water within the cell. Very low salinities, on the other hand,
could cause an influx of water that could eventually damage the cell or even cause it
to burst (even if the latter is rather unlikely, considering the solid cell walls).
Although the sensory mechanisms underlying the saline stress response are yet
unknown, several reactions to saline stress can be observed within the cell.
As maintaining a strong osmotic difference between intracellular and extracellular
medium is costly, algae generally adapt their intracellular concentration of
osmotically active compounds. These might either be inorganic (i.e. ions) or organic
compatible osmolytes. The cost of producing compatible osmolytes, along with the
effect of increased ion concentrations, were often thought to be the reasons for a
reduction of algal growth in response to stress (Kirst 1989 and references therein).
Mannitol is considered the main osmolyte in brown (Reed et al. 1985, Thomas &
1

Outlook: a highly homologous gene to PtNOA also exists in Ectocarpus siliculosus (Esi0060_0044),

but the two associated ESTs, LQ0AAA11YM21FM1.SCF and LQ0AAB14YO11FM1.SCF, had too
low expression levels to be detected in the microarray experiments described in chapter 2.2.2.
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Kirst 1991) and in several species of red algae (Mostaert et al. 1995, Eggert et al.
2007), some of which also actively exclude sodium in response to hypersaline stress
(Mostaert et al. 1995).

natural seawater

% of original volume

100%

90%

80%

70%
0

1 minute at 160 psu

2

4
6
time [min]

8

10

Figure 6: Ectocarpus siliculosus exhibits slight (15 to 20 %) changes in cell volume after exposure to
very high salinities (5x concentrated seawater, i.e. 160 practical salinity units). These results were
obtained during my thesis.

Indications for the role of mannitol as an osmolyte (besides its accumulation) are
provided for brown algae by observations of Davidson and Reed (1985). Under nonstress conditions, mannitol concentrations were inversely correlated to intracellular
nitrate, and when nitrate was high, mannitol was converted to the osmotically less
active polysaccharide laminarin. Furthermore, mannitol at concentration of up to 0.85
M has no or only minor effects on enzyme activities in extracts of Fucus vesiculosus,
Laminaria saccharina, and L. digitata, while corresponding concentrations of sodium
or potassium salts inhibited certain enzymes (Davison & Reed 1985). This latter
observation would exclude ions as major osmotically active substances in the
examined species. In Ectocarpus, however, intracellular potassium concentrations
exceed 200 mM, making potassium a possible candidate for osmoregulation in this
species (Thomas & Kirst 1991).
Other potential osmolytes have received relatively little attention within the brown
algae, although Wright and Reed (1985) suggested that altriol might play a role in
osmoregulation in Himanthalia elongata in addition to mannitol. Likewise, several
macro- and microalgae have been shown to produce varying concentrations of
dimethylsulfoniopropionate in response to different salinities (Dickson & Kirst
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1987ab). The amino acid proline has also been suggested to function as an osmolyte
in the green alga Ulva pertusa (Kakinuma et al. 2006), as well as in the Antarctic ice
diatom Fragilariopsis cylindrus (Krell et al. 2007). Finally, also in diatoms, one of the
possible functions of the urea cycle might be the accumulation of urea as compatible
osmolyte (Armbrust et al. 2004), although no experimental evidence for this
hypothesis exists so far.
In conclusion, we can say that, among the potentially osmotically active substances in
seaweeds, only mannitol has been well studied and accumulates under hypersaline
stress conditions in most or all brown algae. Ions may play a role as osmolytes only in
some species, but their concentrations vary a lot between species and their repartition
between cytoplasm and vacuole has not been sufficiently examined.

1.3.3 Chaperones
Just as in terrestrial plants, HSPs also constitute a significant element in the response
to most abiotic stresses in algae. In the red alga Chondrus chrispus, HSPs were
observed to be transcriptionally activated under osmotic-, light-, temperature-, and
natural stress (Collén et al. 2007), as well as in regenerating protoplasts (Collén et al.
2006b). In brown algae Roeder et al. (2005) also observed the overrepresentation of
ESTs coding for a HSP70 proteins in a protoplast library compared to the control
library, and, in addition, Henkel and Hofmann (2007) demonstrated that the rate of
transcriptional up-regulation of HSP70 under heat stress correlated with the
competitiveness of two different species of seaweed. Finally, in the Antarctic diatom
Chaetoceros neogracile, the protein concentration of two chaperone proteins (DnaK
and ClpB) increased in response to cold stress (Park et al. 2008). This demonstrates
that molecular chaperones are important actors in seaweeds.

1.3.4 UV- and light related proteins
Light stress and the effects of increased UV radiation, as well as protective
mechanisms have recently been the focus of several studies. This is due to the
degradation of the ozone layer by human influences and the consequential increase in
the proportion of UV light that reaches the (water) surface. UV radiation was shown
to potentially inhibit algal growth under natural conditions (Huovinen et al 2006),
with young individuals being more affected than older ones (Altamirano et al. 2004).
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Even though algae are generally able to adapt well to current levels of UV radiation,
this stress might act synergistically with other stressors such as temperature or salinity
(Fredersdorf et al. 2009). Many marine algae, especially those that occur higher up in
the intertidal zone, possess UV-absorbing mycosporine-like amino acids, which
provide a possible protection (Shick & Dunlap 2002). Brown algal tissues, however,
contain only very low concentration of these substances and probably rely on other
UV absorbers such as phlorotannins (Pavia et al. 1997). In red algae, luteine and betacarotene might also be involved in the recovery of the photochemical capacity after
UV-stress (Krabs & Wiencke 2005). Furthermore, in C. crispus, genes coding for
early light induced proteins (ELIPs) were strongly induced in response to light and
other abiotic stresses (Collén et al. 2007). In an Antarctic diatom, a group of genes
coding for fucoxanthin a/c binding proteins (related to ELIPs) was up-regulated in
response to heat (Hwang et al. 2008). These proteins might be involved in nonphotochemical quenching under different stress conditions, when photosynthesis is
less efficient. Finally, many (if not all) seaweeds possess the pigments of the
xanthophyll

cycle

carotenoids:

violaxanthin,

antheraxanthin

and zeaxanthin

(Vershinin & Kamnev 1996). During high light stress, violaxanthin can be converted
to zeaxanthin (de-epoxidation reaction), to assist non-photochemical quenching.

1.3.5. ROS-scavenging enzymes
Light stress, as well as all other forms of abiotic stress, is closely related to the
production of ROSs, which, in algae just as in terrestrial plants, can be cytotoxic if
accumulated in the cell. In brown algae, the cellular activity of ROS scavenging
enzymes (catalase, superoxide dismutase, ascorbate peroxidase, and glutathione
reductase) appeared to correlate with vertical zonation of different species of Fucales
in the intertidal zone (Collén & Davison 1999). In addition, Aguilera et al. (2002)
observed an increase in superoxide dismutase and catalase activity in green and red
but not brown algae, with increasing radiation (photosynthetically active radiation +
UV). Genes coding for these and related enzymes were also found to be
transcriptionally up-regulated in the red alga Chondrus chrispus during natural stress,
but not in response to saline or temperature stress (Collén et al. 2007). Finally, an
activation of ROS scavenging enzymes is most frequently observed in the short-term
response to heavy metal stress (reviewed in Pinto et al. 2003). Overall, ROS
scavenging enzymes and antioxidants seem to play an important role for abiotic stress
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tolerance in seaweeds, and, at least in some cases, their production and activity might
be regulated transcriptionally.
In addition to ROS scavenging enzymes, a recent study of Küppers et al. (2008)
demonstrated that the brown alga Laminaria digitata can use iodine, which it can
store at high concentrations in the apoplast, as ROS scavenger. To my knowledge, this
study presents the first description of the active use of an inorganic antioxidant in a
living organism.

1.3.6 Cell wall composition
The cell wall plays an important role in the algal stress response as it constitutes an
additional barrier between a cell and its surroundings. Marine algae, unlike freshwater
algae or terrestrial plants, contain sulphated cell wall polysaccharides (Kloareg &
Quatrano 1988) such as carrageenans (red algae), fucans (brown algae, McCandless &
Craigie 1979), or ulvans (green algae, Ray & Lahaye 1995), which have been
suggested to be involved in ionic regulation. Although the exact role of sulphated
polysaccharides in marine organisms is still unknown, they do exert antioxidant
activities in laboratory experiments (Ray & Lahaye 1995) and might therefore not
only play a role in the adaptation to salt, but in the stress response in general. Some
enzymes involved in cell-wall biosynthesis or modification such as the brown algal
c5-epimerases (Nyvall et al. 2003, Tonon et al. 2008) or vanadium-dependent
bromoperoxidases, enzymes involved in cell-wall cross-linking (Berglin et al. 2004)
and in the generation of halogenated metabolites (Colin et al. 2003), are thought to be
involved in the response to biotic stress and have been shown to be up-regulated in
protoplasts, but they might also play a role in the abiotic stress response.

1.3.7 Stress response in seaweeds – a conclusion
These examples underline that, even though several medium-throughput studies have
addressed different aspects of stress response in seaweeds, our knowledge about this
topic is still rather limited and scattered. Furthermore, data is available usually only
for one species, making it difficult to develop a complete picture of possible
interactions. In particular with respect to stress perception and stress signaling, very
little is known – a fact, which is partially due to the lack of genomic resources for
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marine macroalgae. Our hope is to gradually fill these gaps, with the help of the new
brown algal model Ectocarpus siliculosus presented in the next section.

1.4 The new model Ectocarpus siliculosus
Ectocarpus siliculosus represents a species or possibly a complex of species (StarcheCrain et al. 1997) closely related to Laminariales (Kawai et al. 2007; Figure 7A). It
grows epiphytically or on solid substrates in temperate regions all over the world
[www.algaebase.org]. Although it is mainly a marine and brackish water species,
there are a few reports in freshwater. Geissler (1983), for example, reported finding a
strain of E. siliculosus in a heavily salt-contaminated section of the Werra river in
Germany, and West and Kraft (1996) isolated a strain, which was recently confirmed
as E. siliculosus (McCauley & Wehr 2007), from a true freshwater habitat in
Australia.

A

Ishigeales
Sporochanales

B

Laminariales
Ectocarpales
Scytothamnales
Laminariales
Desmarestiales
Tiloperidales
Sporochnales
Fucales
Dictyotales
Syringodermatales
Choristocarpaceae
Discosporangiaceae

5 mm

Phaeothaminophyceae
Schizocladiophyceae

Figure 7: A. Phylogeny of brown algae based on 18S rDNA sequences (modified from Kawai et al.,
2007) B. E. siliculosus strain CCAP 1310/196 (West & Kraft 1996), cultured in natural seawater in
Petri dishes.

Research on E. siliculosus has a long history, dating back to the 19th century, as
recently reviewed by Charrier et al. (2008). Many of the very early studies (e.g.
Berthold 1881) focused on reproduction and the complex life cycle of Ectocarpus,
which includes three different life cycle stages (a diploid sporophyte as well as
haploid parthenosporophytes and gametophytes), and which was finally unraveled by
Dieter Müller in the 1960s (Müller 1964, 1966, 1967). More recently, extensive work
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has been carried out on the salt stress response of different Ectocarpales (e.g. Thomas
& Kirst 1991), different aspects of carbon uptake (reviewed in Schmid & Dring 1996)
and photosynthesis, and on the integration and ecology of the E. siliculosus virus 1
(Bräutigam et al. 1995; Delaroque et al. 1999, 2001).
The sum of research already carried out on E. siliculosus, its relatively short life cycle,
its small genome of ca. 200 Mbp, and its close relation to ecologically relevant
species, contributed to the decision to develop this species as a new model for brown
algae (Peters et al. 2004). In the end of 2007, the final 10.5X genome sequence
became available to members of the Ectocarpus consortium, and a public release of
the sequences is planned for the end of 2009. The E. siliculosus genome is thus the
first multicellular heterokont sequenced, and at the same time the first genome of
seaweed to become available to researchers (Table 2).
Table 2: Genome projects on aquatic photosynthetic eukaryotes as of July 2009. All genome projects
are marked “in progress” according to the public release of the sequence date

chromalveolata

Kingdom

plantae
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spcecies

phylum

habitat

Guillardia theta
Thalassiosira pseudonana
Phaeodactylum tricornutum
Ectocarpus siliculous*
Fragilariopsis cylindrus

cryptophyte
diatoms
diatoms
brown algae
diatoms

brackish water
marine
marine
marine
marine

Cyclotella meneghiniana

diatoms

freshwater

Thalassiosira rotula
Cyanidioschyzon merolae
Chondrus crispus*
Porphyra purpurea*
Ostreococcus tauri
Chlamydomonas reinhardtii
Micromonas pusilla
Chlorella sp. NC64A
Chlorella vulgaris
Dunaliella salina
Ostreococcus lucimarinus
Volvox carteri*
Zostera marina*

diatoms
red algae
red algae
red algae
green algae
green algae
green algae
green algae
green algae
green algae
green algae
green algae
Angiosperms

marine
hot springs
marine
marine
marine
freshwater
marine
freshwater
freshwater
salt fields
marine
marine
marine

status
Douglas et al. 2001
Armbrust et al. 2004
Bowler et al. 2008
awaiting submission (Genoscope)
in progress (JGI)
in progress (Forensic Science
Laboratory Madhuban)
planed (JGI)
Matsuzaki et al. 2004
in progress (Genoscope)
in progress (JGI)
Derelle et al. 2006
Merchant et al. 2007
Worden et al. 2009
compled (JGI)
compled (JGI)
in progress? (JGI)
Palenik et al. 2007
in progress (JGI)
in progress (JGI)

* multicellular organism

In parallel to the actual sequencing of the genome, a number of tools have been and
are still being developed, including improved methods for culturing and cryostorage
(F. Küpper, pers. comm.), a collection of approximately 60 morphological mutants as
well as two life-cycle mutants (B. Charrier, pers. comm.), the sequences of about
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90,000 ESTs obtained from different culture conditions and life-cycle stages, a
protocol for 2D differential proteomics (Contreras et al. 2008), a genetic map, and
recently also a TILLING approach (Targeting Induced Local Lesions in Genomes, O.
Godfroy, pers. comm.). Even though some important tools such as a reliable
transformation protocol are still in the very early stages of development, the resources
accumulated for E. siliculosus, once made available to the public, certainly have the
potential to greatly increase our understanding of the evolution and the specific
adaptations of brown algae. As an example, the first genome-wide analysis of a
multigenic family conducted in our team has shown that cytosolic Glutathion Stransferases (GSTs), enzymes involved in detoxification mechanisms, are members of
the Sigma class GSTs, identified so far mainly in mammals and invertebrates (de
Franco et al. 2009).
One of the most interesting novel studies made possible by the availability of the
Ectocarpus genomic resources is the evolution of multicellularity (Coelho et al.
2007), as brown algae have evolved to become multicellular organism independently
from terrestrial plants or animals. However, in the context of global warming and
increasing human impacts on coastal ecosystems (Broecker 1978, Florides &
Christodoulides 2009, Brierley & Kinsford 2009), auto-ecological studies, i.e. studies
of the interactions of an individual with its biotic and abiotic environment, are
increasing in importance.

1.5 Objectives and approach
The objective of this thesis is to address the question of how Ectocarpus adapts to its
unique abiotic environment, the intertidal zone, by developing an integrated approach.
My work focused in particular on three topics that are related to this question (Figure
8).
1. Study of primary metabolism
Understanding primary metabolism forms the basis for understanding the stress
response, however, very little is known so far about primary metabolism in brown
algae. Although primary storage compounds have been quite thoroughly investigated
(Yamaguchi et al. 1966, Reed & Barron 1983, Reed et al. 1985, Thomas & Kirst
1991), and basic amino acids profiling was carried out for some species of brown
algae (Smith & Young 1955, Nasr et al. 1967, Nagahisa et al. 1995), it is not known
how the concentrations of these compounds change in the course of the day, and what
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role transcriptional regulation plays in modulating these changes. This question was
addressed by extensive metabolite profiling during diurnal cycle (in collaboration
with Antoine Gravot and Alain Bouchereau, UMR 118, Université Rennes 1),
combined with an additional experiment on carbon starvation / enrichment, targeted
transcript analysis, and genome annotation. In my opinion, knowledge of the basic
metabolic processes dominating the life of E. siliculosus without stress is essential to
the understanding of the changes that are induced in response to stress.

Experiments
Abiotic stress (6h):
hypersaline,
hyposaline,
oxidative

Diurnal cycle
Increased CO2, and O2

Freshwater strain
(in freshwater
and seawater)

Methods
Genome
annotation

Physiology

Transcript
profiling

Metabolite
profiling

Results
Short term response
to stress

Primary metabolism

Long-term adaptation

Mechanisms underlying the abiotic stress tolerance of Ectocarpus
Figure 8: Overview of the approaches taken during my thesis.

2. Short-term stress response
In parallel we sought to examine short term-responses to changes in the environment.
For this approach we chose to focus on very few conditions (six hours of sublethal
hypersaline, hyposaline, and oxidative stress), but to try to examine these conditions
as thoroughly as possible. This was done by combining transcriptomic analyses using
a microarray developed as a part of this thesis and metabolic profiling performed by
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collaborators (Antoine Gravot and Alain Bouchereau from the Université Rennes 1,
and Sophie Goulitquer from the Université de Bretagne Occidentale). These
experiments shed light onto some the adaptations of E. siliculosus to its highly
variable natural environment, the intertidal zone.
3. Long-term adaptation to saline stress (i.e. freshwater)
The third topic dealt with the long-term changes in a strain of E. siliculosus that has
adapted to life in freshwater. Again, using an integrated approach combining
metabolite and transcriptomic profiling, genome annotation, and this time also
comparative genome hybridization and morphological observations, we attempted to
point out differences between freshwater and seawater strains in different salinities
and to compare these differences with what was observed during the short-term
response to saline stress. This section highlights the role of plasticity (transcriptomic,
metabolic and morphological) in the adaptation to different environments and
underlines the value of the freshwater strain of E. siliculosus as a model to study the
mechanisms of early speciation, as well as evolutionary changes underlying the
transition from marine to freshwater habitats.

1.6 References
Achard P, Gong F, Cheminant S, Alioua M, Hedden P, Genschik P. 2008. The cold-inducible
CBF1 factor-dependent signaling pathway modulates the accumulation of the growth-repressing
DELLA proteins via its effect on gibberellin metabolism. The Plant cell 20: 2117-29.
Aguilera, Aguilera J, Bischof, Bischof K, Karsten, Karsten U, Hanelt, Hanelt D, Wiencke,
Wiencke C. 2002. Seasonal variation in ecophysiological patterns in macroalgae from an Arctic fjord.
II. Pigment accumulation and biochemical defence systems against high light stress. Marine Biology
140: 1087-1095.
Altamirano M, Murakami A, Kawai H. 2004. High light stress in the kelp Ecklonia cava. Aquatic
Botany 79: 125-135.
Amtmann A. 2009. Learning from rvolution: Thellungiella generates new knowledge on essential and
critical components of abiotic stress tolerance in plants. Molecular plant 2: 3-12.
Arabidopsis Genome Initiative T. 2000. Analysis of the genome sequence of the flowering plant
Arabidopsis thaliana. Nature 408: 796-815.
Armbrust EV, Berges JA, Bowler C, Green BR, Martinez D, Putnam NH, Zhou S, Allen AE, Apt
KE, Bechner M, Brzezinski MA, Chaal BK, Chiovitti A, Davis AK, Demarest MS, Detter JC,
Glavina T, Goodstein D, Hadi MZ, Hellsten U, Hildebrand M, Jenkins BD, Jurka J, Kapitonov
VV, Kroger N, Lau WW, Lane TW, Larimer FW, Lippmeier JC, Lucas S, Medina M, Montsant
A, Obornik M, Parker MS, Palenik B, Pazour GJ, Richardson PM, Rynearson TA, Saito MA,
Schwartz DC, Thamatrakoln K, Valentin K, Vardi A, Wilkerson FP, Rokhsar DS. 2004. The
genome of the diatom Thalassiosira pseudonana: ecology, evolution, and metabolism. Science 306: 7986.
Asada K. 1992. Ascorbate peroxidase - a hydrogen peroxide-scavenging enzyme in plants. Physiologia
Plantarum 85: 235-241.

31

1. Introduction

Abiotic stress in Ectocarpus – a global approach: introduction

1. Introduction

Abiotic stress in Ectocarpus – a global approach: introduction
Baldauf SL. 2003. The deep roots of eukaryotes. Science 300: 1703-1706.
Bartsch I, Wiencke C, Bischof K, Buchholz CM, Buck BH, Eggert A, Feuerpfeil P, Hanelt D,
Jacobsen S, Karez R, Karsten U, Molis M, Roleda MY, Schubert H, Schumann R, Valentin K,
Weinberger F, Wiese J. 2008. The genus Laminaria sensu lato: recent insights and developments.
European Journal of Phycology 43: 1-86.
Benedict C, Geisler M, Trygg J, Huner N, Hurry V. 2006. Consensus by democracy. Using metaanalyses of microarray and genomic data to model the cold acclimation signaling pathway in
Arabidopsis. Plant Physiology 141: 1219-32.
Berglin M, Delage L, Potin P, Vilter H, Elwing H. 2004. Enzymatic cross-linking of a phenolic
polymer extracted from the marine alga Fucus serratus. Biomacromolecules 5: 2376-83.
Berthold G. 1881. Die geschlechtliche Fortpflanzung der eigentlichen Phaeosporeen. Mitteilungen aus
der Zoologischen Station zu Neapel 2: 401–413.
Blechert S, Brodschelm W, Hölder S, Kammerer L, Kutchan TM, Mueller MJ, Xia ZQ, Zenk
MH. 1995. The octadecanoic pathway: signal molecules for the regulation of secondary pathways.
Proceedings of the National Academy of Sciences of the United States of America 92: 4099-105.
Blumwald E. 2000. Sodium transport and salt tolerance in plants. Current Opinion in Cell Biology 12:
431-434.
Boston RS, Viitanen PV, Vierling E. 1996. Molecular chaperones and protein folding in plants. Plant
molecular biology 32: 191-222.
Bouarab K, Adas F, Gaquerel E, Kloareg B, Salaün J, Potin P. 2004. The innate immunity of a
marine red alga involves oxylipins from both the eicosanoid and octadecanoid pathways. Plant
physiology 135: 1838-48.
Boudsocq M, Lauriere C. 2005. Osmotic signaling in plants. Multiple pathways mediated by
emerging kinase families. Plant Physiology 138: 1185-1194.
Bowler C, Allen AE, Badger JH, Grimwood J, Jabbari K, Kuo A, Maheswari U, Martens C,
Maumus F, Otillar RP, Rayko E, Salamov A, Vandepoele K, Beszteri B, Gruber A, Heijde M,
Katinka M, Mock T, Valentin K, Verret F, Berges JA, Brownlee C, Cadoret J, Chiovitti A, Choi
CJ, Coesel S, De Martino A, Detter JC, Durkin C, Falciatore A, Fournet J, Haruta M, Huysman
MJ, Jenkins BD, Jiroutova K, Jorgensen RE, Joubert Y, Kaplan A, Kröger N, Kroth PG, La
Roche J, Lindquist E, Lommer M, Martin-Jézéquel V, Lopez PJ, Lucas S, Mangogna M,
McGinnis K, Medlin LK, Montsant A, Oudot-Le Secq M, Napoli C, Obornik M, Parker MS,
Petit J, Porcel BM, Poulsen N, Robison M, Rychlewski L, Rynearson TA, Schmutz J, Shapiro H,
Siaut M, Stanley M, Sussman MR, Taylor AR, Vardi A, von Dassow P, Vyverman W, Willis A,
Wyrwicz LS, Rokhsar DS, Weissenbach J, Armbrust EV, Green BR, Van De Peer Y, Grigoriev
IV. 2008. The Phaeodactylum genome reveals the evolutionary history of diatom genomes. Nature
456: 239-44.
Branco-Price C, Kaiser KA, Jang CJ, Larive CK, Bailey-Serres J. 2008. Selective mRNA
translation coordinates energetic and metabolic adjustments to cellular oxygen deprivation and
reoxygenation in Arabidopsis thaliana. The Plant Journal for Cell and Molecular Biology 56: 743-55.
Bräutigam M, Klein M, Knippers R, Müller DG. 1995. Inheritance and Meiotic Elimination of a
Virus Genome in the Host Ectocarpus-Siliculosus (Phaeophyceae). Journal of Phycology 31: 823-827.
Brazma A, Hingamp P, Quackenbush J, Sherlock G, Spellman P, Stoeckert C, Aach J, Ansorge
W, Ball CA, Causton HC, Gaasterland T, Glenisson P, Holstege FC, Kim IF, Markowitz V,
Matese JC, Parkinson H, Robinson A, Sarkans U, Schulze-Kremer S, Stewart J, Taylor R, Vilo J,
Vingron M. 2001. Minimum information about a microarray experiment (MIAME) - toward standards
for microarray data. Nature Genetics 29: 365-371.
Brierley AS, Kingsford MJ. 2009. Impacts of Climate Change on Marine Organisms and Ecosystems.
Current Biology 19: R602–R614.
Broecker WS. 1975. Climatic Change: Are We on the Brink of a Pronounced Global Warming?
Science 189: 460-463.

32

Burton GW, Ingold KU. 1984. beta-Carotene: an unusual type of lipid antioxidant. Science 224: 56973.
Charrier B, Coelho SM, Le Bail A, Tonon T, Michel G, Potin P, Kloareg B, Boyen C, Peters AF,
Cock JM. 2008. Development and physiology of the brown alga Ectocarpus siliculosus: two centuries
of research. New Phytologist 177: 319-332.
Coelho SM, Peters AF, Charrier B, Roze D, Destombe C, Valero M, Cock JM. 2007. Complex life
cycles of multicellular eukaryotes: new approaches based on the use of model organisms. Gene 406:
152-170.
Coelho SM, Taylor AR, Ryan KP, Sousa-Pinto I, Brown MT, Brownlee C. 2002. Spatiotemporal
patterning of reactive oxygen production and Ca(2+) wave propagation in Fucus rhizoid cells. The
Plant Cell 14: 2369-81.
Colin C, Leblanc C, Wagner E, Delage L, Leize-wagner E, Van Dorsselaer A, Kloareg B, Potin P.
2003. The brown algal kelp Laminaria digitata features distinct bromoperoxidase and iodoperoxidase
activities. Journal of Biological Chemistry 278: 23545-23552.
Collen J, Roeder V, Rousvoal S, Collin O, Kloareg B, Boyen C. 2006b. An expressed sequence tag
analysis of thallus and regenerating protoplasts of Chondrus crispus (Gigartinales, Rhodophyceae).
Journal of Phycology 42: 104-112.
Collén J, Davison IR. 1999. Reactive oxygen metabolism in intertidal Fucus spp. (Phaeophyceae).
Journal of Phycology 35: 62-69.
Collén J, Guisle-Marsollier I, Leger JJ, Boyen C. 2007. Response of the transcriptome of the
intertidal red seaweed Chondrus crispus to controlled and natural stresses. New Phytologist 176: 45-55.
Collén J, Hervé C, Guisle-Marsollier I, Leger JJ, Boyen C. 2006a. Expression profiling of
Chondrus crispus (Rhodophyta) after exposure to methyl jasmonate. Journal of Experimental Botany
57: 3869-3881.
Contreras L, Ritter A, Dennett G, Boehmwald F, Guitton N, Pineau C, Moenne A, Potin P,
Correa JA. 2008. Two-dimensional gel electrophoresis analysis of brown algal protein extracts.
Journal of Phycology 44: 1315-1321.
Cosse A, Leblanc C, Potin P. 2007. Dynamic Defense of Marine Macroalgae Against Pathogens:
From Early Activated to Gene-Regulated Responses. Advances in Botanical Reserch 46: 221-266.
Creelman RA, Mullet JE. 1997. Biosynthesis and action of jasmonates in plants. Annual review of
plant physiology and plant molecular biology 48: 355-381.
Davison IR, Pearson GA. 1996. Stress tolerance in intertidal seaweeds. Journal of Phycology 32: 197211.
Davison IR, Reed RH. 1985. Osmotic adjustment in Laminaria digitata (Phaeophyta) with particular
reference to seasonal changes in solute concetrations. Journal of Phycology 21: 41-50.
De Franco P, Rousvoal S, Tonon T, Boyen C. 2009. Whole genome survey of the glutathione
transferase family in the brown algal model Ectocarpus siliculosus. Marine Genomics 1: 135-148.
Delaroque N, Maier I, Knippers R, Müller DG. 1999. Persistent virus integration into the genome of
its algal host, Ectocarpus siliculosus (Phaeophyceae). Journal of General Virology 80: 1367-1370.
Delaroque N, Müller DG, Bothe G, Pohl T, Knippers R, Boland W. 2001. The complete DNA
sequence of the Ectocarpus siliculosus virus EsV-1 genome. Virology 287: 112-132.
Derelle E, Ferraz C, Rombauts S, Rouzé P, Worden AZ, Robbens S, Partensky F, Degroeve S,
Echeynié S, Cooke R, Saeys Y, Wuyts J, Jabbari K, Bowler C, Panaud O, Piégu B, Ball SG, Ral
J, Bouget F, Piganeau G, De Baets B, Picard A, Delseny M, Demaille J, Van de Peer Y, Moreau
H. 2006. Genome analysis of the smallest free-living eukaryote Ostreococcus tauri unveils many
unique features. Proceedings of the National Academy of Sciences of the United States of America 103:
11647-52.
Desikan R, A-H-Mackerness S, Hancock JT, Neill SJ. 2001. Regulation of the Arabidopsis
transcriptome by oxidative stress. Plant physiology 127: 159-72.

33

1. Introduction

Abiotic stress in Ectocarpus – a global approach: introduction

1. Introduction

Abiotic stress in Ectocarpus – a global approach: introduction
Dickson DM, Kirst GO. 1987. Osmotic adjustment in marine eukaryotic algae: the role of inorganic
ions, quaternary ammonium, tertiary sulphonium and carbohydrate solutes: I. Diatoms and a
rhodophyte. New Phytologist 106: 645-655.
Dickson DM, Kirst GO. 1987. Osmotic adjustment in marine eukaryotic algae: the role of inorganic
ions, quaternary ammonium, tertiary sulphonium and carbohydrate solutes: II. Prasinophytes and
haptophytes. New Phytologist 106: 657-666.
Douglas S, Zauner S, Fraunholz M, Beaton M, Penny S, Deng LT, Wu X, Reith M, CavalierSmith T, Maier UG. 2001. The highly reduced genome of an enslaved algal nucleus. Nature 410:
1091-6.
Dring MJ, Brown FA. 1982. Photosynthesis of intertidal brown algae during and after periods of
emersion: a renewed search for physiological causes of zonation Dring, M.J. and F.A. Brown, 1982.
Marine Ecology Progress Series 8: 301-308.
Edgar R, Domrachev M, Lash AE. 2002. Gene Expression Omnibus: NCBI gene expression and
hybridization array data repository. Nucleic acids research 30: 207-10.
Eggert A, Raimund S, Michalik D, West J, Karsten U. 2007. Ecophysiological performance of the
primitive red alga Dixoniella grisea (Rhodellophyceae) to irradiance, temperature and salinity stress:
growth responses and the osmotic role of mannitol. Phycologia 46: 22.
Florides GA, Christodoulides P. 2009. Global warming and carbon dioxide through sciences.
Environment international 35: 390-401.
Fredersdorf J, Mueller R, Becker S, Wiencke C, Bischof K. 2009. Interactive effects of radiation,
temperature and salinity on different life history stages of the Arctic kelp Alaria esculenta
(Phaeophyceae). Oecologia 160: 483-492.
Funk CD. 2001. Prostaglandins and leukotrienes: advances in eicosanoid biology. Science 294: 18715.
Geissler U. 1983. Die salzbelastete Flusstrecke der Werra - ein Binnenlandstandort für Ectocarpus
confervoides (Roth) Kjellmann. Nova Hedwigia 37: 193-217.
Gibon Y, Blaesing OE, Hannemann J, Carillo P, Höhne M, Hendriks JH, Palacios N, Cross J,
Selbig J, Stitt M. 2004. A Robot-based platform to measure multiple enzyme activities in Arabidopsis
using a set of cycling assays: comparison of changes of enzyme activities and transcript levels during
diurnal cycles and in prolonged darkness. The Plant cell 16: 3304-25.
Graham MH, Kinlan BP, Druehl LD, Garske LE, Banks S. 2007. Deep-water kelp refugia as
potential hotspots of tropical marine diversity and productivity. Proceedings of the National Academy
of Sciences of the United States of America 104: 16576-16580.
Halliwell B. 1974. Superoxide dismutase, catalase and glutathione peroxidase: solutions to the
problems of living with oxygen. New Phytologist 73: 1075-1086.
Hellebust JA. 1976. Osmoregulation. Annual Review of Plant Physiology 27: 485-505.
Henkel SK, Hofmann GE. 2008. Differing patterns of hsp70 gene expression in invasive and native
kelp species: evidence for acclimation-induced variation. Journal of Applied Phycology 20: 915-924.
Hilson P, Allemeersch J, Altmann T, Aubourg S, Avon A, Beynon J, Bhalerao RP, Bitton F,
Caboche M, Cannoot B, Chardakov V, Cognet-Holliger C, Colot V, Crowe M, Darimont C,
Durinck S, Eickhoff H, de Longevialle AF, Farmer EE, Grant M, Kuiper MT, Lehrach H, Léon
C, Leyva A, Lundeberg J, Lurin C, Moreau Y, Nietfeld W, Paz-Ares J, Reymond P, Rouzé P,
Sandberg G, Segura MD, Serizet C, Tabrett A, Taconnat L, Thareau V, Van Hummelen P,
Vercruysse S, Vuylsteke M, Weingartner M, Weisbeek PJ, Wirta V, Wittink FR, Zabeau M,
Small I. 2004. Versatile gene-specific sequence tags for Arabidopsis functional genomics: transcript
profiling and reverse genetics applications. Genome research 14: 2176-89.
Huovinen P, Gómez I, Lovengreen C. 2006. A five-year study of solar ultraviolet radiation in
southern Chile (39 degrees S): potential impact on physiology of coastal marine algae? Photochemistry
and photobiology 82: 515-22.
Hwang YS, Jung G, Jin E. 2008. Transcriptome analysis of acclimatory responses to thermal stress in
Antarctic algae. Biochemical and Biophysical Research Communications 367: 635-641.

34

Inan G, Zhang Q, Li P, Wang Z, Cao Z, Zhang H, Zhang C, Quist TM, Goodwin SM, Zhu J, Shi
H, Damsz B, Charbaji T, Gong Q, Ma S, Fredricksen M, Galbraith DW, Jenks MA, Rhodes D,
Hasegawa PM, Bohnert HJ, Joly RJ, Bressan RA, Zhu J. 2004. Salt cress. A halophyte and
cryophyte Arabidopsis relative model system and its applicability to molecular genetic analyses of
growth and development of extremophiles. Plant physiology 135: 1718-37.
Ito T, Motohashi R, Kuromori T, Noutoshi Y, Seki M, Kamiya A, Mizukado S, Sakurai T,
Shinozaki K. 2005. A resource of 5,814 dissociation transposon-tagged and sequence-indexed lines of
Arabidopsis transposed from start loci on chromosome 5. Plant & cell physiology 46: 1149-53.
Jensen A. 1993. Present and future needs for algae and algal products. Hydrobiologia 260-261: 15-23.
Kacperska A. 2004. Sensor types in signal transduction pathways in plant cells responding to abiotic
stressors: do they depend on stress intensity? Physiologia Plantarum 122: 159-168.
Kakinuma M, Coury DA, Kuno Y, Itoh S, Kozawa Y, Inagaki E, Yoshiura Y, Amano H. 2006.
Physiological and biochemical responses to thermal and salinity stresses in a sterile mutant of Ulva
pertusa (Ulvales, Chlorophyta). Marine Biology 149: 97-106.
Kaplan F, Kopka J, Sung DY, Zhao W, Popp M, Porat R, Guy CL. 2007. Transcript and metabolite
profiling during cold acclimation of Arabidopsis reveals an intricate relationship of cold-regulated gene
expression with modifications in metabolite content. The Plant journal 50: 967-81.
Kawai H, Hanyuda T, Draisma SG, Müller DG. 2007. Molecular phylogeny of Discosporangium
mesarthrocarpum (Phaeophyceae) with a reinstatement of the order Discosporangiales. Journal of
Phycology 43: 186-194.
Kawasaki S, Borchert C, Deyholos M, Wang H, Brazille S, Kawai K, Galbraith D, Bohnert HJ.
2001. Gene expression profiles during the initial phase of salt stress in rice. The Plant cell 13: 889-905.
Keeling PJ. 2004. Diversity and evolutionary history of plastids and their hosts. American Journal of
Botany 91: 1481-1493.
Kempa S, Krasensky J, Dal Santo S, Kopka J, Jonak C. 2008. A central role of abscisic acid in
stress-regulated carbohydrate metabolism. PLoS ONE 3: e3935.
Kirst GO. 1989. Salinity tolerance of eucaryotic marine algae. Annual Review of Plant Physiology and
Plant Molecular Biology 40: 21-53.
Klarzynski O, Plesse B, Joubert JM, Yvin JC, Kopp M, Kloareg B, Fritig B. 2000. Linear beta-1,3
glucans are elicitors of defense responses in tobacco. Plant physiology 124: 1027-38.
Kloareg B, Quatrano RS. 1988. Structure of the cell-walls of marine-algae and ecophysiological
functions of the matrix polysaccharides. Oceanography and Marine Biology 26: 259-315.
Kovtun Y, Chiu WL, Tena G, Sheen J. 2000. Functional analysis of oxidative stress-activated
mitogen-activated protein kinase cascade in plants. Proceedings of the National Academy of Sciences of
the United States of America 97: 2940-2945.
Krabs G, Wiencke C. 2005. Photosynthesis, photosynthetic pigments and mycosporine-like amino
acids after exposure of the marine red alga Chondrus crispus (Gigartinales, Rhodophyta) to different
light qualities. Phycologia 44: 95-102.
Krell A, Funck D, Plettner I, John U, Dieckmann G. 2007. Regulation of proline metabolism under
salt stress in the psychrophilic diatom Fragilariopsis cylindrus (Bacillariophyceae). Journal of
Phycology 43: 753-762.
Küpper FC, Carpenter LJ, McFiggans GB, Palmer CJ, Waite TJ, Boneberg E, Woitsch S,
Weiller M, Abela R, Grolimund D, Potin P, Butler A, Luther GW, Kroneck PM, Meyer-Klaucke
W, Feiters MC. 2008. Iodide accumulation provides kelp with an inorganic antioxidant impacting
atmospheric chemistry. Proceedings of the National Academy of Sciences of the United States of
America 105: 6954-6958.
Küpper FC, Gaquerel E, Cosse A, Adas F, Peters AF, Müller DG, Kloareg B, Salaün J, Potin P.
2009. Free Fatty Acids and Methyl Jasmonate Trigger Defense Reactions in Laminaria digitata. Plant
& Cell Physiology 50: 789-800.
Küpper FC, Kloareg B, Guern J, Potin P. 2001. Oligoguluronates elicit an oxidative burst in the
brown algal kelp Laminaria digitata. Plant Physiology 125: 278-91.

35

1. Introduction

Abiotic stress in Ectocarpus – a global approach: introduction

1. Introduction

Abiotic stress in Ectocarpus – a global approach: introduction
Leblanc C, Colin C, Cosse A, Delage L, La Barre S, Morin P, Fievet B, Voiseux C, Ambroise Y,
Verhaeghe E, Amouroux D, Donard O, Tessier E, Potin P. 2006. Iodine transfers in the coastal
marine environment: the key role of brown algae and of their vanadium-dependent haloperoxidases.
Biochimie 88: 1773-1785.
Liebler DC, McClure TD. 1996. Antioxidant reactions of beta-carotene: identification of carotenoidradical adducts. Chemical Research in Toxicology 9: 8-11.
Maddison DR, Schulz K, Maddison WP. 2007. The Tree of Life Web Project. Zootaxa 1668: 19-40.
Mann KH. 1973. Seaweeds: Their Productivity and Strategy for Growth: The role of large marine
algae in coastal productivity is far more important than has been suspected. Science 182: 975-981.
Matsuzaki M, Misumi O, Shin-I T, Maruyama S, Takahara M, Miyagishima S, Mori T, Nishida
K, Yagisawa F, Nishida K, Yoshida Y, Nishimura Y, Nakao S, Kobayashi T, Momoyama Y,
Higashiyama T, Minoda A, Sano M, Nomoto H, Oishi K, Hayashi H, Ohta F, Nishizaka S, Haga
S, Miura S, Morishita T, Kabeya Y, Terasawa K, Suzuki Y, Ishii Y, Asakawa S, Takano H, Ohta
N, Kuroiwa H, Tanaka K, Shimizu N, Sugano S, Sato N, Nozaki H, Ogasawara N, Kohara Y,
Kuroiwa T. 2004. Genome sequence of the ultrasmall unicellular red alga Cyanidioschyzon merolae
10D. Nature 428: 653-7.
McCandless EL, Craigie JS. 1979. Sulfated polysaccharides in red and brown algae. Annual Review
of Plant Physiology 30: 41-53.
McCauley LA, Wehr JD. 2007. Taxonomic reappraisal of the freshwater brown algae Bodanefla,
Ectocarpus, Heribaudiella, and Pleurocladia (Phaeophyceae) on the basis of rbcL sequences and
morphological characters. Phycologia 46: 429-439.
McHugh DJ. 2003. A guide to the seaweed industry. FAO Fisheries Technical Paper (FAO, Rome,
Italy).
Merchant SS, Prochnik SE, Vallon O, Harris EH, Karpowicz SJ, Witman GB, Terry A, Salamov
A, Fritz-Laylin LK, Maréchal-Drouard L, Marshall WF, Qu L, Nelson DR, Sanderfoot AA,
Spalding MH, Kapitonov VV, Ren Q, Ferris P, Lindquist E, Shapiro H, Lucas SM, Grimwood J,
Schmutz J, Cardol P, Cerutti H, Chanfreau G, Chen C, Cognat V, Croft MT, Dent R, Dutcher S,
Fernández E, Fukuzawa H, González-Ballester D, González-Halphen D, Hallmann A, Hanikenne
M, Hippler M, Inwood W, Jabbari K, Kalanon M, Kuras R, Lefebvre PA, Lemaire SD, Lobanov
AV, Lohr M, Manuell A, Meier I, Mets L, Mittag M, Mittelmeier T, Moroney JV, Moseley J,
Napoli C, Nedelcu AM, Niyogi K, Novoselov SV, Paulsen IT, Pazour G, Purton S, Ral J, RiañoPachón DM, Riekhof W, Rymarquis L, Schroda M, Stern D, Umen J, Willows R, Wilson N,
Zimmer SL, Allmer J, Balk J, Bisova K, Chen C, Elias M, Gendler K, Hauser C, Lamb MR,
Ledford H, Long JC, Minagawa J, Page MD, Pan J, Pootakham W, Roje S, Rose A, Stahlberg E,
Terauchi AM, Yang P, Ball S, Bowler C, Dieckmann CL, Gladyshev VN, Green P, Jorgensen R,
Mayfield S, Mueller-Roeber B, Rajamani S, Sayre RT, Brokstein P, et al. 2007. The
Chlamydomonas genome reveals the evolution of key animal and plant functions. Science 318: 245-50.
Mithöfer A, Schulze B, Boland W. 2004. Biotic and heavy metal stress response in plants: evidence
for common signals. FEBS Letters 566: 1-5.
Mittler R, Vanderauwera S, Gollery M, Van Breusegem F. 2004. Reactive oxygen gene network of
plants. Trends in Plant Science 9: 490-498.
Monk LS, Fagerstedt KV, Crawford RM. 1989. Oxygen toxicity and superoxide dismutase as an
antioxidant in physiological stress. Physiologia Plantarum 76: 456-459.
Mostaert AS, Karsten U, King RJ. 1995. Inorganic ions and mannitol in the red alga Caloglossa
leprieurii (Ceramiales, Rhodophyta): response to salinity change. Phycologia 34: 501-507.
Moustafa A, Beszteri B, Maier UG, Bowler C, Valentin K, Bhattacharya D. 2009. Genomic
footprints of a cryptic plastid endosymbiosis in diatoms. Science 324: 1724-6.
Munns R, Tester M. 2008. Mechanisms of salinity tolerance. Annual Review of Plant Biology 59:
651-681.
Müller DG. 1964. Life-cycle of Ectocarpus siliculosus from Naples, Italy. Nature 203: 1402-1402.

36

Müller DG. 1966. Untersuchungen zur Entwicklungsgeschichte der Braunalge Ectocarpus siliculosus
aus Neapel. Planta 68: 57-68.
Müller DG. 1967. Generationswechsel, Kernphasenwechsel und Sexualität der Braunalge Ectocarpus
siliculosus im Kulturversuch. Planta 75: 39-54.
Nagahisa E, Kanno N, Sato M, Sato Y. 1995. Occurrence of free d-alanine in marine macroalgae.
Bioscience Biotechnology and Biochemistry 59: 2176-2177.
Nambara E, Marion-Poll A. 2005. Abscisic acid biosynthesis and catabolism. Annual Review of Plant
Biology 56: 165-85.
Nasr AH, Bekheet IA, Ibrahim RK. 1967. An electro-chromatographic investigation of the amino
acid pattern of some marine algae from Alexandria. Hydrobiologia 29: 80-92.
Nyvall P, Corre E, Boisset C, Barbeyron T, Rousvoal S, Scornet D, Kloareg B, Boyen C. 2003.
Characterization of mannuronan C-5-epimerase genes from the brown alga Laminaria digitata. Plant
Physiology 133: 726-735.
Ocon A, Hampp R, Requena N. 2007. Trehalose turnover during abitotic stress in abruscular
mycorrhizal fungi. New Phytologist 174: 879-91.
Palenik B, Grimwood J, Aerts A, Rouzé P, Salamov A, Putnam N, Dupont C, Jorgensen R,
Derelle E, Rombauts S, Zhou K, Otillar R, Merchant SS, Podell S, Gaasterland T, Napoli C,
Gendler K, Manuell A, Tai V, Vallon O, Piganeau G, Jancek S, Heijde M, Jabbari K, Bowler C,
Lohr M, Robbens S, Werner G, Dubchak I, Pazour GJ, Ren Q, Paulsen I, Delwiche C, Schmutz
J, Rokhsar D, Van de Peer Y, Moreau H, Grigoriev IV. 2007. The tiny eukaryote Ostreococcus
provides genomic insights into the paradox of plankton speciation. Proceedings of the National
Academy of Sciences of the United States of America 104: 7705-10.
Park S, Jin ES, Lee M. 2008. Expression and antioxidant enzymes in Chaetoceros neogracile, an
Antarctic alga. Cryoletters 29: 351-361.
Pavia H, Cervin G, Lindgren G, Lindgren A, Aberrg P. 1997. Effects of UV-B radiation and
simulated herbivory on phlorotannins in the brown alga Ascophyllum nodosum. Marine Ecology
Progress Series 157: 139-146.
Peters AF, Marie D, Scornet D, Kloareg B, Cock JM. 2004. Proposal of Ectocarpus siliculosus
(Ectocarpales, Phaeophyceae) as a model organism for brown algal genetics and genomics. Journal of
Phycology 40: 1079-1088.
Pinto E, Sigaud-kutner TC, Leitao MA, Okamoto OK, Morse D, Colepicolo P. 2003. Heavy metainduced oxidative stress in algae. Journal of Phycology 39: 1008-1018.
Ray B, Lahaye M. 1995. Cell-wall polysaccharides from the marine green alga Ulva “rigida”
(Ulvales, Chlorophyta). Chemical structure of ulvan. Carbohydrate Research 274: 313-318.
Reed RH, Barron JA. 1983. Physiological adaptation to salinity change in Pilayella littoralis from
marine and estuarine sites. Botanica Marina 26: 409-416.
Reed RH, Davison IR, Chudek JA, Foster R. 1985. The osmotic role of mannitol in the Phaeophyta an appraisal. Phycologia 24: 35-47.
Reed R, Wright P, Chudek J, Hunter G. 1995. Turnover of hexitols in the marine macroalga
Himanthalia elongata (Phaeophyta, Fucales). European Journal of Phycology 30: 169-177.
Reymond P, Weber H, Damond M, Farmer EE. 2000. Differential gene expression in response to
mechanical wounding and insect feeding in Arabidopsis. The Plant Cell 12: 707-20.
Ritter A, Goulitquer S, Salaün J, Tonon T, Correa JA, Potin P. 2008. Copper stress induces
biosynthesis of octadecanoid and eicosanoid oxygenated derivatives in the brown algal kelp Laminaria
digitata. The New Phytologist 180: 809-21.
Robinson S, Jones G. 1986. Accumulation of glycinebetaine in chloroplasts provides osmotic
adjustment during salt stress. Australian Journal of Plant Physiology 13: 659-668.
Roeder V, Collén J, Rousvoal S, Corre E, Leblanc C, Boyen C. 2005. Identification of stress gene
transcripts in Laminaria digitata (Phaeophyceae) protoplast cultures by expressed sequence tag
analysis. Journal of Phycology 41: 1227-1235.

37

1. Introduction

Abiotic stress in Ectocarpus – a global approach: introduction

1. Introduction

Abiotic stress in Ectocarpus – a global approach: introduction
Rossel JB, Wilson IW, Pogson BJ. 2002. Global changes in gene expression in response to high light
in Arabidopsis. Plant Physiology 130: 1109-20.
Schaffelke B. 1995. Abscisic acid in sporophytes of three Laminaria species (Phaeophyta). Journal of
Plant Physiology 146: 453-458.
Schmid R, Dring MJ. 1996. Influence of carbon supply on the circadian rhythmicity of photosynthesis
and its stimulation by blue light in Ectocarpus siliculosus: clues to the mechanism of inorganic carbon
acquisition in lower brown algae. Plant, Cell and Environment 19: 373-382.
Schulze E, Beck E, Müller-Hohenstein K. 2005. Plant Ecology. Springer.
Seki M, Narusaka M, Abe H, Kasuga M, Yamaguchi-Shinozaki K, Carninci P, Hayashizaki Y,
Shinozaki K. 2001. Monitoring the expression pattern of 1300 Arabidopsis genes under drought and
cold stresses by using a full-length cDNA microarray. The Plant Cell 13: 61-72.
Shick JM, Dunlap WC. 2002. Mycosporine-like amino acids and related Gadusols: biosynthesis,
acumulation, and UV-protective functions in aquatic organisms. Annual Review of Physiology 64: 22362.
Smirnoff N, Cumbes Q. 1989. Hydroxyl radical scavenging activity of compatible solutes.
Phytochemistry 28: 1057-1060.
Smith DG, Young EG. 1955. The combined amino acids in several species of marine algae. Journal of
Biological Chemistry 217: 845-854.
Stache-Crain B, Müller DG, Goff L. 1997. Molecular systematics of Ectocarpus and Kuckuckia
(Ectocarpales, Phaeophyceae) inferred from phylogenetic analysis of nuclear- and plastid-encoded
DNA sequences. Journal of Phycology 33: 152-168.
Sweetlove L. 2008. Getting to grips with the plant metabolic network. Comparative Biochemistry and
Physiology - Part A: Molecular & Integrative Physiology 150: S186-S186.
Tarczynski MC, Jensen RG, Bohnert HJ. 1993. Stress protection of transgenic tobacco by
production of the osmolyte mannitol. Science 259: 508-510.
Thimm O, Essigmann B, Kloska S, Altmann T, Buckhout TJ. 2001. Response of Arabidopsis to
iron deficiency stress as revealed by microarray analysis. Plant Physiology 127: 1030-43.
Thomas DN, Kirst GO. 1991. Differences in osmoacclimation between sporophytes and
gametophytes of the brown alga Ectocarpus siliculosus. Physiologia Plantarum 83: 281-289.
Tønnesen HH, Karlsen J. 2002. Alginate in drug delivery systems. Drug Development and Industrial
Pharmacy 28: 621-30.
Tonon T, Rousvoal S, Roeder V, Boyen C. 2008. Expression profiling of the mannuronan c5epimerase multigenic family in the brown alga Laminaria digitata (Phaeophyceae) under biotic stress
condtions. Journal of Phycology 44: 1250-1256.
Tuteja N. 2007. Abscisic Acid and abiotic stress signaling. Plant Signaling & Behavior 2: 135-8.
Urao T, Yakubov B, Satoh R, Yamaguchi-Shinozaki K, Seki M, Hirayama T, Shinozaki K. 1999.
A transmembrane hybrid-type histidine kinase in Arabidopsis functions as an osmosensor. The Plant
Cell 11: 1743-54.
Vardi A, Bidle KD, Kwityn C, Hirsh DJ, Thompson SM, Callow JA, Falkowski P, Bowler C.
2008. A diatom gene regulating nitric-oxide signaling and susceptibility to diatom-derived aldehydes.
Current Biology 18: 895-9.
Vardi A, Formiggini F, Casotti R, De Martino A, Ribalet F, Miralto A, Bowler C. 2006. A stress
surveillance system based on calcium and nitric oxide in marine diatoms. PLoS Biology 4: e60.
Vershinin A, Kamnev A. 1996. Xanthophyll cycle in marine macroalgae. Botanica Marina 39: 421425.
Vinocur B, Altman A. 2005. Recent advances in engineering plant tolerance to abiotic stress:
achievements and limitations. Current Opinion in Biotechnology 16: 123-132.
Wang W, Vinocur B, Shoseyov O, Altman A. 2004. Role of plant heat-shock proteins and molecular
chaperones in the abiotic stress response. Trends in Plant Science 9: 244-52.

38

Wasilewska A, Vlad F, Sirichandra C, Redko Y, Jammes F, Valon C, dit NF, Leung J. 2008. An
update on abscisic acid signaling in plants and more. Molecular Plant 1: 198-217.
West J, Kraft G. 1996. Ectocarpus siliculosus (Dillwyn) Lyngb. from Hopkins River Falls, Victoria the first record of a freshwater brown alga in Australia. Muelleria 9: 29-33.
Wood ZA, Poole LB, Karplus PA. 2003. Peroxiredoxin evolution and the regulation of hydrogen
peroxide signaling. Science 300: 650-3.
Worden AZ, Lee J, Mock T, Rouzé P, Simmons MP, Aerts AL, Allen AE, Cuvelier ML, Derelle
E, Everett MV, Foulon E, Grimwood J, Gundlach H, Henrissat B, Napoli C, McDonald SM,
Parker MS, Rombauts S, Salamov A, Von Dassow P, Badger JH, Coutinho PM, Demir E,
Dubchak I, Gentemann C, Eikrem W, Gready JE, John U, Lanier W, Lindquist EA, Lucas S,
Mayer KF, Moreau H, Not F, Otillar R, Panaud O, Pangilinan J, Paulsen I, Piegu B, Poliakov A,
Robbens S, Schmutz J, Toulza E, Wyss T, Zelensky A, Zhou K, Armbrust EV, Bhattacharya D,
Goodenough UW, Van De Peer Y, Grigoriev IV. 2009. Green evolution and dynamic adaptations
revealed by genomes of the marine picoeukaryotes Micromonas. Science 324: 268-72.
Wright PJ, Reed RH. 1985. The effects of osmotic stress on intracellular hexitols in the marine brown
alga Himanthalia elongata (L.) S.F. Gray. Journal of Experimental Marine Biology and Ecology 93:
183-190.
Xiong L, Zhu JK. 2002. Molecular and genetic aspects of plant responses to osmotic stress. Plant Cell
25: 131-139.
Xiong LM, Schumaker KS, Zhu JK. 2002. Cell signaling during cold, drought, and salt stress. Plant
Cell 14.
Yamaguchi T, Ikawa T, Nisizawa K. 1966. Incorporation of radioactive carbon from H14CO3- into
sugar constituents by a brown alga, Eisenia bicyclis, during photosynthesis and its fate in the dark.
Plant Cell Physiol. 7: 217-229.
Yamaguchi-Shinozaki K, Shinozaki K. 1994. A novel cis-acting element in an Arabidopsis gene is
involved in responsiveness to drought, low-temperature, or high-salt stress. The Plant Cell 6: 251-64.
Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN. 1982. Living with water stress:
evolution of osmolyte systems. Science 217: 1214-22.
Zhu JK. 2002. Salt and drought stress signal transduction in plants. Annual Review of Plant Biology
53: 247-273.

39

1. Introduction

Abiotic stress in Ectocarpus – a global approach: introduction

1. Introduction

Abiotic stress in Ectocarpus – a global approach: introduction

40

Chapter 2
Primary metabolism

41

42
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2.1 Preface
Even though Ectocarpus siliculosus has been established as a genetic model for
brown algae, very little is known about its primary metabolism or about changes in
metabolite concentrations in the course of the diurnal cycle. However, such data is
essential for the correct interpretation of changes in response to stress. The aim of this
first chapter was therefore to provide a basis for the analyses that followed, by
combining four complementary approaches:
1. Manual annotation of 238 loci (corresponding to 147 genes) related to primary
metabolism (and in particular metabolism of amino acids) in the Ectocarpus
genome.
2. Metabolite profiling of amino acids and non-structural carbohydrates in the
course of the light-dark cycle during 48 hours.
3. Metabolite profiling after 6 and 12 hours of incubation in seawater repleted or
depleted in CO2.
4. Expression profiling of genes involved in key metabolic processes, during the
diurnal cycle and after alteration of growh conditions, by real-time quantitative
PCR.
The presented data show that mannitol and several amino acids exhibited strong
diurnal oscillations and allowed us to formulate several hypotheses on primary
metabolic processes in Ectocarpus. As will become clear in chapters 3 and 4, the
results presented in this chapter contributed to the understanding of several of the
metabolic changes observed in the short-term and the long-term response to stress.
This chapter is the result of a collaborative effort of numerous scientists, of which
several, and in particular Antoine Gravot (University of Rennes 1), had a major
contribution.

2.2 Primary metabolism in E. siliculosus
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Abstract
In this study we examined the primary metabolism of the model brown alga
Ectocarpus siliculosus by extensive metabolite profiling across two light-dark cycles
and under different CO2/O2 concentrations, as well as by targeted gene expression
analysis and genome annotation. Apart from anticipated results such as changes in the
mannitol concentration, several interesting features emerged from this exploratory
approach. I) We detected very low levels of γ-aminobutyric acid (GABA), a stressrelated compound usually present in high concentrations in plants, and linked this to
the absence of a glutamate decarboxylase gene from the Ectocarpus- and also diatom
genomes. II) We discuss diurnal changes in the concentration of aspartate and the
absence of malate in the context of a possible carbon concentrating mechanism
(CCM) in Ectocarpus. In combination with genome annotations, our results point to
the conclusion that Ectocarpus does probably not possess a classical C4 or CAM like
organic CCM, although indications for an inorganic, carbonic anhydrase-based CCM
were found. III) In agreement with this, we observed an accumulation of glycine and
serine, as well as an increase in the ratio of glycine to serine during the light phase
and in response to carbon starvation or oxygen enrichment. Glycine, serine, and their
ratio are considered markers of photorespiration. IV) We detected a strong inverse
correlation between the intracellular concentrations of glutamate and alanine, which
might be related to a possible role of these compounds in the temporary storage of
pyruvate during photosynthesis.
Keywords: Brown algae, diurnal cycle, carbon concentrating mechanisms,
photorespiration, targeted metabolite profiling, quantitative real-time PCR
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Introduction
the chromalveolate kingdom and are phylogenetically distant from red/green algae
and land plants. Their primary metabolism has been investigated in several species,
with special emphasis on storage compounds and biochemical mechanisms of carbon
assimilation. Unlike green plants, brown algae do not accumulate starch or sucrose,
but store assimilated carbon essentially as laminarin and mannitol. In particular,
mannitol has been intensively studied and is considered a storage compound and
osmolyte (Reed & Barron 1983, Reed et al. 1985, Thomas & Kirst 1991).
Similarly, the organic acid citrate is known to be present in high concentrations in
brown algae including Ectocarpus spp. (Hillrichs & Schmid 2001), and many of the
primary amino acids directly associated to nitrogen assimilation also reach substantial
levels. However, the concentrations of amino acids have, however, only been
examined in a few studies mainly using field samples (Smith & Young 1955, Nasr et
al. 1967, Nagahisa et al. 1995). Moreover, these studies neither examined amino acid
concentrations in the course of the diurnal cycle, nor the metabolic pathways involved
in their synthesis and their regulation under different physiological conditions.
A number of studies (e.g. Yamaguchi et al. 1966, Kawamitsu & Boyer 1999, Moulin
et al. 1999, Axelsson et al. 2000, Schmid & Dring 2001, Hillrichs & Schmid 2001)
have been conducted to examine the possible presence of inorganic and organic
carbon concentrating mechanisms (CCMs) in different brown algal species. Various
components of inorganic CCMs, such as external and internal carbonic anhydrases
(Schmid & Dring 1996a) and direct bicarbonate uptake (Schmid 1998) were
identified, yet the situation is not very clear with respect to the presence or absence of
an organic CCM. In a classical organic CCM, the enzymatic decarboxylation of a C4
compound by malic enzymes or phosphoenolpyruvate carboxykinases (PEP-CK)
generates CO2 for the fixation by the ribulose-1,5-bisphosphate carboxylase
oxygenase (RuBisCO) in the first step of the Calvin cycle. Both enzymatic activities
were detected in brown algae, although the activity of malic enzymes is usually very
low (Akagawa 1972a), and PEP-CK activity in brown algae is likely to be involved in
the light-independent fixation of CO2 rather than decarboxylation (Kremer & Küppers
1977, Axelsson et al. 1989). Moreover, even though efficient CCMs repress the
oxygenase activity of RuBisCO, the immediate product of this oxygenase function, 247
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Brown algae, the dominant photosynthetic organisms in the intertidal zone, are part of
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phosphoglycolate, and its metabolism (photorespiratory glycolate cycle), were
detected in Spatoglossum pacificum (Iwamoto & Ikawa 1997). On the other hand,
2. Primary met.abolism

several species of brown algae display a weak Warburg effect (i.e. inhibition of
photosynthesis by high oxygen concentrations, Kremer 1980).
Basic knowledge about these primary metabolic processes is essential for the
understanding of the physiology and ecology of seaweeds, and constitutes a basis for
the design and interpretation of future experiments. In this study, we therefore attempt
to fill some gaps in our knowledge about primary metabolism in the model brown
alga Ectocarpus siliculosus (Charrier et al. 2008). This small and filamentous species
can easily be cultivated under controlled conditions in the laboratory, therefore
alleviating possible influences of seasonal and environmental variations. Moreover, E.
siliculosus has been selected as a genetic model (Peters et al. 2004) and its genome
has recently been sequenced (Cock et al. in prep.). The availability of genomic data
allowed us to combine metabolite profiling with manual genome annotation and
targeted transcriptomic profiling, thus improving our knowledge of primary
metabolism in E. siliculosus at the molecular level. Here we present metabolite
profiling of the cellular content of free amino acids (20 protein coding amino acids as
well as γ-aminobutyric acid (GABA), β-alanine, and ornithine), and 24 sugar alcohols
(7 of which were detectable), in 3 h intervals during 48 h as well as under different
CO2 and O2 concentrations. In addition, annotation and expression profiling was
carried out for a number of genes of interest. This approach revealed several
interesting features about primary metabolism in Ectocarpus, including the presence
of traces of GABA, the probable absence of a C4 or CAM like organic CCM, the
importance of photorespiration, and a striking opposition between the diurnal changes
of alanine and glutamate.

Materials and Methods
Experimental setup
For the diurnal cycle experiment, three replicate cultures of Ectocarpus siliculosus
(Dilwyn) Lyngbye (Ectocarpales, Phaeophyceae) unialgal strain 32 (accession CCAP
1310/4, origin San Juan de Marcona, Peru) were cultivated in 10 L plastic flasks in a
culture room at 14 °C using artificial seawater (ASW) (450 mM Na+, 532 mM Cl-, 10
mM K+, 6 mM Ca2+, 46 mM Mg2+, 16 mM SO42-) enriched in Provasoli nutrients
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(Starr & Zeikus 1993). This culture medium provides NO3- at a final concentration of
0.88 mM (75 mg L-1) in the growth medium. Photosynthetically active radiation
40 µmol m-2 s-1 for 10 hours per day. Cultures were aerated with filtered (0.22 μm)
compressed air to avoid CO2 depletion. The diurnal cycle experiment was started
about 15 min after the beginning of the light phase. Every three hours, about 200 ml
of each of the replicate cultures were harvested by filtration, quickly dried with a
paper towel, divided into two sub-samples and frozen in liquid nitrogen. The first subsample was used to extract total RNA, while the second sub-sample was freeze-dried
and used for GC- and UPLC-analysis.
The carbon starvation / enrichment experiment was performed under the same
conditions, with a few exceptions: natural seawater (NSW) adjusted with HCl and
NaOH to a pH of 8.3-8.5 was used instead of ASW, PAR was provided 12 hours a
day at an intensity of 30 µmol m-2 s-1, and cultures were kept in 250 ml glass flasks. In
the carbon starvation / enrichment experiment, four different CO2 / O2 conditions were
tested: a control condition, aerated with compressed air; a carbon depletion condition
in which the culture medium was acidified with HCl (pH 2.0), stirred for 4 hours
before restoring the pH to 8.4, and then aerated with a mixture of pure N2 and O2 (80
% and 20%, respectively); a carbon saturation condition in which 10 g L-1 NaHCO3
was added to seawater and the pH was again adjusted to 8.4 (here the air used for
bubbling was also enriched with CO2 by aeration through a saturated solution of
NaHCO3); and finally, an O2-enriched condition, in which control medium was
aerated with 50 % O2, 50 % air starting 12 hours prior to the experiment. This
experiment was started in the beginning of the light phase by adding about 2 g FW or
E. siliculosus to the prepared culture media. Three biological replicates were made on
three subsequent days. Each culture was harvested as described above after 6 hours
and 12 hours.
Metabolite profiling
For metabolite profiling, 10 mg of the freeze-dried sample were ground using a ball
mill. A methanol-chloroform-water-based extraction was performed according to the
following procedure: ground samples were suspended in 400 μL of methanol
containing two internal standards: 200 μM 3-aminobutyric acid (for amino acid
quantification) and 400 µM ribitol (GC-analysis). Suspensions were agitated for 15
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(PAR) was provided by Philips daylight fluorescence tubes at a photon flux density of
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min at room temperature. 200 µL of chloroform were then added, followed by a 5-min
agitation step. Finally, 400 μL of water were added, and samples were vortexed
2. Primary met.abolism

vigorously and centrifuged at 13,000 g for 5 min to induce phase separation. The
upper phase, which contained non-structural carbohydrates, organic acids and amino
acids, was transferred to a clean microtube and used for subsequent analysis.
For amino acid profiling, 50 µL of each methanol/water extract were dried under
vacuum. Dry residues were resuspended in 50 μL of ultra-pure water and 10 μL were
used for the derivatization using the AccQ-Tag Ultra derivatization kit (Waters,
Milford, MA, USA). Derivatized amino acids were analyzed using an Acquity UPLCDAD system (Waters) according to Jubault et al. (2008). 3-aminobutyric acid was
used as internal standard. As this protocol provides only poor separation of glutamate
and citrulline, an alternative gradient was also run to verify that no citrulline was
present in our samples: initial, 99.9% A; 2 min, 99.9% A, curve 6; 6 min, 98% A,
curve 7; 10 min, 96% A, curve 7; 12 min, 80% A, curve 6; 15 min, 40.4% A, curve 6;
16 min, 40,4% A, curve 6; 17 min, 99.9% A, curve 6; and 18 min, 99.9% A, curve 6.
Non-structural carbohydrates and organic acids were analyzed by GC-FID according
to Adams et al. (1999) and Lugan et al. (2009). Fifty µL of polar extract were dried
under vacuum. The dry residue was dissolved in 50 µL of 20 mg mL-1
methoxyaminehydrochloride in pyridine at 30°C for 90 min under orbital shaking.
Then 50 µL of N,O-bis(trimethylsisyl)trifluoroacetamide (BSTFA) were added and
samples were incubated at 37°C for 30 min, then at room temperature overnight
before injection. One µL of the mixture was injected in a Trace 2000 GC-FID
(Thermo-Fisher Scientific, Waltham, CA, USA) equipped with an AS2000
autosampler (Thermo-Fisher Scientific), a split/splitless injector (split mode set to
1:25) at 230°C, a J&W DB5 30 m x 0.32 mm x 0.25 mm column and an FID detector
at 250°C. The temperature gradient was: 5 min at 70°C, 5°C min-1 until 220°C, 2°C
min-1 until 260°C, 20 °C min-1until 300°C and finally 5 min at 300°C. Ribitol was
used as internal standard.
GC-MS profiling was used with several samples to check the identity and purity of
peaks used for GC-FID quantification.
Genome annotation and gene expression analysis
All genes were identified by sequence homology in the version 2 of the Ectocarpus
genome (Cock et al., in prep.). The subcellular protein localization of genes was
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predicted using HECTAR, a prediction method developed specifically for heterokonts
(Gschlössl et al. 2008), and PTS1 predictor, a method used to predict the c-terminal
polymerase chain reaction (qPCR) analyses were performed for the time points 0, 6,
12, 18, and 24 hours of the diurnal cycle experiment and for the 6 hours samples of
the carbon starvation / enrichment experiment (3 replicates each). Primer design,
RNA extraction, reverse transcription, and qPCR analyses were performed as
previously described (Le Bail et al. 2008).
Expression profiles were examined for the following genes (Table 1): two alanine
aminotransferases (ALT1 and ALT2, where ALT2 has a peroxisomal target peptide
PTS1 and is likely to function as glutamate:glyoxylate aminotransferase (GGT) in
photorespiration), three additional genes involved in the photorespiratory pathway
(one phosphoglycolate phosphatase (PGP), one glycolate oxidase (GOX1), and one
protein of the glycine cleavage system (GCS-L)), two pyruvate dehydrogenases
(acetyl transferase E1 subunit, PDH1 and PDH2), three genes potentially involved in
known C4 metabolic pathways, one phosphoenolpyruvate carboxykinase (PEP-CK),
one phosphoenolpyruvate carboxylase (PEP-C), one cytosolic NADP-Malic Enzyme
(MDH1), and three carbonic anhydrases (CA2, CA3, CA4). Genes coding for an
elongation factor 1 alpha (EF1alpha) and an ubiquitin conjugating enzyme (UBCE)
were used as reference genes for normalization (Le Bail et al. 2008).
Table 1: Genes used for qPCR experiments. The table includes gene names, accession numbers and
primer sequences, as well as the number of expressed sequence tags (ESTs) associated to each gene.
Short name
ALT1
ALT2/GGT
PGP
GOX1
GCS-L
PDH2
PEP-CK
PEP-C
MDH1
CA2
CA3
CA4
LHCA
Ef1alpha
UBCE

Name
alanine aminotransferase
alanine aminotransferase (peroxisomal)
glutamate:glyoxylate aminotransferase
phosphoglycolate phosphatase
glycolate oxidase
glycine-cleavage system L-protein
pyruvate dehydrogenase E1 component alpha subunit
phosphoenolpyruvate carboxykinase (ATP)
phosphoenolpyruvate carboxylase
malate dehydrogenase (oxaloacetate-decarboxylating) (NADP+)
gamma carbonic anhydrase (mitochondrial)
carbonic anhydrase (chloroplast)
carbonic anhydrase (no signalp.)
chlorophyll binding protein
elongation factor 1 alpha
ubiquitin conjugating enzyme

ESTs Genome
4 Esi0298_0027
10 Esi0008_0209
3
19
4
7
2
14
2
4
1
70
9
230
6

Esi0130_0079
Esi0012_0104
Esi0322_0005
Esi0122_0080
Esi0035_0144
Esi0009_0060
Esi0003_0295
Esi0011_0163
Esi0062_0116
Esi0368_0022
Esi0278_0013
Esi0387_0021
Esi0054_0059

Forward primer
GTGTTGTCAGCAGCCTCAAGTAG

Reverse primer
AGCATTTCTCGTCAGCCTTTCC

ACCGCCTCAGAAAATCCACAAC

ACGGACGACAAGCAGTAGACC

CACGGGATTATAGAAGGCGAAGTAG
GCAGCAGCAGTCTAATGGTCTAC
CATAGTTACATCCATCCTAAACAGTGC
CCAGCCAAGACCTAAGCACAAG
TGGCTGGAGTGTGCTGGAC
GGTCACCAGCAATCCGTGTAAG
GCAATCGGTTCCTCGTGAGAAG
TTCGCCTGATTCAGCATGGTTG
CTCTCACTTCTTCATTCGCTTCTAAAC
AGTTGGTACACGGTGCTTTGC
GCGTACTCCTCCTCGGTGTAG
GCAAGGGCCTCAGCTCTG
AACAATGGCCTTTGCGAAAA

GCTCAGCGGCGGATAAGTTTC
CTACACTTGTTAGCCGCCTTCC
CTGCCCATTAGACCATTTACATTTACG
CCATCACACGACATATTCCCTCTC
TCGTCATGGCGGCTTTCAATC
TCAATCATCGCCTCACCTCTCC
CGGGCGTTGTTTAGGCTTGG
AGGAACGCAGAGAGGGAAAGG
AACTCCGTGCCAGGTGTAGG
CGCTACCTGGATTTGACCTTCTG
ATCGTGGTGACTATCCTCATCCTC
ACAAGCCGTCTGGGTATATGTTAGC
GCGTACGTCTTGAAGCCCAG

Statistical analysis
Statistical analysis was carried out using R 2.9.0 [www.r-project.org] together with R
Commander (Fox 2005). For the diurnal cycle experiment, both metabolites and log2transformed gene expression data were analysed by means of a one-way analysis of
variance (ANOVA) with time as predictor. In the carbon starvation / enrichment
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peroxisomal targeting signal 1 (PTS1, Neuberger et al. 2003). Real time quantitative
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experiment, metabolite data were analysed using a two-factor ANOVA with time and
treatment as predictors, while log2-transformed gene expression data was tested using
2. Primary met.abolism

a Student's t-test. In the carbon starvation / enrichment experiment, every treatment
was compared separately to the control.

Results
Metabolic profiling during the diurnal cycle
GC-profiling and quantification of polar organic solutes in Ectocarpus was performed
using GC-FID and the nature of compounds was confirmed using GC-MS. As
Table 2: Organic polar solute profiling in
Ectocarpus siliculosus (6h time point) in
comparison with 3 weeks old rosette leaves
of Arabidopsis thaliana. All values are given
in µmol g-1 DW and represent means of three
replicates ± standard error. ND = not
detected, ? = not examined.
Ectocarpus Arabidopsis
total amino acids
88.1
82.4
aspartate
14.5 ± 2.0
10.9 ± 0.9
asparagine
0.7 ± 0.1
6.1 ± 0.2
methionine
0.3 ± 0.1
0.2 ± 0.0
isoleucine
0.2 ± 0.1
0.2 ± 0.0
lysine
0.3 ± 0.1
0.3 ± 0.0
threonine
0.7 ± 0.1
4.5 ± 0.3
glutamate
22.9 ± 4.6
23.5 ± 1.1
glutamine
10.8 ± 2.1
16.0 ± 1.4
arginine
0.1 ± 0.0
0.2 ± 0.0
GABA
< 0.05
1.3 ± 0.4
proline
1.3 ± 0.2
3.2 ± 0.5
ornithine
0.1 ± 0.0
0.2 ± 0.1
α-alanine
29.9 ± 5.1
5.8 ± 0.3
valine
0.7 ± 0.4
0.9 ± 0.0
leucine
0.3 ± 0.1
0.3 ± 0.0
tyrosine
< 0.05
0.2 ± 0.0
phenylalanine
0.2 ± 0.1
0.3 ± 0.1
tryptophane
0.0 ± 0.0
0.1 ± 0.0
serine
3.1 ± 1.0
6.8 ± 0.6
glycine
1.7 ± 0.7
1.4 ± 0.2
glycine/serine
0.5 ± 0.0
0.2
organic acids
18.4
178.2
fumarate
ND
86.8 ± 31.9
malate
ND
34.7 ± 5.4
citrate
16.7 ± 2.1
56.7 ± 7.1
succinate
1.7 ± 0.2
?
sugars and polyols
334.7
50.6
Fructose
< 0.05
11.4 ± 0.7
glucose
3.3 ± 0.7
21.7 ± 0.7
myo -Inositol
< 0.05
5.5 ± 0.7
sucrose
< 0.05
12.0 ± 0.1
mannitol
331.4 ± 68.7
ND
total organic solutes
441.1
311.3

expected, mannitol was found to be the
major

solute

in

Ectocarpus

tissues,

reaching between 200 and 350 µmol g-1
DW (3.6 – 6.4 % DW). Mannitol content
was subject to strong variations in the
course of the light-dark cycle, with a clear
increase during light periods, and a
subsequent decrease in the dark (p <
0.001, Figure 1). Citrate was the major
organic acid found in Ectocarpus (Table
2), but exhibited only minor changes in
concentration during the diurnal cycle (p =
0.013). Detailed diurnal profiles of all
examined metabolites are presented in
Supplementary file 1.
The total free amino acid content was
found to be roughly stable, with a mean of
86.1 ± 10.8 µmol g-1 DW (Figure 1).
Glutamate and alanine were the major free
amino acids in Ectocarpus tissues, with
global means of 28.1 ± 5.4 µmol g-1 DW
and 24.5 ± 4.4 µmol g-1 DW, respectively.
Concentrations of these compounds were

subject to large fluctuations (p < 0.001) during the light-dark cycle (Figure 1): the
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light phase was characterized by a decrease in glutamate and a slight increase in the
alanine content. In the first part of the dark phase, we observed a strong decrease in
and an increase in alanine in the second half of the dark phase. Aspartate and
glutamine were the next most concentrated amino acids in Ectocarpus, with mean
concentrations of 13.9 ± 2.2 and 10.7 ± 1.7 µmol g-1 DW, respectively. A slight
oscillation of aspartate levels was detected (p = 0.032), reaching maximum
concentrations towards the end of the light phase and minimal concentrations at the
end of the dark phase. Changes in glutamine concentrations were even smaller but
also statistically significant (Figure 1, p = 0.005).
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Figure 1: Changes of mannitol and total free amino acid concentrations (panel A) as well as the
relative concentrations of the predominant amino acids (asp = aspartate, glu = glutamate, gln =
glutamine, and ala = α-alanine; panel B) in the course of two light-dark cycles. Grey areas indicate the
dark phase. The graph shows means of three replicates ± standard errors.

The content of glycine and serine was highly variable compared to other amino acids.
Both amino acids generally accumulated during the light phase and declined during
the dark phase (Figure 2, p = 0.017 for glycine and p < 0.001 for serine). This resulted
in an overall increase in the ratio (mol/mol) of glycine to serine during the light phase
(Figure 2), although this increase was not statistically significant (p = 0.077).
Finally, we observed significant oscillations (p < 0.050) in the content of asparagine,
arginine, threonine, proline, lysine, methionine, valine, leucine, isoleucine, and
phenylalanine (supplementary file 1). These oscillations were minor compared to
those of alanine, glutamate and mannitol.
Many compounds classically found in vascular plants, were not detectable in
Ectocarpus tissues, even after concentrating the samples, as for example sucrose,
fructose, malate, fumarate, trehalose and oligosaccharides of the raffinose family
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alanine and a parallel increase in glutamate, followed by a slow decrease in glutamate
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(Table 2). We also did not detect any altrose, a polyol previously described as typical
of Fucales (Raven et al. 2001), and a sample without ribitol as internal standard was
GABA were present only in traces (<0.01 µmol g-1 DW, Table 2), but 34 peaks
potentially corresponding to yet unidentified biogenic amines were detected through
the AccQ-Tag derivation in Ectocarpus samples (data not shown).
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analyzed to check the absence of endogenous ribitol. Furthermore, -alanine and
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Figure 2: Changes in the concentrations of glycine, serine (panel A) as well as in the ratio (mol/mol) of
glycine to serine (panel B) in the course of two light-dark cycles. Grey areas indicate the dark phase.
The graph shows means of three replicates ± standard errors.

Metabolic profiling under altered growth conditions
In order to complete our observations on the changes of primary metabolites
throughout the light-dark cycle, we conducted an experiment during which the
availability of CO2 and O2 was modified in order to potentially affect
photorespiration.
No change in the quantity of total free amino acids was observed in this experiment,
but O2 enrichment, a treatment that was expected to enhance photorespiration,
triggered significant accumulation of glycine (p = 0.022), serine (p = 0.023) and an
increase of the glycine/serine ratio (p = 0.027, Figure 3). In contrast, CO2 enrichment,
which was expected to lower photorespiration, clearly led to a decrease of all three
biochemical markers of this process (serine: p < 0.001; glycine: p = 0.004;
glycine/serine: p = 0.006). CO2 starvation also led to a slight increase in all three
markers, although this increase was not statistically significant (p > 0.130). Other
significant changes in this experiment comprised a decrease in alanine in response to
O2-enrichment (16 %, p = 0.008), a decrease in glutamate (19 %, p = 0.047) and
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aspartate (45 %, p = 0.003) in response to CO2 starvation, a decrease in methionine
under CO2-enriched conditions (46 %, p = 0.001), and a parallel increase in tyrosine
decrease in the NH4+ concentration in the CO2 enriched condition (p < 0.001, Figure
4). A complete table of metabolite concentrations measured in this experiment is
available in supplementary file 2.
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Figure 3: Changes in relative metabolite concentrations in response to different growth conditions. All
values are displayed as ratios (mol/mol) of treatment (high O 2, low CO2, and high CO2) and control
(mean of three replicates ± standard errors).

Genome annotation and changes in expression of key genes involved in basic
metabolic processes
Changes in expression of selected genes corresponding to enzymes involved in
primary metabolism (Table 1) were monitored throughout the light-dark cycle and
after modification of the growth conditions (Figure 4).
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(45 %, p = 0.008) and leucine (73 %, p = 0.002). Finally, we observed a strong
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Figure 4: Gene expression profiles during the light-dark cycle and in different growth conditions
(means of three replicates ± standard error). Profiles of each gene during the diurnal cycle show the
copy number, while changes in expression (log2-ratios with the control condition) in response to the
different growth conditions are shown in the adjacent graph to the right. In the latter graph, positive
values indicate that a gene was up-regulated, negative values that it was down-regulated; p-values are
indicated as follows: ’ p < 0.1; * p < 0.05; ** p < 0.01; *** p < 0.001. The shaded area indicates the
dark phase (from 9.5 to 23.5 h). See Table 1 for a definition of the examined genes.
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Abiotic stress in Ectocarpus – a global approach: primary metabolism
The non-peroxisomal alanine transaminase ALT1 is likely to catalyze the transfer of
an amino group from glutamate to pyruvate, thereby producing alanine and αalanine and glutamate. ALT1 was found to be constitutively expressed. We then
monitored the changes in expression of two genes coding for pyruvate
dehydrogenases, enzymes using pyruvate as a substrate to furnish acetyl-CoA for the
tricarboxylic acid (TCA) cycles. The TCA cycle represents a metabolic crossroad
between carbon and nitrogen metabolism, furnishing carbon skeletons (pyruvate,
oxaloacetate and -ketoglutarate) as precursors for alanine, aspartate and glutamate
biosynthesis. Only PDH1 was significantly regulated on a transcriptional level. Its
expression decreased during the light phase and increased during the dark phase – a
feature that could suggest an increase in TCA activity during the dark phase. PDH2
followed the same trends, but the changes in expression were not statistically
significant (p=0.080) and the overall expression level was ten-fold lower than that of
PDH1. Both PDH1 and PDH2 were also down-regulated (1.2 and 1.5-fold,
respectively) in CO2 enriched conditions, although, again, changes for PDH2 were not
statistically significant (PDH1: p = 0.013; PDH2: p = 0.093).
Carbonic anhydrases (CAs) are involved in inorganic carbon concentration. The
Ectocarpus genome contains five CAs with EST support (Table 3), three of which
(CA2, CA3, and CA4) were tested in this study. CA4 was clearly the most strongly
expressed carbonic anhydrase (70 associated ESTs, Table 1) and was also the only
one to be differentially expressed in our experiments. This gene was up-regulated
during the dark phase (p = 0.024) and strongly down-regulated in CO2 enriched
conditions (3.75-fold, p < 0.001). Corresponding to the presence of carbonic
anhydrases, we found two genes coding for putative bicarbonate transporters, one
sodium bicarbonate cotransporter predicted to be located in the chloroplast, and one
family 2 anion exchanger with no detected signal peptide (Table 3).
Several genes with a putative role in a C4-like organic CCM are shown in Table 3. In
this study, the C4-related genes examined by qPCR were mainly regulated during the
diurnal cycle experiment and not in response to different carbon concentrations,
although the phosphoenolpyruvate carboxylase (PEP-C) was also slightly downregulated under CO2 enriched conditions (1.60-fold, p = 0.003). PEP-Cs are involved
in carbon fixation in C4 and CAM plants by producing oxaloacetate from
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ketoglutarate, and was therefore possibly involved in the strong antagonism between
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phosphoenolpyruvate and CO2. The Ectocarpus PEP-C was down-regulated during
the light period and expression levels increased in the course of the dark phase. In C4
2. Primary met.abolism

plants, stored CO2 is released either by the activity of malic enzymes (e.g. MDH) or
phosphoenolpyruvate carboxykinases (PEP-CK). In Ectocarpus, data on the CO2
affinity of PEP-CK suggest that this enzyme functions rather in the carboxylation
sense (Akagawa et al. 1972a). In our experiments, PEP-CK showed the exactly
opposite profile as PEP-C: it was strongly up-regulated during the light phase and
expression levels decreased during the dark phase. This is in agreement with data on
the enzymatic activity of PEP-CK observed in E. siliculosus during the circadian
cycle under permanent red light (Busch & Schmid 2001). No significant regulation of
the tested cytosolic NADP-malic enzyme (MDH1) was observed in any of the
conditions tested, but high basal transcription levels were observed for this gene.
Table 3: Carbonic anhydrases, bicarbonate transporters, and genes possibly involved in a C4-like
carbon concentrating mechanism as well as their predicted subcellular localization in Ectocarpus. “*”
marks genes that were tested by qPCR (Table 1).
Protein

genome

ESTs

predicted localisation

Esi0000_0144

7

signal peptide

Esi0011_0163*

4

mitochondiron

Esi0062_0116*

1

chloroplast

Esi0368_0022*

70

no target peptide

Esi0125_0083

1

no target peptide

putative sodium bicarbonate cotransporter

Esi0172_0020

1

chloroplast

putative chloride bicarbonate anion exchanger

Esi0423_0017

2

no target peptide

phosphoenolpyruvate carboxylase (EC 4.1.1.31)

Esi0009_0060*

14

mitochondrion

phosphoenolpyruvate carboxykinase (EC 4.1.1.32)

Esi0035_0144*

2

mitochondrion

pyruvate carboxylase (EC 6.4.1.1)

Esi0011_0185

2

mitochondrion

malate dehydrogenase (EC 1.1.1.37)

Esi0209_0031

0

signal peptide

Esi0344_0024

0

no target peptide

Esi0006_0195

9

mitochondiron

Esi0061_0055

0

no target peptide

Esi0061_0051

0

mitochondiron

Esi0003_0295*

2

no target peptide

carbonic anhydrase (EC 4.2.1.1)

NAD-malic enzyme (EC 1.1.1.39)
NADP-malic enzyme (EC 1.1.1.40)

We also investigated the expression profiles of four genes directly involved in the
photorespiratory pathway: phosphoglycolate phosphatase (PGP), glycolate oxidase
(GOX1), peroxysomal glutamate/alanine:glyoxylate amino-transferase (ALT2/GGT),
and glycine cleavage system subunit L (GCS-L). Surprisingly, three of them (PGP,
GOX1 and ALT2/GGT) were expressed at a slightly but significantly higher level
during the dark phase. ALT2/GGT was up-regulated during CO2 starvation (3.37-fold,
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p = 0.009) and in the O2-enriched (2.73-fold, p = 0.055) condition, and downregulated in the CO2 enriched condition (2.54-fold, p = 0.035), corroborating the
process. We also observed an approximately 1.3-fold down-regulation of GOX1 and
PGP in CO2 enriched conditions (p = 0.021 and 0.044 respectively), while expression
levels of GCS-L did not change significantly in either of the experiments (p > 0.6). A
second glyoxylate oxidase present in the genome (GOX2) was not examined in this
study, due to problems in designing specific primers. However, this gene model is
supported by only 1 EST vs. 16 for GOX1. Manual annotations of genes related to
photorespiration are listed in Table 4.
Table 4: Genes possibly involved in the photorespiratory pathway and their predicted subcellular
localization in E. siliculosus compared to A. thaliana. “*” marks enzymes with at least one gene tested
by qPCR (Table 1). A serine-glyoxylate aminotransferase, a glycerate dehydrogenase, and a
hydroxypyruvate reductase could not be clearly identified in either E. siliculosus or diatom (not shown)
genomes.
Name
phosphoglycolate phosphatase (EC 3.1.3.18)*
glycolate oxidase (EC 1.1.3.15)*
alanine aminotransferase = glutamate-glyoxylate
aminotransferase (EC 2.6.1.4)*

genes
At5g36700
At5g06580

Arabidopsis
localiszation
chloroplast
peroxysome

Ectocarpus
genes
localiszation
Esi0130_0079
chloroplast
Esi0012_0104, Esi0017_0040
peroxysome

At1g23310, At1g70580

peroxysome

Esi0008_0209

peroxysome

glycine decarboxylase complex (GCS)*

At1g32470, At2g35120,
At2g35370, At2g26080,
At4g33010

mitochondrion

Esi0046_0032, Esi0046_0033,
Esi0221_0023, Esi0322_0005

mitochondrion

serine hydroxymethyltransferase (EC 2.1.2.1)

At4g37930

mitochondrion

Esi0148_0037, Esi0340_0018

no signal peptide /
mitochondium

serine-glyoxylate aminotransferase (EC 2.6.1.45)
glycerate dehydrogenase (EC 1.1.1.29)
hydroxypyruvate reductase (EC 1.1.1.81)
putative glycerate kinase (2.7.1.31)

At2g13360
At1g68010
At1g79870
At1g80380
At1g07890, At1g20630,
At4g35090

peroxysome
peroxysome
cytosolic
chloroplast

Esi0157_0054

peroxysome

Esi0045_0115

catalase (1.11.1.6)

no signal peptide
possibly
peroxysomal

Finally, we searched for genes classically involved in GABA synthesis via the GABA
shunt, and found that Ectocarpus, as well as Phaeodactylum tricornutum and
Thalassiosira pseudonana, lack genes coding for a glutamate decarboxylase and a
GABA-transaminase, key enzymes of GABA biosynthesis and GABA catabolism
respectively (Table 5). The traces of GABA detected in our samples could have been
synthesized from putrescine by the activity of a diamine oxidase (two copies in the
Ectocarpus: Esi0076_0063 and Esi0076_0061) and an aminobutyraldehyde
dehydrogenase (candidate genes with this function could be Esi0010_0069,
Esi0451_0004, and Esi0003_0206).
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potential role of this predicted peroxysomal amino-transferase in the photorespiratory
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Table 5: Enzymes of the GABA shunt in E. siliculosus, Phaeodactylum tricornutum, Thalassiosira
peudonana, Phytophthora sojae, and A. thaliana. Neither glutamate decarboxylase nor GABA
transaminase were found in E. siliculosus or diatom genomes.
Enzyme

Arabidopsis

Ectocarpus

diatoms

Phytophtora

glutamate decarboxylase (GAD, EC 4.1.1.15)

AT5G17330, AT2G02010,
AT1G65960, AT2G02000,
AT3G17760

-

-

jgi|sojae1|109436,
jgi|sojae1|108138,
jgi|sojae1|109780

jgi|sojae1|157659
jgi|Thaps3|268262, jgi|sojae1|108179,
jgi|Phatr2|28191
jgi|sojae1|109030

gaba transaminase (GABA-T, EC 2.6.1.19)

AT3G22200

-

succinic semialdehyde dehydrogenase (EC 1.2.1.24)

AT1G79440

Esi0003_0206

Discussion
This exploratory study presents the most extensive profiling of primary metabolites
carried out in brown algae so far, and revealed the prevalence of only a small number
of organic acids, polyols, and soluble non structural carbohydrates in E. siliculosus
tissues. The predominant soluble carbohydrates were mannitol and citrate,
representing 90% and 6% of the total polyols/organic acids measured respectively.
These results are in accordance with early biochemical reports on brown algae (Jones
1956, Yamaguchi et al. 1966). As previously shown for the brown algae Macrocystis
integrifolia and Nereocystis luetkeana (Rosell & Srivastava 1985), the predominant
amino acids in our samples were alanine, glutamate, aspartate, and glutamine,
together accounting for about 90 % of the total amino acids.
Absence of the GABA shunt in sequenced photosynthetic heterokonts
Compared to previous studies in brown algae, we used more sensitive methods,
facilitating the separation and detection of several compounds present only at very
low concentrations in our samples. For example, we detected traces of -alanine and
GABA, both of which had not been detected in a previous study of the brown alga
Himanthalia elongata (Jones 1956). In particular, the quasi-absence of GABA is an
unusual feature, as this molecule is generally considered ubiquitous (reviewed in
Clark et al. 2009), even if, in terrestrial plants, GABA contents are highly regulated
by environmental conditions such as heat. In animals, GABA is considered an
important neurotransmitter (Li & Xu 2008). The GABA shunt is believed to be the
main pathway of GABA synthesis in both plants and animals (Petroff 2002). In plants,
this pathway is also thought to furnish intermediates for the TCA cycle (Allan &
Shelp 2006). The quasi-absence of GABA in Ectocarpus in our culture conditions is
likely to be related to the absence of a gene encoding a glutamate decarboxylase in the
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Ectocarpus genome (Table 5). It is interesting that the absence of this gene is common
to Ectocarpus and both sequenced diatoms, but not to the non-photosynthetic
present in the last common ancestor of chromists, ophistokonts, and plants, and then
lost in Ectocarpus and the two known diatoms or one of their common ancestors, or
that it was acquired independently by Phytophthora.
Indications of inorganic but not organic carbon concentrating mechanisms in
Ectocarpus
The presence of an inorganic CCM was suggested for several algae (Reiskind et al.
1989, Badger & Price 1994) including brown algae (Axelsson et al. 2000, Klenell et
al. 2004, Mercado et al. 2005), although species-specific differences in the efficiency
of such a mechanism can be expected. In Ectocarpus the existence of such a
mechanism, is supported by the presence of two putative bicarbonate transporters and
several carbonic anhydrases in the Ectocarpus genome (Table 3), as well as the strong
regulation of the carbonic anhydrase CA4 in response to changes in carbon
availability (Figure 4).
However, our data does not provide support for the presence of an organic CCM.
Many reports have been published on the possibility of organic CCMs in brown algae
(e.g. Schmid & Hillrichs 2001). Unlike many terrestrial C4 plants, which rely on two
different cell types (mesophyll cells for fixating carbon and bundle sheath cells for
photosynthesis), Ectocarpus, due to its simple morphology, would need to rely on a
CAM-like mechanism (Ranson & Thomas 1960) or on intracellular compartmentation
in order to effectively concentrate CO2. The latter was described in the unicellular
marine diatom Thalassiosira weissflogii (Reinfelder et al. 2000). Although the
decarboxylating enzymes employed by terrestrial plants, i.e. malate dehydrogenases
or PEP-CKs (Hatch 1987), are present in the Ectocarpus genome, unlike in T.
weissflogii, none of the enzymes are predicted to be targeted to the chloroplast in
Ectocarpus. Moreover, previous reports in other brown algae (Akagawa et al. 1972a,
Kremer & Küppers 1977) have suggested that brown algal PEP-CKs may function as
a carboxylating rather than a decarboxylating enzyme. Overall, the situation in E.
siliculosus much resembles that in Phaeodactylum tricornutum (Kroth et al. 2008), as
decarboxylation of C4-compounds would need to take place in the mitochondrion.
Although in Ectocarpus, as in P. tricornutum, mitochondria are preferentially located
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heterokont Phytophthora sojae. This suggests that the GABA shunt was either already
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in close proximity of the chloroplast (A. Le Bail, personal communication), transport
of CO2 between the two organelles would involve crossing six membranes and would
2. Primary met.abolism

probably be inefficient.
Secondly, classical C4 or CAM mechanisms, present for example in maize or
pineapple, employ malate as a C4 compound to store and efficiently deliver CO2 to
the RuBisCo. In our samples, the absence of detectable malate at any time point is
inconsistent with such a malate-based CCM. As suggested by Schmid & Dring
(1996b), an alternative C4 compound could be aspartate. Aspartate can be
decarboxylated by three reactions (via oxaloacetate and phosphoenolpyruvate)
producing alanine as a final product and providing one CO2 molecule for
photosynthesis. Indeed, we observed cyclic changes in the concentrations of aspartate
and alanine in our diurnal experiments (Figure 1). However, aspartate concentrations
clearly increased during the light phase, which does not agree with the increased
demand for CO2, when photosynthesis is active. In addition, no other amino acid,
organic acid, polyol, or sugar was found to behave as expected for a carbon storage
compound. These findings make the presence of an active CAM-like organic CCM in
Ectocarpus unlikely.
Altogether, our observations therefore point to the conclusion that Ectocarpus does
not posses a classical C4 / CAM-like organic CCM, although we cannot eliminate the
possibility of a yet unknown organic CCM.
Photorespiration
Photorespiration is a process that occurs in plants, mainly in response to high light,
high temperature, or CO2 deficiency. Under these stress conditions, an increased
proportion of ribulose-1,5-bisphosphate (RuBP) may be oxygenized rather than
carboxylated. This marks the starting point for the photorespiratory glycolate pathway
(C2-cycle), which finally leads to the regeneration of RuBP (Foyer et al. 2009). The
presence of a highly efficient CCM would be expected to minimize photorespiration,
even under the aforementioned conditions.
In our experiments, the fluctuations of glycine, serine and the ratio of glycine to serine
during the diurnal cycle could be explained by the activation of a photorespiration
pathway in E. siliculosus. In terrestrial plants, the accumulation of glycine and serine,
and an increase in their ratio are considered reliable markers of photorespiration
(Foyer et al. 2003, Igarashi et al. 2006). The hypothesis that this is also valid for
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Ectocarpus is supported by the observations made under different growth conditions:
all three of these markers increased not only during the light phase but also in
carbon-enriched conditions. Moreover, changes in expression of the peroxysomal
alanine aminotransferase (ALT2/GGT) were highly correlated with the expected level
of photorespiration in CO2 / O2 altered growth conditions. In contrast, alanine,
aspartate, and glutamate contents, as well as the expression of genes potentially
involved in a C4 cycle, were not clearly altered in CO2 / O2 enriched or deficient
growth conditions. Moreover, photorespiration might also explain the rather unusual
changes in ammonium concentrations in our samples. In CO2 enriched conditions,
NH4+ levels were very low, suggesting that little NH4+ was produced from
photorespiration and/or that NH4+ assimilation is higher when carbon is not limiting.
Together, these findings provide a strong indication for the induction of the
photorespiratory pathway in Ectocarpus. However, while a putative glycerate kinase,
an essential gene for a classical photorespiratory pathway, which seems to be absent
in P. tricornutum (Kroth et al. 2008), was found in Ectocarpus, we did not identify
genes coding for serine-glyoxylate aminotransferases, glycerate dehydrogenases, or
hydroxypyruvate reductases. One possible explanation could be that these genes were
not indentified merely due to the lack of well-characterized heterokont sequences.
Indeed, homologous genes (identified e.g. as phosphoglycerate dehydrogenases) can
be found in the Ectocarpus genome. Moreover, hydroxypyruvate reductase activity
has been demonstrated experimentally in the brown alga Egregia menziesii (Gross
1990), and all enzymatic activities necessary to complete the glycolate cycle were
previously detected in the brown alga Spatoglossum pacificum (Iwamoto & Ikawa
1997). This underlines the importance of more targeted enzymatic studies to identify
the missing links in the photorespiratory pathway of Ectocarpus.
Pyruvate storage as alanine
One of the most striking results of this study was the observed antagonism between
alanine and glutamate (Figure 1). Alanine can be synthesized by the reversible
transfer of an amino group from glutamate to pyruvate also producing one molecule
of α-ketoglutarate. The latter can then be recycled for further glutamate / glutamine
synthesis via the GS/GOGAT system (Figure 5). Although the mitochondrial alanine
transaminase thought to catalyze the synthesis of alanine (ALT1) was not
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response to carbon starvation and increased O2 concentrations, and decreased under
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transcriptionally regulated in our experiments, a direct conversion of glutamate to
alanine would provide the most plausible explanation for the observed inverse
2. Primary met.abolism

correlation between the concentrations of these two compounds. One hypothesis could
be, that under laboratory conditions, when nitrate is not limiting, this accumulation
constitutes a way of temporarily storing pyruvate produced from photosynthesis,
which might be complementary to the role of mannitol as storage compound.

light phase (A)

beginning of dark phase (B)

mannitol

PS

triose-P

X

PEP

PS

pyruvate

α-ketoglutarate

mannitol

triose-P

pyruvate

α-ketoglutarate
Alt1

Alt1

alanine

PEP

glutamate

alanine

GS/GOGAT

glutamate

GS/GOGAT

Figure 5: Schematic representation of the proposed mechanism underlying the changes in alanine and
glutamate concentrations. During the light phase (A), pyruvate produced from photosynthesis can be
stored as alanine and released in the beginning of the dark phase (B). Arrows pointing up indicate an
increase or activation, arrows pointing down a decrease. PS = photosynthesis, Alt = alanine
aminotransferase, GS/GOGAT = glutamine synthetase / glutamine:2-oxoglutarate aminotransferase.

In the beginning of the dark phase, the supply of pyruvate from photosynthesis will
cease. Since the alanine transaminase works in both directions, this would shift the
alanine / glutamate balance towards glutamate and therefore liberate pyruvate,
explaining both the rapid decrease in alanine concentrations at the transition from the
light to the dark phase and the parallel increase in glutamate. Finally, after a latency
period of a few hours, the rapid changes observed in the beginning of the dark phase
came to a halt. This could be due to an activation of another pyruvate source, e.g.
glycolysis. Such fluxes between pyruvate and alanine were previously reported in
terrestrial plants, for instance in maize phloem (Valle & Heldt, 1991), and would
moreover be consistent with the work reported by Akagawa et al. (1972b), who
illustrated that alanine was one of the first amino acids to be synthesized from
radiolabeled carbon in several brown algae. Although this hypothesis provides a
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possible explanation for the observed relationship between alanine and glutamate,
further experimental validation, e.g. using pulse-chase experiments, will be required

Conclusion
This study represents the most extensive metabolite analysis of a brown algal species
so far, and highlights several new features related to primary metabolism in the model
brown alga E. siliculosus. First, Ectocarpus tissues contained dramatically low levels
of GABA, a quality most likely related to the apparent absence of a glutamate
decarboxylase. This important enzyme involved in GABA synthesis might have been
lost after the separation of marine and terrestrial heterokonts. Secondly, several
observations such as the absence of malate, the increase of aspartate during the light
phase, and the predicted subcellular localizations of several enzymes, are not
compatible with the presence of a classical C4- or CAM-like organic CCM in
Ectocarpus, although the high degree of regulation of the carbonic anhydrase CA4 in
response to changes in CO2 highlights the possible activity of an inorganic CCM.
Thirdly, changes in the concentrations of glycine and serine, as well as expression
profiles of ALT2/GGT, provided a strong indication for the increase of
photorespiration depending on the availability of O2 and CO2. Finally, we observed an
inverse relationship between glutamate and alanine concentrations, which could, for
instance, be explained by a role of the glutamate-alanine system in the storage of
photosynthetic pyruvate.
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3. Short-term response to abiotic stress
3.1 Preface
After having discussed metabolite and transcriptomic changes during the diurnal
cycle, this section deals with changes observed during the short-term response to
abiotic stress. My approach was focused exclusively on three stress conditions (6h of
hyposaline, hypersaline, and oxidative stress), for which I tried to obtain as much
information as possible. This chapter contains three sub-sections, each represented by
a separate manuscript or draft.
selected stress conditions. This article describes the choice of the three sub-lethal
stress conditions based on physiological parameters, the establishment of protocols
and resources for performing and analyzing microarray experiments with Ectocarpus
siliculosus (details on our Ectocarpus transcriptomics web site: http://www.sbroscoff.fr/UMR7139/ectocarpus/transcriptomics/), and the profound transcriptomic
changes observed in E. siliculosus in response to the chosen stress conditions.
In the second section, these transcriptomic changes were correlated to metabolite
changes of amino acids, sugars/polyols (measured by Antoine Gravot, University of
Rennes 1), and fatty acids (measured by Sophie Goulitquer, University of Brest). This
part of my thesis, which is presented as a manscript to be submitted for publication,
shows that complex interactions, which would be hard to foresee based on the
transcriptomic changes only, were at the root of many of the observed changes in
metabolite concentration. This section also further addresses the topic of compatible
osmolytes which is raised in the first section.
Finally, the third section of this chapter provides an example of more targeted studies
possible, based on the results of the microarray experiments. It describes the
phylogenetic analysis of a group of fucoxanthin chlorophyll a/c binding proteins
(FCPs) shown to be induced under abiotic stress conditions. The data presented
indicate that stress responsive FCPs are likely to form a subfamily of FCPs, which is
conserved in several macro- and microalgal species. Part of the work in this last
section was carried out by Gurvan Michel, and more extensive analyses (notably the
inclusion of red-algal genes) are still in progress.

71

3. Short-term stress

The first section presents a global transcriptomic analysis of the response to the

3. Short-term stress

Abiotic stress in Ectocarpus – a global approach: short-term stress

72

3.2
Transcriptomic response to short-term saline
and oxidative stress

73

3. Short-term stress

Abiotic stress in Ectocarpus – a global approach: short-term stress

3. Short-term stress

Abiotic stress in Ectocarpus – a global approach: short-term stress

74

Open Access

et al.
Dittami
2009
Volume
10, Issue 6, Article R66

Research

Global expression analysis of the brown alga Ectocarpus siliculosus
(Phaeophyceae) reveals large-scale reprogramming of the
transcriptome in response to abiotic stress

Simon M Dittami*†, Delphine Scornet*†, Jean-Louis Petit‡§¶,
Béatrice Ségurens‡§¶, Corinne Da Silva‡§¶, Erwan Corre¥, Michael Dondrup#,
Karl-Heinz Glatting**, Rainer König**, Lieven Sterck††, Pierre Rouzé††,
Yves Van de Peer††, J Mark Cock*†, Catherine Boyen*† and Thierry Tonon*†
Addresses: *UPMC Univ Paris 6, UMR 7139 Végétaux marins et Biomolécules, Station Biologique, 29680 Roscoff, France. †CNRS, UMR 7139
Végétaux marins et Biomolécules, Station Biologique, 29680 Roscoff, France. ‡CEA, DSV, Institut de Génomique, Génoscope, rue Gaston
Crémieux, CP5706, 91057 Evry, France. §CNRS, UMR 8030 Génomique métabolique des genomes, rue Gaston Crémieux, CP5706, 91057 Evry,
France. ¶Université d'Evry, UMR 8030 Génomique métabolique des genomes, 91057 Evry, France. ¥SIG-FR 2424 CNRS UPMC, Station
Biologique, 29680 Roscoff, France. #Center for Biotechnology (CeBiTec), University of Bielefeld, 33594 Bielefeld, Germany. **German Cancer
Research Center (DKFZ), Im Neuenheimer Feld 580, 69120 Heidelberg, Germany. ††VIB Department of Plant Systems Biology, Ghent
University, 9052 Ghent, Belgium.
Correspondence: Simon M Dittami. Email: dittami@sb-roscoff.fr. Thierry Tonon. Email: tonon@sb-roscoff.fr

Published: 16 June 2009
Genome Biology 2009, 10:R66 (doi:10.1186/gb-2009-10-6-r66)

Received: 19 November 2008
Revised: 4 February 2009
Accepted: 16 June 2009

The electronic version of this article is the complete one and can be
found online at http://genomebiology.com/2009/10/6/R66
© 2009 Dittami et al.; licensee BioMed Central Ltd.
This is an open access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Brown alga
<p>The
during
the
brown
acclimation
transcriptomics
alga <it>Ectocarpus
to mild abiotic
siliculosus</it>,
stress.</p>
unlike terrestrial plants, undergoes extensive reprogramming of its transcriptome

Abstract
Background: Brown algae (Phaeophyceae) are phylogenetically distant from red and green algae and an
important component of the coastal ecosystem. They have developed unique mechanisms that allow them
to inhabit the intertidal zone, an environment with high levels of abiotic stress. Ectocarpus siliculosus is being
established as a genetic and genomic model for the brown algal lineage, but little is known about its
response to abiotic stress.
Results: Here we examine the transcriptomic changes that occur during the short-term acclimation of E.
siliculosus to three different abiotic stress conditions (hyposaline, hypersaline and oxidative stress). Our
results show that almost 70% of the expressed genes are regulated in response to at least one of these
stressors. Although there are several common elements with terrestrial plants, such as repression of
growth-related genes, switching from primary production to protein and nutrient recycling processes, and
induction of genes involved in vesicular trafficking, many of the stress-regulated genes are either not
known to respond to stress in other organisms or are have been found exclusively in E. siliculosus.
Conclusions: This first large-scale transcriptomic study of a brown alga demonstrates that, unlike
terrestrial plants, E. siliculosus undergoes extensive reprogramming of its transcriptome during the
acclimation to mild abiotic stress. We identify several new genes and pathways with a putative function in
the stress response and thus pave the way for more detailed investigations of the mechanisms underlying
the stress tolerance ofbrown algae.
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Background

The brown algae (Phaeophyceae) are photosynthetic organisms, derived from a secondary endosymbiosis [1], that have
evolved complex multicellularity independently of other
major groups such as animals, green plants, fungi, and red
algae. They belong to the heterokont lineage, together with
diatoms and oomycetes, and are hence very distant phylogenetically, not only from land plants, animals, and fungi, but
also from red and green algae [2]. Many brown algae inhabit
the intertidal zone, an environment of rapidly changing physical conditions due to the turning tides. Others form kelp forests in cold and temperate waters as well as in deep-waters of
tropical regions [3,4]. Brown algae, in terms of biomass, are
the primary organisms in such ecosystems and, as such, represent important habitats for a wide variety of other organisms. As sessile organisms, brown algae require high levels of
tolerance to various abiotic stressors such as osmotic pressure, temperature, and light. They differ from most terrestrial
plants in many aspects of their biology, such as their ability to
accumulate iodine [5], the fact that they are capable of synthesizing both C18 and C20 oxylipins [6], their use of laminarin as a storage polysaccharide [7], the original
composition of their cell walls, and the associated cell wall
synthesis pathways [8-10]. Many aspects of brown algal biology, however, remain poorly explored, presenting a high
potential for new discoveries.
In order to fill this knowledge gap, Ectocarpus siliculosus, a
small, cosmopolitan, filamentous brown alga (see [11] for a
recent review) has been chosen as a model [12], mainly
because it can complete its life cycle rapidly under laboratory
conditions, is sexual and highly fertile, and possesses a relatively small genome (200 Mbp). Several genomic resources
have been developed for this organism, such as the complete
sequence of its genome and a large collection of expressed
sequence tags (ESTs). Although Ectocarpus is used as a
model for developmental studies [13,14], no molecular studies have been undertaken so far to study how this alga deals
with the high levels of abiotic stress that are a part of its natural environment. This is also true for intertidal seaweeds in
general, where very few studies have addressed this question.
In the 1960s and 1970s several studies (reviewed in [15])
examined the effects of abiotic stressors such as light, temperature, pH, osmolarity and mechanical stress on algal growth
and photosynthesis. However, only a few of the mechanisms
underlying the response to these stressors - for example, the
role of mannitol as an osmolyte in brown algae [16,17] - have
been investigated so far. Developing and applying molecular
and biochemical tools will help us to further our knowledge
about these mechanisms - an approach that was suggested 12
years ago by Davison and Pearson [18]. Nevertheless, it was
only recently that the first transcriptomic approaches were
undertaken to investigate stress tolerance in intertidal seaweeds. Using a cDNA microarray representing 1,295 genes,
Collén et al. [19,20] obtained data demonstrating the up-reg-
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ulation of stress-response genes in the red alga Chondrus
crispus after treatment with methyl jasmonate [19] and suggesting that hypersaline and hyposaline stress are similar to
important stressors in natural environments [20]. Furthermore, in the brown alga Laminaria digitata, Roeder et al.
[21] performed a comparison of two EST libraries (sporophyte and protoplasts) and identified several genes that are
potentially involved in the stress response, including the
brown alga-specific vanadium-dependent bromoperoxidases
and mannuronan-C5-epimerases, which are thought to play a
role in cell wall modification and assembly. These studies
have provided valuable information about the mechanisms
and pathways involved in algal stress responses, but they
were nevertheless limited by the availability of sequence
information for the studied organisms at the time.
With the tools and sequences available for the emerging
brown algal model E. siliculosus, we are now in a position to
study the stress response of this alga on the level of the whole
transcriptome. For this, we have developed an EST-based
microarray along with several tools and annotations (available on our Ectocarpus transcriptomics homepage [22]), and
used this array to study the transcriptomic response of E.
siliculosus to three forms of abiotic stress: hyposaline, hypersaline, and oxidative stress. Hypersaline stress is a stress
experienced by intertidal seaweeds - for example, in rockpools at low tide (due to evaporation) or due to anthropogenic
influences - and is comparable to desiccation stress. Hyposaline stress is also common in the intertidal zone, and can
arise, for example, due to rain. Furthermore, organisms with
a high tolerance to saline stress can inhabit a wide range of
habitats. E. siliculosus strains have been isolated from locations covering a wide range of salinity. A specimen was found
in a highly salt-polluted area of the Werra river in Germany,
where chloride concentrations at times reached 52.5 grams
per liter [23]. At the same time, E. siliculosus can be found in
estuaries, in the Baltic sea, and one strain of E. siliculosus was
isolated from freshwater [24]. Oxidative stress is commonly
experienced by living organisms. Reactive oxygen species
(ROSs) are produced intracellularly in response to various
stressors due to malfunctioning of cellular components, and
have been implicated in many different signaling cascades in
plants [25]. In algae, several studies have demonstrated the
production of ROSs in response to biotic stress (reviewed in
[26]). Therefore, protection against these molecules is at the
basis of every stress response and has been well studied in
many organisms. We simulated this stress by the addition of
hydrogen peroxide to the culture medium.

Results
Determination of sub-lethal stress conditions
The aim of this study was to determine the mechanisms that
allow short-term acclimation to abiotic stress. To be sure to
monitor the short-term response to stress rather than just cell
death, the intensity of the different stresses needed to be cho-
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sen carefully. Using a pulse amplitude modulation fluorometer (see Materials and methods), we measured the effects of
different stress intensities on photosynthesis. Figure 1 shows
the change in quantum yield of photosynthesis in response to
different intensities of the different stresses, where values of
over 0.5 indicate low stress. The quantum yield can vary during the course of the day even under controlled conditions, as
changes in light have a strong impact on this parameter.
Stress conditions were chosen to have a clear effect on the
photosynthesis rate, but to be sub-lethal, allowing the alga to
acclimate and recover. The conditions that corresponded best
to these criteria were 1.47 M NaCl (hypersaline condition,
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Effects of saline and oxidative stress of different intensities on the
photosynthetic efficiency (quantum yield) of E. siliculosus. The conditions in
red (1,470 mM NaCl, 12.5% seawater, and 1 mM H2O2) were the
conditions chosen for the microarray analysis.
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approximately three times the salinity of normal seawater),
12.5% seawater, and 1 mM H2O2 (oxidative stress condition),
although, for this last stressor, we can assume that the H2O2
concentration in the medium decreases over the course of the
experiment. Each stress was applied for 6 hours because this
corresponds to the time span between high and low tide. In
addition, experiments carried out on land plants [27] and red
algae [19] have indicated that the application of stress for 6
hours induces the most marked changes in transcription.
Initially, we had considered a fourth stress condition, 2 M
sorbitol in artificial sea water (ASW), to imitate the osmotic
pressure of the hypersaline treatment without the possible
effects of the salts. However, this treatment was not included
in the final experiment because cultures did not survive this
treatment for 6 hours. For the other stresses, we observed
100% recovery of photosynthesis after about 6 days, even
after 24 hours of stress (Additional data file 1).

Intracellular osmolarity and Na+ concentration
Apart from the photosynthetic activity, we also measured
intracellular osmolarity and Na+ concentrations (Figure 2).
After 6 hours of exposure to different salinities, the intracellular osmolarity was always about 500 mOsm higher than
that of the extracellular medium. The intracellular Na+ concentration was about 500 mM lower than in the extracellular
medium under hypersaline stress, 60 mM lower under control conditions, and the same under hyposaline stress. Oxidative stress had no detectable effect on the intracellular ion
composition or osmolarity (data not shown).

The E. siliculosus microarray represents 17,119
sequences
We designed a microarray based on 90,637 ESTs obtained by
sequencing clones from 6 different cDNA libraries: immature
sporophyte (normalized and non-normalized), mature sporophyte, immature gametophyte, mature gametophyte, and
stress (sporophyte). Cleaning and assembly resulted in the
generation of 8,165 contigs and 8,874 singletons. In addition,
21 genomic sequences and 231 E. siliculosus Virus 1 (EsV-1)
genes were included. The array design file has been deposited
under the accession number [ArrayExpress:A-MEXP-1445]
and is also available on our Ectocarpus transcriptomics
homepage [22].
Of the 17,119 genes represented on the array, 12,250 gave a
significant signal over background in our experiments and
were considered to be expressed under the conditions tested.
The analysis focused on these 12,250 genes (see Materials and
methods). A first comparison with the data obtained from a
tiling experiment with E. siliculosus (MP Samanta and JM
Cock, personal communication), where 12,600 genes were
considered strongly expressed, demonstrates that our array
offers a rather complete coverage of at least the highly transcribed parts of the E. siliculosus genome, suggesting that we
are working at the whole genome scale.
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significantly from the control sample. Every point represents the mean of five biological replicates ± standard deviation.

Table 1
Comparison of microarray and RT-qPCR results for genes changing expression

ID

Genome ID

Name

r

CL4038Contig1

[Esi0355_0025]

HSP70

0.87

Function
HSP70

LQ0AAB7YD09FM1.SCF

[Esi0155_0065]

NADH

0.94

NADH dehydrogenase

CL7513Contig1

[Esi0269_0011]

ProDH

0.79

Proline dehydrogenase
Putative transcription factor

CL3741Contig1

[Esi0024_0066]

TF

0.90

LQ0AAB12YN05FM1.SCF

[Esi0399_0008]

WD_rep

0.66

WD repeat gene

CL1Contig3

[Esi0085_0055]

CLB1

0.95

Chlorophyll binding protein

CL43Contig1

[Esi0199_0054]

CLB2

0.98

Fucoxanthin binding protein

CL7742Contig1

[Esi0026_0055]

TagS

0.69

TAG synthase

CL2765Contig1

[Esi0526_0006]

NH4-Tr

0.96

Ammonium transporter

CL3832Contig1

[Esi0437_0012]

FOR

0.67

Phycoerythrobilin:ferredoxin oxidoreductase

LQ0AAA16YN10FM1.SCF

[Esi0153_0004]

Arg-MetTr

0.71

Arginine N-methyltransferase

CL7099Contig1

[Esi0018_0111]

HSD

0.83

Homoserine dehydrogenase

CL6576Contig1

[Esi0107_0059]

IGPS

0.97

Indole-3-glycerol-phosphate synthase

CL7231Contig1

[Esi0686_0001]

CDPK

0.85

cAMP-dependent protein kinase
Microsomal glutathione S-transferase

CL4027Contig1

[Esi0122_0054]

mGST

-0.48

CL4274Contig1

[Esi0023_0183]

SNR

0.57

SNR (vesicular transport)

CL5850Contig1

[Esi0109_0088]

mG

0.99

Glycin-rich protein

CL455Contig1

[Esi0159_0021]

G6PD

0.91

Glucose-6-phosphate 1-dehydrogenase

CL6746Contig1

[Esi0116_0065]

IF4E

0.91

Eukaryotic initiation factor 4E

R is the Pearson correlation coefficient between the microarray and the RT-qPCR expression profile. ID corresponds to the name of the sequence
on the array.
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cDNA synthesis and amplification provided consistent
results with both mRNA and total RNA samples
For reasons as yet unknown, cDNA synthesis reactions with
E. siliculosus are inhibited at high concentrations of RNA.
Therefore, we decided to synthesize cDNAs from a small
quantity of total RNA or mRNA, and to include a PCR amplification step in the protocol to obtain sufficient doublestranded cDNA (4 μg) for each hybridization. A comparison
of the four four-fold replicates synthesized from 30 ng of
mRNA and the single four-fold replicate synthesized from
100 ng total RNA showed that these two protocols yielded
similar results. All total RNA replicates clustered with the
mRNA replicates of the same stress (data not shown). Nevertheless, at a false discovery rate (FDR) of 5%, 163 transcripts
gave significantly different results with the two types of sample. These transcripts represented mainly constituents of the
ribosome, as revealed by a Kyoto Encyclopedia of Genes and
Genomes (KEGG) Orthology Based Annotation System
(KOBAS) analysis and by an analysis of overrepresented GO
terms (Additional data file 2).

Validation of microarray results using quantitative
PCR
Nineteen genes that exhibited significant changes in their
expression patterns in the microarray analysis were analyzed
by real time quantitative PCR (RT-qPCR). Eighteen of these
had similar expression profiles in both the microarray experiment and the RT-qPCR experiment (correlation coefficient r
of between 0.57 and 0.99; Table 1). Only one gene, which
codes for a microsomal glutathione S-transferase, displayed a
different pattern in the two experiments (r = -0.48). Furthermore, the seven most stable 'housekeeping genes' as identified by qPCR in a previous report [28] showed only
statistically non-significant relative changes of <1.5-fold
(log2-ratio <0.58) in the microarray experiment (Table 2).
This demonstrated that the protocol for cDNA amplification
provided reliable measures of the relative transcript abundances. Although this method has been successfully applied
in several small-scale expression studies [29-35], to our
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knowledge, the use of this technique has not been reported
with commercial photolithographically synthesized arrays.

Ribosomal protein genes are among those whose
transcript abundances are least affected by stress
The 100 most stably expressed genes in these microarray
experiments included 51 genes with unknown functions.
Nineteen genes code for ribosomal proteins, and 21 genes are
known housekeeping genes with functions related to protein
turnover (transcription, 4 genes; translation, 3 genes; degradation, 3 genes), energy production (6 genes), and the
cytoskeleton (5 genes). For a detailed list of these most stably
expressed genes, please see Additional data file 3.

Classification of stress response genes using automatic
annotations
Overall, 8,474 genes were identified as being differentially
expressed in at least one of the conditions compared to the
control, allowing a FDR of 10% (5,812 were labeled significant
at an FDR of 5%). As can be seen in Figure 3, the relative
change for these genes ranged from 1.2-fold (log2-ratio ≈0.3)
to more than 32-fold (log2-ratio >5). Of these 8,474 genes,
2,569 (30%) could be automatically annotated with GO terms
using the GO-term Prediction and Evaluation Tool (GOPET)
[36] and 1,602 (19%) with KEGG orthology annotations using
the KOBAS software [37]. These automatic annotations were
analyzed for each stress condition individually, to identify GO
categories and KEGG pathways that were significantly overrepresented.
The KOBAS results (Figure 4; Additional data file 4) indicated
that under hyposaline and hypersaline stresses most of the
changes involved down-regulation of the synthesis and
metabolism of amino acids. More precisely, genes involved in
the synthesis of valine, leucine, and isoleucine, as well as that
of the aromatic amino acids (phenylalanine, tyrosine, tryptophan), and arginine and proline metabolism were affected.
This effect on amino acid synthesis was less marked for oxidative stress, where glutamate metabolism was the only

Table 2
Comparison of microarray and RT-qPCR results for housekeeping or stable genes

ID

Genome ID

Name

Maximum change ARRAY

Maximum change QPCR

Function

LQ0AAB30YA12FM1.SCF

[Esi0298_0008]

Dyn

0.23

0.77

Dynein

CL1914Contig1

[Esi0021_0024]

ARP2.1

0.22

0.44

Actin related protein

CL3Contig2

[Esi0387_0021]

EF1A

0.08

0.46

Elongation factor 1 alpha

CL8Contig12

[Esi0053_0059]

TUA

0.57

0.91

Alpha tubulin

CL1073Contig1

[Esi0054_0059]

UBCE

0.22

0.38

Ubiquitin-conjugating enzyme

CL29Contig4

[Esi0302_0019]

UBQ

0.18

0.82

Ubiquitin

CL461Contig1

[Esi0072_0068]

R26S

0.22

n/a

Ribosomal protein S26

The table displays the maximum log2-ratio between any stress and the control condition for both the microarray and the RT-qPCR analysis. No RTqPCR value is available for R26S, as this gene was used for normalization of the RT-qPCR samples. ID corresponds to the name of the sequence on
the array.
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Figure 3 of observed fold-changes (log2-ratios of stress and control samples)
Distribution
Distribution of observed fold-changes (log2-ratios of stress and control samples). All three comparisons between stress and control treatments were
considered and the observed frequencies averaged. The color coding shows how many transcripts were labeled as differentially expressed at different
FDRs. Not sig., not significant.

amino acid metabolism affected. Under hypersaline conditions, there was also an increase in transcripts coding for
enzymes that metabolize valine, leucine, and isoleucine. In
addition, photosynthesis and vesicular transport seemed to
be altered by both hyposaline and oxidative stress. Pathways
that appeared to be specifically affected by one stress
included the up-regulation of fatty acid metabolism and
down-regulation of translation factors under hypersaline
stress, the up-regulation of the proteasome and down-regulation of nitrogen metabolism under hyposaline stress, and an
increase in glycerophospholipid metabolism under oxidative
stress (Figure 4). A complete list of the pathways identified is
available in Additional data file 4, with possible artifacts arising from the automatic annotation marked in grey.
The GOPET analysis (Table 3; Additional data file 5) was
focused on the molecular function of the individual genes
rather than their role in a specific pathway. Only three GO
terms were identified as being over-represented among the
up-regulated genes: arginase and agmatinase activity under
hypersaline conditions, and microtubule motor activity under
oxidative stress. Most GO terms were found to be significantly

over-represented among the down-regulated genes. In agreement with the down-regulation of amino acid metabolism
identified by the KOBAS analysis, we observed a decrease in
the abundance of transcripts encoding aminoacyl-tRNA
ligases in hypersaline and hyposaline conditions using the
GOPET annotations. Also, under hypersaline stress, we
observed down-regulation of genes associated with the GO
terms RNA binding and translation factor activity, which corresponds to the KEGG category translation factors, and
down-regulation of transcripts coding for proteins with a CTP
synthase activity, which are involved in purine and pyrimidine metabolism. Under hyposaline stress, we observed that
NAD(P)+ transhydrogenases, a number of transferases and
oxidoreductases involved in amino acid metabolism, as well
as genes with functions in nucleic acid and chlorophyll binding, were most affected, the latter matching well with the
pathways 'photosynthesis-antenna proteins' identified by
KOBAS. Under oxidative stress, using the GOPET annotations, we detected down-regulation of several different categories of transferases, nitrate transporters, oxidoreductases
involved in steroid metabolism, and 3-isopropylmalate dehydratase-like enzymes that are involved in amino acid metab-
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Venn
stressdiagram
Figure
conditions
4
of KEGG pathways identified as over-represented among the transcripts significantly up- or down-regulated (FDR <0.1) in the different
Venn diagram of KEGG pathways identified as over-represented among the transcripts significantly up- or down-regulated (FDR <0.1) in the different
stress conditions. Only KEGG pathways with q-values < 0.1 in at least two conditions or for both datasets (FDR of 0.05 and FDR of 0.1) were considered.
The general category 'other enzymes' was not included. Further 'SNARE interactions in vesicular transport' includes the category 'SNARE', and
'photosynthesis' includes 'photosynthesis proteins' and 'porphyrin and chlorophyll metabolism'. No pathways were found to be common only to hyposaline
and hypersaline stress. SNARE, soluble N-ethylmaleimide-sensitive factor attachment receptor.

olism. Here, the KOBAS analysis did not identify any
significantly up- or down-regulated pathways. Also in contrast to the KOBAS results, no GO terms were significantly
over-represented among the genes identified as being up- or
down-regulated in both oxidative and hypersaline stresses, or
in all three stresses at the same time.

Manual classification of stress response genes with the
most significant changes in expression
To identify the most important mechanisms involved in the
stress response, we manually classified and examined in
detail 966 genes that exhibited the most significant changes
in one of the stress conditions compared to the control (that
is, genes that meet both criteria: significance at an FDR <1%
and a relative change in expression of more than two-fold). A
complete list of these genes, including their putative function,
assigned manually based on sequence homology of the corre-

sponding genome sequence to public protein databases, can
be found in Additional data file 3.
We identified 519 genes (53.7%) with no homologues in either
the National Center for Biotechnology Information (NCBI)
databases or other heterokont genomes (e-value > 1e-10). An
additional 122 genes (12.6%) code for conserved genes with
unknown function. Of these 122 conserved genes, 23 (18.9%)
are conserved only within the heterokont lineage. The
remaining 325 genes (33.6%) were divided into 12 groups
according to their putative functions in amino acid metabolism, DNA replication and protein synthesis, protein turnover, carbohydrate metabolism, photosynthesis-related
processes, fatty acid metabolism, transporters, vesicular trafficking and cytoskeleton, classical stress response pathways,
autophagy, signaling, and other processes. The following sec-

Genome Biology 2009, 10:R66

http://genomebiology.com/2009/10/6/R66

Genome Biology 2009,

Volume 10, Issue 6, Article R66

Dittami et al. R66.8

Table 3
GO terms identified to be over-represented among the transcripts of significantly up- or down-regulated in the different stress conditions

Condition

Change in expression Category

Function

GO ID

Hyper

Down

Nucleic acid binding

RNA binding
(mRNA, rRNA, snoRNA)

[GO:0003723]; [GO:0003729];
[GO:0019843]; [GO:0030515]

Nucleic acid binding

Translation factor activity
(elongation and initiation)

[GO:0008135]; [GO:0003746];
[GO:0003743]

Lyase

UDP-glucuronate decarboxylase
activity

[GO:0048040]

Ligase

CTP synthase activity

[GO:0003883]

Isomerase activity

Intramolecular oxidoreductase activity

[GO:0016860]

Up

Hydrolase

Agmatinase activity

[GO:0008783]

Hydrolase

Arginase activity

[GO:0004053]

Hyper Hypo Down

Ligase

Aminoacyl-tRNA ligase activity
(inlcuding Pro, Ser, Ile, Glu)

[GO:0004812]; [GO:0016876];
[GO:0004828]; [GO:0004829];
[GO:0004822]

Hypo

Oxidoreductase (S, peroxide) Antioxidant activity (glutathionedisulfide reductase and catalase,
cytochrome-c peroxidase)

[GO:0016209]; [GO:0004362];
[GO:0004096]; [GO:0004130]

Nucleic acid binding

[GO:0000404]; [GO:0032134];
[GO:0000403]; [GO:0032137];
[GO:0032138]; [GO:0032139]

Hypo

Down

Down

Tetrapyrrole binding

Chlorophyll binding

[GO:0016168]

Lyase

Carbon-oxygen lyase activity

[GO:0016835]

Transferase (N)

Transaminase activity (including TYR,
ASP, histidinol-P, aromatic amino
acids)

[GO:0008483]; [GO:0004838];
[GO:0004400]; [GO:0008793];
[GO:0004069]

Transferase (C1)

Aspartate carbamoyltransferase
activity

[GO:0004070]

Transferase (glycosyl)

Transferase activity, transferring
pentosyl groups

[GO:0016763]

Oxidoreductase CH-CH

Biliverdin reductase activity

[GO:0004074]

Oxidoreductase (CH-NH2)

Glutamate synthase activity

[GO:0015930]

Isomerase

Isomerase activity

[GO:0016853]

Transporter

NAD(P)+ transhydrogenase (Bspecific) activity

[GO:0003957]

Oxidoreductase

Oxidoreductase activity

[GO:0016491]

Oxidoreductase activity, acting on
NADH or NADPH

[GO:0016651]; [GO:0016652]

Oxidoreductase activity, acting on the
CH-OH group of donors, NAD or
NADP as acceptor
(including L-iditol 2-dehydrogenase
activity)

[GO:0016616]; [GO:0016614];
[GO:0003939]

3-Isopropylmalate dehydratase activity

[GO:0003861]

Oxi

Oxi

Down

Structure-specific DNA binding

Lyase
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Table 3 (Continued)
GO terms identified to be over-represented among the transcripts of significantly up- or down-regulated in the different stress conditions

Up

Transferase (P)

Amino acid kinase activity

[GO:0019202]

Transporter

Nitrate transmembrane transporter
activity

[GO:0015112]

Transferase (C1)

S-adenosylmethionine-dependent
methyltransferase activity
(including nicotinate
phosphoribosyltransferase)

[GO:0008757]

Oxidoreductase (steroids)

Steroid dehydrogenase activity, acting
on the CH-OH group of donors, NAD
or NADP as acceptor

[GO:0033764]

Transferase (glycosyl)

Transferase activity, transferring
pentosyl groups

[GO:0016763]; [GO:0004853]

Transferase (glycosyl)

Uracil phosphoribosyltransferase
activity

[GO:0004845]

Transferase (P)

Phosphoribulokinase activity

[GO:0008974]

Motor activity

Microtubule motor activity

[GO:0003777]

The table shows only pathways that were labeled significant at an FDR <10% in both sets of significant genes (5% FDR and 10% FDR).

tion gives a brief overview of the different groups of genes
identified among the most significantly regulated genes.
Among genes involved in amino acid metabolism, we found a
total of 32 down-regulated genes related to the metabolism of
all 20 standard amino acids except aspartic acid. In contrast,
nine genes were induced in at least one abiotic stress condition. These were involved in the metabolism of proline,
arginine, cysteine, alanine, phenylalanine, tyrosine, tryptophan, leucine, isoleucine, and valine. Highly regulated
genes involved in the different steps of DNA replication and
protein synthesis coded for proteins, including helicases,
DNA polymerases and related enzymes, proteins involved in
purine and pyrimidine synthesis, DNA repair proteins, transcription factors, RNA processing enzymes, proteins involved
in translation, ribosomal proteins, and proteins for tRNA synthesis and ligation. Most of these genes were down-regulated
in all stress conditions, but some genes were up-regulated in
response to abiotic stress. These genes include some helicases, transcription factors, and DNA repair proteins. We also
found seven genes related to protein turnover to be down-regulated and six to be up-regulated in one or more of the stress
conditions. Among the up-regulated genes, there were two
ubiquitin conjugating enzymes, which play a potential role in
targeting damaged proteins to the proteasome, or control the
stability, function, or subcellular localization of proteins.
The situation was similar for genes involved in carbohydrate
metabolism, where we found both glycolysis- and citric acid
cycle-related genes to be strongly down-regulated under all
the stresses tested (six and seven genes down-regulated,
respectively). However, four genes, encoding a gluconolactonase, a xylulokinase, a phosphoglycerate kinase, and an isocitrate lyase, were up-regulated. In particular, an isocitrate
lyase gene was 19- to 212-fold up-regulated under the different stress conditions. Photosynthesis-related genes that were

regulated in response to abiotic stress included eight chlorophyll a/c binding proteins as well as genes responsible for the
assembly of photosystem 2, electron transport, light sensing,
and carotenoid synthesis. Many of these genes were strongly
affected in the hypersaline condition, with the majority being
down-regulated (17 versus 11 that were up-regulated). There
was at least one gene that was up-regulated under one or
more stress condition in every group. Genes with roles in fatty
acid metabolism altered their expression patterns in a similar
way under all stress conditions. We were able to distinguish
between two groups: three genes involved in the synthesis of
fatty acids, which were down-regulated; and genes functioning in the degradation of fatty acids, among which five of six
genes were up-regulated. We further observed that three
genes involved in lipid synthesis were up-regulated, and
genes involved in inositol metabolism were also affected.
With respect to transporters, we identified five genes encoding nitrogen transporters (all down-regulated) as well as
three genes encoding sugar transporters (all up-regulated).
Genes coding for ion transporters were also mainly down-regulated under hypersaline and hyposaline conditions,
although two potassium and magnesium transporter genes
were up-regulated under hypersaline stress. Among genes
responsible for the transport of solutes and proteins to the
mitochondrion, we observed an up-regulation mainly in the
hyposaline stress condition. Regarding genes related to vesicular trafficking and the cytoskeleton, we identified 13 up- and
6 down-regulated genes, many of these genes containing an
ankyrin repeat domain and showing strongest changes in
transcription under hyposaline and oxidative stress conditions.
We further found several classical stress response genes to be
up-regulated. Four genes coding for heat shock proteins
(HSPs) were up-regulated mainly under hyposaline and oxi-

Genome Biology 2009, 10:R66

http://genomebiology.com/2009/10/6/R66

Genome Biology 2009,

dative stress, but there were also two genes coding for a chaperonin cpn60 and a prefoldin, each of which was downregulated. In addition, we found genes involved in protection
against oxidative stress to be induced. These include a glutaredoxin (oxidative stress), a methionine sulfoxide reductase
(hyposaline stress), and three glutathione peroxidases
(mainly hypersaline stress). At the same time, however, a catalase-coding gene was down-regulated in all stress conditions, most strongly under hyposaline stress.
Two genes involved in autophagy, one of which is represented
by two sequences on the microarray, were up-regulated in all
stress conditions and several genes with putative signaling
functions were affected. Six protein kinases were among the
most significantly up-regulated genes: three equally under all
stress conditions, and one each specifically under hyposaline,
hypersaline and oxidative stress. Furthermore, one protein
kinase and one WD-40 domain containing gene were downregulated under hyper- and hyposaline stress, respectively.
Several other genes are not mentioned here, either because
only a very vague prediction of their function was possible, or
because they are difficult to put into categories with other
genes. More detailed information about these genes can be
found in Additional data file 3.

Stress response genes with unknown functions
All unknown and conserved unknown genes present among
the most significantly regulated genes were sorted into
groups according to their sequence similarity (Additional
data file 6). Among the groups with three or more members,
there were three (I to III) that had no known homologs in species other than E. siliculosus, and three (IV to VI) for which
we were able to find homologs in other lineages for most of
the sequences. A more detailed description of all of the
unknown and unknown conserved stress response genes,
including an analysis of conserved protein and transmembrane domains, is available in Additional data file 6.

Known brown algal stress genes
Many of the brown alga-specific stress response genes identified in L. digitata by Roeder et al. [21] were not among the
most regulated genes identified in this study. Nevertheless,
we decided to examine their expression patterns in more
detail. The array used in this study contained probes for one
vanadium-dependent bromoperoxidase (CL83Contig2), but
this gene was not strongly regulated under the different stress
conditions (1.06-fold to 1.4-fold induced, P = 0.75). Twentyfour C5-epimerases were represented, but none of these
genes were among the most significantly regulated loci,
although several of them were either induced or repressed
under the different stress conditions. A detailed list of these
genes, including their expression profiles, can be found in
Additional data file 7. Finally, we decided to consider genes
involved in the synthesis of mannitol, a well-known osmolyte
in brown algae [16,17]. Only one enzyme specific to the syn-
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thesis of this polyol could be clearly identified based on
sequence homology: mannitol 1-phosphate dehydrogenase
(see [38] for a description of the mannitol synthesis pathway
in brown algae). Our array contains probes for two genes
identified as potential mannitol 1-phosphate dehydrogenases: one (CL200Contig2 corresponding to Esi0017_0062
in the Ectocarpus genome), which was among the most significantly regulated genes and six-fold down-regulated in
hyposaline condition, and one (CL2843Contig corresponding
to Esi0020_0181), which was generally expressed at a very
low level but was up-regulated approximately five-fold under
hypersaline stress (P = 0.066).

Clusters of genes with similar expression patterns
Based on a figure of merit (FOM) graph, we decided to divide
the set of expressed genes into seven different clusters (A to
G). These clusters, along with the GO terms and KEGG pathways that are over-represented among each of them, are
shown in Figure 5. We identified one cluster (A) representing
the stably expressed genes, three clusters included mainly upregulated genes (B-D), and the remaining three clusters
included mainly down-regulated genes (E-G). Among both
the up- and down-regulated clusters, we found one cluster
each that was equally affected by all stress conditions (B and
E), one each where gene expression was affected only by
hyposaline and oxidative stress conditions (C and G), and one
cluster each where gene expression was affected mainly by
hypersaline stress (D and F). Most of the principal functions
identified for each cluster by GOPET and KOBAS fit well with
the results from our earlier analysis of the up- and down-regulated genes.

Discussion

This study presents the first global gene expression analysis
of a brown alga. Our goal was to determine the transcriptomic
changes in response to short-term hypersaline, hyposaline
and oxidative stress - three stresses that play an important
role in the natural habitat of many brown algae, the intertidal
zone [20,26]. Our results show that almost 70% of the
expressed genes had a modified expression pattern in at least
one of the examined stress conditions. This is in contrast to
what has been observed in flowering plants, where the proportion of significantly regulated genes generally ranges from
1% to 30%, depending on types of abiotic stress examined,
their number, and the statistical treatment applied (see
[27,39,40] for some examples). Our findings demonstrate
that, rather than relying on a few specific stress response proteins, E. siliculosus responds to abiotic stress by extensive
reprogramming of its transcriptome.
A more detailed analysis of the manual annotation of the 966
most significantly regulated genes and the results for the
GOPET and KOBAS analysis for all three stress conditions,
reveals two major themes concerning the short-term stress
response of E. siliculosus: down-regulation of primary
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Figure 5 graphs of clusters identified by the k-means algorithm
Expression
Expression graphs of clusters identified by the k-means algorithm. The graphs display the log2-ratio of all stress conditions (hypo = green, hyper = red, oxi
= blue) with the control condition. GO terms and KEGG pathways (KO) identified as over-represented in these clusters (FDR = 10%) are shown next to
the graph.

metabolism and growth processes; and activation of energy
stores and of genes and pathways involved in 'stress management'. These findings are summarized in Figure 6. In the following sections we will first discuss the differences observed
between the different stress conditions that were tested, and
then highlight some of the general trends that emerged from
our data.

Comparison of stress conditions
We have compared each stress condition to the control condition, and analyzed these results using KOBAS and GOPET.
Due to the necessity to control the FDR with multiple testing,
the chance of beta-errors (that is, the chance of falsely labeling a gene or a pathway as not significantly regulated) greatly
increased, making a direct comparison of the genes and
groups of genes identified as being up- or down-regulated
under the different stress conditions prone to false conclusions. Therefore, we based our comparison of the different

stresses on the cluster analysis and the results from the manually analyzed 966 most significantly changing genes.
The first and most apparent observation from the clustering
was that the changes in gene expression induced by hyposaline and oxidative stress were more similar to each other than
to those observed under hypersaline stress. One explanation
for this might be that hypersaline stress, although it is a common stressor in the natural habitat of brown algae, is not
likely to occur at the same intensity in the field as that used for
our laboratory experiments (about three times the concentration of normal seawater). Even though we did not observe a
strong difference in the efficiency of photosynthesis under the
different stress conditions, it is possible that hypersaline
stress, at the intensities applied in our experiments, represents a condition the alga is less able to adjust to. This hypothesis is supported by the fact that in cluster F (down-regulated
in hypersaline conditions) cell cycle-related genes were overrepresented, indicating that growth was most strongly
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Figure
Major transcriptomic
6
changes in E. siliculosus under short-term oxidative and saline stress
Major transcriptomic changes in E. siliculosus under short-term oxidative and saline stress. This schema summarizes the most important transcriptomic
changes discussed in the text. Processes on the left (blue) were repressed, while processes on the right (yellow) were activated. Please note that this graph
displays only the general trends; some of the pathways are not regulated in all stress conditions and not all genes of one pathway are always regulated in
the same way (see text for details).

affected under hypersaline stress conditions. Furthermore,
other classical stress responses, such as the up-regulation of
SNARE (soluble N-ethylmaleimide-sensitive factor attachment receptor)-related genes, which are important for cellular transport of vesicles and their fusion with membranes and
play a role in plant development and abiotic stress response
[41], were observed mainly under oxidative and hyposaline
stress.
There are also several smaller differences between oxidative
and hyposaline stress, such as the induction of a glutaredoxin
gene (Additional data file 2) under oxidative stress conditions. Glutaredoxins are known to play a central role in the
protection against oxidative damage [42], as they can be oxidized by diverse substrates, including ROSs, and are reduced
by glutathione. Other genes did not change expression under
oxidative stress, but were specifically regulated under saline
stress. Such examples are given in the following paragraphs.

Down-regulation of growth and primary metabolism
Many genes involved in several pathways related to growth
and primary metabolism were identified to be down-regulated by more than one of our analyses (GOPET, KOBAS, kmeans clustering, and manual analysis). We observed a
decrease in the abundance of transcripts of genes that are
important in the synthesis of purine and pyrimidine nucleotides and, correspondingly, of several genes responsible for
the replication of DNA. This function is essential for cell division, a process affected in all of the stress conditions examined.
A reduction in growth implies a reduction in the requirements for primary metabolites necessary to fuel this growth.
Within our dataset, we found widespread evidence for downregulation of processes involved in primary metabolism. This
was most pronounced in the case of protein synthesis. Several
genes encoding enzymes involved in this and related proc-
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esses (the synthesis of amino acids, their ligation with the
appropriate tRNAs, the production of mRNA (that is, transcription), and the actual assembly of polypeptide chains
(that is, translation)) were down-regulated under stress conditions. Furthermore, genes responsible for the uptake of
nitrogen, which is used mainly for the synthesis of amino
acids, were also down-regulated. Together, this provides a
strong indication that the overall rate of protein synthesis was
reduced under the stress conditions examined.

bohydrates when non-lipid-derived storage reserves are
depleted. Corresponding to this and the up-regulation of
autophagy-related genes, we observed an up-regulation of
three genes coding for sugar transporters in all stress conditions and of genes coding for mitochondrial exchange proteins under the hyposaline and oxidative stress conditions.
These transporters may direct recycled sugars and nutrients
to the mitochondrion, where they can be used for energy production.

However, there were additional primary metabolic processes
that were at least partially affected by the stress treatments.
These included the synthesis of fatty acids, photosynthesis
and pigment synthesis, and carbohydrate metabolism. Again,
these changes probably reflected a decreased need for metabolites for growth.

Recently, additional roles of autophagy have been discovered
in higher plants, including the degradation and removal of
oxidized or damaged proteins during stress [47]. To a certain
degree, these roles overlap with the role of the proteasome.
Although we found some genes involved in protein turnover
to be down-regulated, the KEGG pathway 'proteasome' was
identified as up-regulated in the hyposaline stress condition
and we identified two genes involved in ubiquitination among
the most significantly up-regulated genes under all stress
conditions. Ubiquitination is a process in which proteins are
labeled with a small polypeptide (ubiquitin) [48], thereby
modifying their stability, function, or subcellular localization.
This could serve regulatory purposes (for example, by targeting transcription factors or other regulatory proteins for degradation by the proteasome), accelerate translation of the
large-scale transcriptomic changes into changes in protein
abundance, and/or, just like autophagy, facilitate nitrogen
recycling [49].

One possible explanation for the observed down-regulation of
genes involved in growth and primary metabolism can be
found in the results of our pulse amplitude modulation fluorometer experiment: we observed that the efficiency of photosynthesis decreased almost immediately after the application
of the stress treatments. Photosynthesis is strongly affected
by environmental stress [43]. A decrease in photosynthetic
efficiency is synonymous with a decrease in energy production, and we can assume that reducing all of these aspects of
primary metabolism might represent a means of conserving
energy. This phenomenon is known in higher plants, where
Kovtun et al. [44] have reported cross-talk between oxidative
stress and auxin signaling, auxin being a major growth hormone in higher plants. Most likely, this cross-talk allows
plants to shift their energy from growth-related processes to
stress protection and survival. This might also be true for E.
siliculosus, where the observed down-regulation of growthand primary metabolism-related genes might represent a way
of compensating for reduced energy production under stress
conditions and redirecting energy to specific stress response
processes.

Activation of protein degradation, energy stores, and
nutrient recycling
We observed an up-regulation of two genes involved in
autophagy in all three of the stresses examined. Under nutrient-limited and under stress conditions, this process has been
shown to play a role in the re-allocation of sugar and nutrients
to essential biological processes in several organisms [45].
The activation of autophagy-related genes might, therefore,
just like the down-regulation of growth-related processes,
represent a mechanism of compensating for reduced energy
production under stress conditions and provide sugars and
nutrients for both core biological processes and synthesis of
stress proteins. This coincides with the strong up-regulation
of an isocitrate lyase gene under all stress conditions. Isocitrate lyases are enzymes located in the glyoxysome and catalyze a rate-controlling step in the glyoxylate cycle (reviewed in
[46]), one function of which is the conversion of lipids to car-

Activation of signaling pathways
Large-scale transcriptomic reprogramming as observed in
our dataset most certainly requires a large number of signals
for coordination. We have already discussed a possible regulatory role of ubiquitination in the previous paragraph. This,
however, is not the only regulatory mechanism highlighted by
the transcriptomic changes in our dataset. We found several
other genes that might play roles in orchestrating the abiotic
stress response of E. siliculosus. For example, three protein
kinases with a potential role in cell signaling were strongly
up-regulated under all stress conditions, while three other
members of this large family appeared each to be specific to
one particular stress. Furthermore, several potential transcription factors were strongly regulated under different
stress conditions. Since there is still very little known about
the molecules and proteins involved in the stress sensing signaling cascades of brown algae, these genes provide particularly interesting candidates for more targeted experiments
such as targeted mutagenesis and chromatin immunoprecipitation in the case of the putative transcription factors.
In addition to transcription factors and protein kinases, we
detected an up-regulation of genes involved in fatty acid
metabolism, and more specifically fatty acid catabolism. Fatty
acid derivates such as oxylipins have been shown to function
in signaling in both terrestrial plants [50] and marine algae
[51]. Thus, we can conclude that our data show an up-regula-
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tion of genes putatively involved in several different signaling
pathways.

Synthesis of 'classical' stress response proteins
The only medium throughput transcriptomic analysis of the
abiotic stress response in brown algae so far [21], conducted
with protoplasts of L. digitata, reported the transcriptional
activation of vanadium-dependent bromoperoxidases and
C5-epimerases. Neither of these genes was regulated in our
study. While in L. digitata vanadium-dependent bromoperoxidases (enzymes implicated in the synthesis of halogenated
organic compounds associated with defense of seaweeds
against biotic stressors [52]) comprise a multigenic family
[21], the E. siliculosus genome contains only a single copy of
a vanadium-dependent bromoperoxidase, indicating a possibly different or subordinate role in this organism. Regarding
C5-epimerases, which are enzymes responsible for the modification of brown algal cell walls [10] highly represented in the
Ectocarpus genome, we observed differences in regulation
between the study of Roeder et al. [21] and our study. This can
be explained by the nature of the stress (generation of protoplasts (that is, removal of the cell wall) in [21] versus milder
saline or oxidative stress in our study).
Generally, only a few 'classical' stress response genes changed
expression in our experiments. In most organisms, up-regulation of genes coding for HSPs and other chaperones has
been observed under abiotic stress conditions. These molecules stabilize proteins and membranes, and have been
shown to play a vital role in protecting against stress by reestablishing normal protein conformation and, thus, cellular
homeostasis [53]. In E. siliculosus, we observed four HSPs or
chaperones to be among the most significantly up-regulated
genes in hyposaline and oxidative stress conditions. However, this was not the case under hypersaline stress conditions. Moreover, two chaperone-like proteins were downregulated under all stress conditions. The situation was similar for genes coding for proteins with antioxidant activity.
Three genes coding for glutathione peroxidases were up-regulated under hypersaline and oxidative stress, and one glutaredoxin under hyposaline stress. At the same time, two genes
encoding a glutathione S-transferase and a catalase were
among the most significantly down-regulated in all stress
conditions. Consequently, the GO term 'antioxidant activity'
was significantly over-represented among the most downregulated genes in the hyposaline condition. In flowering
plants all of these proteins are known to carry out important
functions in the protection against reactive oxygen species
[25]. Our finding that these genes were not induced was, at
first, surprising, but is in accordance with a transcriptomic
analysis of the abiotic stress response of the intertidal red alga
C. crispus. Collén et al. [20] have reported that the average
expression of HSP-coding genes was only moderately elevated (approximately 1.3-fold) under hypersaline and
hyposaline conditions. Furthermore, in E. siliculosus, the
average expression of genes coding for proteins with antioxi-
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dant activity was slightly repressed (1.17-fold) under hyposaline stress conditions and slightly induced under hypersaline
stress conditions (1.15-fold). One possible explanation for this
might lie in the fact that transcriptional regulation is not the
most important mechanism regulating the activity of these
enzymes. This hypothesis would be compatible with an earlier
study by Collén and Davison [54], who found that the cellular
activity of ROS scavenging enzymes correlated with vertical
zonation of different species of the brown algal order Fucales
in the intertidal zone. To our knowledge, it is currently not
known whether the activity of the ROS scavengers that were
examined also changes upon exposure to abiotic stress. Such
studies could greatly aid our understanding of the role of
these enzymes in the brown algal stress response.
An alternative or additional explanation to that of non-transcriptional mechanisms regulating the activity of ROS scavenging enzymes could be that other, yet unknown proteins
and mechanisms play more important roles in the defense
against ROS in brown algae. One candidate for this kind of
protein could be the chlorophyll a/c binding proteins. Thirty
chlorophyll a/c binding proteins were represented on our
microarray, most of them being down-regulated mainly
under hyposaline and oxidative stress conditions. As chlorophyll a/c binding proteins serve as light-harvesting antennae,
this down-regulation is likely to represent a response to the
reduced photosynthesis efficiency (quantum yield) under
stress conditions. Reducing the amount of energy that
reaches the photosynthetic reaction center would also reduce
the need for non-photochemical quenching and decrease the
risk of the formation of ROS. However, there were also three
genes coding for chlorophyll a/c binding proteins among the
most significantly up-regulated genes under hyposaline and
hypersaline stresses. A similar observation was made by
Hwang et al. [55] in the Antarctic diatom Chaetoceros
neogracile, where heat stress induced the up-regulation of
five and the down-regulation of ten genes coding for chlorophyll a/c binding proteins. It is possible that these up-regulated chlorophyll a/c binding proteins, in spite of their high
sequence similarity with the other transitionally down-regulated ones, have evolved or are evolving to serve different
functions within the heterokont lineage.

Ions and potential osmolytes
In parallel to the induction of 'classical' stress response genes,
we observed the transcriptional regulation of several genes
involved in the synthesis or degradation of potential organic
osmolytes and the transport of ions under saline stress.
Under hypersaline stress, changes in the extracellular salt
concentration as well as cell volume are likely to cause imbalances in ion concentrations, explaining the need for transporters to maintain homeostasis. Two genes coding for a
magnesium and a potassium transporter were up-regulated
specifically under hypersaline stress. Interestingly, we did not
observe transcriptional activation of sodium transporter
genes under salt stress, although many glycophytes (non- or
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moderately salt tolerant terrestrial plants) use these transporters to exclude NaCl from their cytosol, allowing a certain
degree of salt tolerance [56]. The latter observation suggests
that the large quantities of NaCl accumulated upon exposure
to saline stress (Figure 2) are stored within the cytoplasm
rather than in the vacuole. A similar observation was made by
Miyama and Tada [57] in the Burma mangrove. In this tree,
exposure to sub-lethal NaCl stress did not cause an activation
of Na transporters but led to a slow increase of the NaCl concentration in the leaves. One possible explanation for this, as
proposed by Miyama and Tada [57], is that NaCl itself could
serve as an osmolyte within the cells of the Burma mangrove.
This may also be true for brown algae - a hypothesis that is
strengthened by the observation that, in Ectocarpus as well as
in Lamninaria [58] and the Burma mangrove [57], sorbitol,
added at the same osmolarity as NaCl, had irreversible toxic
effects.
While there is no evidence of the synthesis of additional compatible osmolytes in the Burma mangrove, we observed an
increasing difference between intracellular osmolarity and
intracellular Na+ concentration with rising salinity in E. siliculosus, demonstrating the accumulation of other osmotically
active substances in the cell. Mannitol has frequently been
suggested to be a compatible osmolyte in brown alga [16,17],
and indeed, one of the two mannitol 1-phosphate-dehydogenases in E. siliculosus was down-regulated in hyposaline
stress, and the other up-regulated in hypersaline stress
(though with a weak P-value of 0.066). In addition, under
hyposaline conditions, we observed a strong up-regulation of
a proline dehydrogenase gene (Additional data file 3), an
enzyme responsible for the degradation of proline, which is
known as a compatible osmolyte in higher plants [59] and
diatoms [60]. Degrading proline under conditions of low
salinity might help E. siliculosus to reduce the osmotic pressure between the intracellular and extracellular medium.
Finally, a possible role of urea as a compatible osmolyte was
suggested in diatoms [61]. E. siliculosus possesses the complete urea cycle and genes encoding arginases were up-regulated in hypersaline conditions. As arginases catalyze the last
reaction of this cycle - that is, the degradation of arginine to
ornithine and urea - their up-regulation supports the hypothesis of urea as a compatible osmolyte in heterokonts. There
are, however, other or additional possible roles of arginases:
in higher plants, for example, arginases have been shown to
play a regulatory role in nitric oxide metabolism, increasing
both the synthesis of proline and polyamines [62], both of
which, in turn, are part of their osmotic stress response [59].
Additional experiments addressing the question of the possible compatible osmolytes in brown algae - for example,
metabolite profiling - are now required to further test these
hypotheses.

Stress response genes with unknown functions
Although our study has revealed several major themes underlying the abiotic stress response of E. siliculosus, we should
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not forget that this analysis was based on only a subset of the
genes that actually changed expression. Our manual analysis
of the 966 of the most significantly regulated genes has shown
that 53.7% of these genes, to date, have no known homologs
in current databases, including diatoms, and for another
12.6% there is no indication of their function, even though
homologs exist in other organisms. This demonstrates both
the discovery potential working with E. siliculosus and the
amount of work that lies ahead for the phycological community.

Conclusions

In this study, which presents the first large-scale transcriptomic study within the brown algal lineage, we have developed and compiled the tools and protocols necessary to
perform microarray experiments in the emerging model
brown alga E. siliculosus, and used these tools to study the
transcriptional response to three different stresses. Our
results show that E. siliculosus undergoes large-scale transcriptomic reprogramming during the short-term acclimation to abiotic stress. The observed changes include several
modifications to transcription, translation, amino acid
metabolism, protein turnover, and photosynthesis, and indicate a shift from primary production to protein and nutrient
recycling.
Although E. siliculosus shares many stress responses with
flowering plants, for example, the induction of genes involved
in vesicular trafficking, some classical stress responses, such
as the induction of several ROS scavengers, could not be
observed. On the other hand, our data highlighted many
novel reactions such as the up-regulation of several genes
coding for chlorophyll a/c binding proteins or the regulation
of a large percentage of unknown genes, many of which are
unique to E. siliculosus. In particular, the latter result, that is,
that the functions of two-thirds of the regulated genes are
unknown, underlines the fact that many of the molecular
mechanisms underlying the acclimation to environmental
stresses in brown algae are still entirely unknown. Understanding these mechanisms is a challenge that will still
require much research, and our study provides a valuable
starting point to approach this task.

Materials and methods
Growth conditions, stress treatments, and
measurements of osmolarity and Na+ concentration
E. siliculosus (Dillwyn) Lyngbye (Ectocarpales, Phaeophyceae) unialgal strain 32 (accession CCAP 1310/4, origin San
Juan de Marcona, Peru) was cultivated in 10-liter plastic
flasks in a culture room at 14°C using filtered and autoclaved
natural seawater enriched in Provasoli nutrients [63]. Light
was provided by Philips daylight fluorescence tubes at a photon flux density of 40 μmol m-2 s-1 for 14 h per day. Cultures
were bubbled with filtered (0.22 μm) compressed air to avoid
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CO2 depletion. Ten days before the stress experiments, tissues
were transferred to ASW with the following ion composition:
450 mM Na+, 532 mM Cl-, 10 mM K+, 6 mM Ca2+, 46 mM
Mg2+, 16 mM SO42-.
Three different stress media were prepared based on ASW.
For hyposaline stress, ASW was diluted to 12.5% of its original
concentration with distilled water, resulting in a final NaCl
concentration of 56 mM. For hypersaline stress, ASW with a
final concentration of 1.47 M NaCl was used. For oxidative
stress, H2O2 (30% w/w; Sigma-Aldrich, St. Louis, MO, USA)
was added to the ASW immediately before beginning the
stress experiment at a final concentration of 1 mM. Identical
quantities of Provasoli nutrients were added in each of these
media.
In order to monitor the intensity of a stress, we measured the
quantum yield, a fluorometric marker for the photosynthetic
efficiency, using a Walz Phyto-pulse amplitude modulation
fluorometer (Waltz, Effeltrich, Germany) and default parameters (actinic light intensity 3, approximately 90 μE m-2 s-1;
saturation pulse intensity 10, approximately 2,000 μE m-2 s-1,
200 ms) before harvesting the cultures.
The stress experiment was started by filtering 20 liters of
ASW-acclimated E. siliculosus and transferring approximately 4 g of tissue each to 20 flasks (5 replicates per condition) containing 1 liter of one of the three stress media or the
control medium (ASW with Provasoli nutrients). After 6 h the
content of each flask was harvested by filtration, dried with a
paper towel, and immediately frozen in liquid nitrogen.
Immediately after harvesting, about 300 mg (wet weight) of
sample were thoroughly ground at room temperature (RT)
and centrifuged for 1 minute at 16,000 g. Both the supernatant and a sample of the culture medium were then used to
measure the concentration of osmolytes employing a freezing
point depression osmometer (Osmometer Type 15, Löser
Messtechnik, Berlin, Germany), and to determine the intracellular concentration of Na+ with a FLM3 flame photometer
(Radiometer, Copenhagen, Denmark).

Sequence preparation and array design
The 90,637 EST sequences used for the microarray design
were cleaned using Phred [64] (trim-cutoff 0.05) and SeqClean and assembled using TGICL [65] and default parameters. Forty-one sequences that had been removed by Phred
were re-included in the dataset, because they had significant
BLAST hits with known eukaryotic proteins. In addition, 231
E. siliculosus virus 1 (Es-V1) sequences and 21 genomic intron
sequences were included in the design. All assembled
sequences are available directly from our homepage [22] and
the ESTs have been deposited in public databases [EMBL:
FP245546-FP312611]. Relevant accession numbers are listed
in Additional data file 8.

Volume 10, Issue 6, Article R66

Dittami et al. R66.16

Four 60-mere probes were designed for 17,119 of the 17,332
sequences (132 genes are not represented on the array) by
Roche NimbleGen (Madison, WI, USA) and synthesized on 4plex arrays with 72,000 features per hybridization zone.
Roche NimbleGen also carried out cDNA labeling and hybridization as part of their gene expression array service.

Automatic annotation and correspondence table
All sequences were automatically annotated with KEGG
orthology (KO) numbers using KOBAS [37] and with GO
terms [66] using GOPET [36]. Protein sequences corresponding to the assembled EST sequences were then predicted
using ORF predictor [67]. The automatic annotation of these
sequences yielded 2,383 and 3,148 annotated sequences,
respectively. As 37.5% of the cDNA sequences that were represented on the array contained mainly, or exclusively, 3'
untranslated region sequence, their function could not be
assessed directly. In these cases the corresponding genome
sequence was annotated, yielding an additional 1,047 KO and
2,743 GO annotations. The correspondence table used to
relate the assembled ESTs to supercontigs was generated by
blasting all of the assembled EST sequences against the full E.
siliculosus genome (coding and non-coding sequences) and
selecting the best hit (best identity, longest alignments).
Wherever this best hit was part of a predicted coding
sequence (CDS), the corresponding CDS was chosen. In cases
where the hit region was upstream of only one CDS, this CDS
was chosen. In some cases the best hit was located upstream
of two CDSs on opposite strands. Here the closest CDS was
selected, if the distance to the closer CDS was half as long as
or shorter than that to the other CDS. Otherwise no corresponding genome sequence was selected. In total, 3,430
(20%) of all represented genes were annotated with KEGG
and 5,891 (34%) were annotated with GO terms.

Sample preparation, hybridization and verification
RNA was extracted from approximately 100 mg (wet weight)
of tissue following Apt et al. [68] with modifications as
described by Le Bail et al. [28], using a cetyltrimethylammonium bromide (CTAB)-based buffer and subsequent phenolchloroform purification, LiCl-precipitation, and DNAse
(Turbo DNAse, Ambion, Austin, TX, USA) steps. RNA quality
and quantity was then verified on 1.5% agarose gel stained
with ethidium bromide and a NanoDrop ND-1000 spectrophotometer (NanoDrop products, Wilmington, DE, USA).
For four of the five flasks, mRNA was isolated from the total
RNA using the PolyATtract® mRNA Isolation System III
(Promega, Madison, WI, USA). These samples were concentrated in a SpeedVac concentrator (Savant, Ramsy, MN, USA)
and again quantified using the NanoDrop. One replicate was
used to verify if our procedure would directly work from total
RNA.
Double-stranded cDNA was synthesized and amplified with
the SMART cDNA synthesis kit (Clontech, Mountain View,
CA, USA) and the M-MuLV reverse transcriptase (Finnzymes,
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Espoo, Finland) starting from 30 ng of mRNA or 100 ng of
total RNA. In this kit, the first strand of cDNA is synthesized
using an oligo(dT) primer with an attached SMART priming
site. The terminal C-transferase activity of the reverse transcriptase will create an oligo(dC) tail at the 5' end of each
mRNA, which is used to add a second SMART priming site.
The two priming sites are then used to produce the second
strand of the cDNA and to amplify it by PCR according to the
Clontech protocol, using the Advantage2 polymerase (Clontech). The optimal number of amplification cycles was determined by semi-quantitative PCR, and ranged between 20 and
25 for our samples.
The PCR reactions were purified by first vortexing with one
volume of phenol:chloroform:isoamyl alcohol (25:24:1), then
by precipitating the aqueous phase with 0.5 volume of 7.5 M
NH4OH, 6 μg of nuclease-free Glycogen (Ambion), and 2.4
volumes of ethanol. After centrifugation at RT (20 minutes at
14,000 g), the pellet was washed with 70% EtOH, centrifuged
(10 minutes at 14,000 g and RT) and resuspended in 14 μl of
H2O. To finish, cDNAs were once more quantified and
checked on an agarose gel to ensure that they met the requirements of Roche NimbleGen for hybridization (concentration
>250 μg l-1, A260/280 ≥ 1.7, A260/230 ≥ 1.5, median size ≥ 400
bp).
RT-qPCR validation of the microarray was performed as
described by Le Bail et al. [28].

Statistical analysis
Expression values were generated by Roche NimbleGen using
quantile normalization [69], and the Robust Multichip Average algorithm [70,71].
To increase the power of subsequent statistical tests, nonexpressed genes were removed from the dataset. This was
done by comparing the raw expression values of each gene
with those of the random probes included in the array design
by Roche NimbleGen. Most of the random probes (>99.66%)
had raw expression values inferior to 450, so all genes that
had raw expression values over 450 in one of the replicates of
the different experimental conditions were considered
expressed. The probability p' of labeling a non-expressed
gene as being expressed can be calculated according to the
laws of a binomial distribution. Since 16 hybridizations were
considered, for our dataset p' equals 5.3%, meaning that we
have theoretically removed 94.7% of all genes without detectable expression.
The most stable genes were defined by ranking the genes
according to the sum of squares of the log2-ratios of all stress
conditions with the control. Differentially expressed genes
were identified in the reduced dataset by t-test using
TigrMEV 4.1 [72] with subsequent calculation of the FDR
according to Benjamini and Hochberg [73]. Clustering was
performed on the log2-ratios of all expressed genes with the
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control, considering all mRNA replicates using TigrMEV 4.1.
A k-means algorithm [74], 'Euclidian distance', and 'average
linkage' were selected. The ideal number of clusters for our
dataset (k = 7) was determined using a figure of merit graph
[75]. After clustering, the different replicates were averaged
to generate the expression graphs. Both the clusters and the
over-expressed and repressed genes identified by the t-test
(FDR 10%) were analyzed to identify over-represented groups
of genes. Over-expressed KEGG categories were identified
using the KOBAS web-site [37] and a binomial test. Over-represented GO terms were identified using the GO Local Exploration Map (GOLEM) software (version 2.1) [76] and the
Benjamini and Yekutieli algorithm to determine the FDR
[77]. Additionally, the 966 genes that showed the most significant changes in expression (that is, genes that meet both criteria: significance at an FDR <1% and a relative change in
expression compared to the control of more than twofold)
were annotated and grouped manually.

Stress response genes with unknown functions
Genes were considered unknown stress response genes if they
significantly changed expression in at least one stress treatment compared to the control (FDR <1%, more than twofold
change compared to the control) and when, for both the
assembled EST sequence itself and for the corresponding
genome sequence, no BLAST hits were found in either the
NCBI databases or among the known heterokont genomes
(Phytophthora sojae, P. ramosum, Thalassiosira pseudonana, and Phaeodactylum tricornutum). Where homologs
(e-value < 1e-10) were found, but these homologs had no
functional annotations, genes were considered conserved
unknown stress response genes. To group these genes, all
unknown stress response genes and conserved unknown
stress response genes were blasted against themselves using
the NCBI BLAST program (version 2.2.18) [78] and a cut-off
e-value of 1e-10. If there were several alignments between two
genes, only the alignment with the lowest e-value was considered. Self-hits were removed. All groups of genes with
homologs among the (conserved) unknown stress response
genes in E. siliculosus were then visualized using Cytoscape
2.6.0 [79]. Their subcellular localizations were identified
using HECTAR [80] and transmembrane domains were
searched for using TMAP [81].

Data deposition
Microarray data have been deposited in a public database
[ArrayExpress:E-TABM-578].
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3.3
Metabolite changes in response to short-term
saline and oxidative stress
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Abstract
Brown algae constitute an important functional group of the benthic vegetation in the
intertidal zone. A recent study has shown that the brown alga Ectocarpus siliculosus
undergoes extensive transcriptomic changes in response to abiotic stress, many of
them related to primary metabolism and in particular amino acid metabolism.
In this study we seek to combine transcriptomic data with selected metabolite analysis
to improve our knowledge of the mechanisms underlying the stress tolerance of
brown algae, in particular with regard to compatible osmolytes. To this end, we
3. Short-term stress

performed extensive metabolic profiling (urea, amino acids, sugars, polyols, organic
acids and fatty acids) of Ectocarpus samples subjected to hyposaline, hypersaline, and
oxidative stress.
Our results show that the most pronounced changes in terms of metabolite
concentration occur under hypersaline stress. Both mannitol and proline were
accumulated in response to salt stress, and their possible role in osmoprotection or
osmoregulation is discussed. Urea was not detected in any of our samples.
Furthermore, we provide evidence for a shift in fatty acid composition from n-3 to n-6
fatty acids and, for the first time in brown algae, demonstrate the salt stress-induced
accumulation of small amounts of γ-aminobutyric acid (GABA). We propose that
GABA could be synthesized in Ectocarpus through a salt-stress induced putrescindegradation pathway.
Key words: abiotic stress response, brown algae, amino acid metabolism, gammaaminobutyric acid (GABA), polyunsaturated fatty acids, osmolytes, proline, urea.
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Introduction
Brown algae are an important component of coastal ecosystems as they are the
dominant vegetation in the intertidal and sub-tidal zone. They can be found from
tropical to Polar regions, and some species form large kelp forests providing habitats
for thousands of other species. Being sessile, intertidal seaweeds must be able to
withstand many stresses such as desiccation, sunlight, UV-radiation, changes in
salinity (rain, evaporation), mechanical stress (waves), as well as anthropogenic
stresses such as heavy metal pollution. The capacity of algae to tolerate different types
of abiotic stress has been related to their distribution within the intertidal zone
physiological responses of algae to environmental stresses, the biochemical pathways
involved and the underlying genetics were largely unexplored. The sequencing of
algal genomes including the Ectocarpus siliculosus genome has enabled a new suite
of approaches in the search for pathways involved in stress tolerance.
Recently, we have started to gather increasing amounts of transcriptomic data on the
adaptation of seaweeds to their environments (Roeder et al. 2005, Collén et al. 2007,
Dittami et al. 2009), but only few studies have additionally examined changes in
metabolites in response to stress. Within the heterokont lineage, Krell et al. (2007)
examined gene expression levels and the accumulation of proline in the salinity
stressed Antarctic diatom Fragilariopsis cylindris, and Ritter et al. (2008) evaluated
the expression of genes and the production of oxylipins in copper-stressed individuals
of the brown alga Laminaria digitata. However, very little is known about how
transcriptomic changes translate into changes in metabolites in algae. This is
especially noteworthy as several recent comparative studies in terrestrial plants have
demonstrated that gene expression profiles do not always correlate directly with
protein translation (Branco-Price et al. 2008), enzyme activity (Gibon et al. 2004,
2006), and metabolite concentrations (Kaplan et al. 2007, Kempa et al. 2008). As
metabolites play essential roles in the stress response both for signaling and for
protection, comparative metabolite and gene expression studies are now necessary to
further improve our understanding of the abiotic stress response in algae.
Here, we examined changes in metabolite profiles in the cosmopolitan brown alga
Ectocarpus siliculosus (Charrier et al. 2008) upon exposure to mild hyposaline,
hypersaline and oxidative stress. We took advantage of our previous transcriptomic
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(reviewed in Davison & Pearson 1996). Despite the broad scientific interest in

Abiotic stress in Ectocarpus – a global approach: short-term stress
study (Dittami et al. 2009) to link metabolic with transcriptomic changes, and to
examine how large-scale transcriptomic reprogramming, which was to a large extent
related to pathways associated to primary metabolism, translated into changes in
metabolite

concentrations.

Moreover,

we

tested

several

hypotheses

about

accumulation of possible compatible osmolytes such as urea and proline. Finally, this
study permitted the discovery of the accumulation of new stress-related metabolites,
such as γ-aminobutyric acid (GABA), which was not predicted by genomic /
transcriptomic analyses, and detected only in traces under normal growth conditions
in E. siliculosus (chapter 2.2).
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Materials and Methods
Culture conditions
Ectocarpus siliculosus (Dilwyn) Lyngbye (Ectocarpales, Phaeophyceae) unialgal
strain 32 (accession CCAP 1310/4, origin San Juan de Marcona, Peru) was cultivated
in 10 L plastic flasks in a culture room at 14 °C using filtered and autoclaved seawater
(SW) with a salinity of 33 psu enriched in Provasoli nutrients (Starr & Zeikus 1993).
Light was provided by Philips daylight fluorescence tubes at a photon flux density of
40 μmol m-2 s-1 for 14 hours per day. Cultures were aerated with filtered (0.22 μm)
compressed air to avoid CO2 depletion. One week before the experiment, about 0.5 g
(fresh weight) of algae per condition and replicate (three replicates per condition)
were transferred to individual Petri dishes containing 100 ml of fresh culture medium.
Experimental setup
Stress experiments were started about 30 minutes after the beginning of the light
phase by replacing the culture media with pre-prepared stress media. In order to be
able to compare this study with a previous transcriptomic study (Dittami et al. 2009),
identical stress conditions were chosen. For hyposaline stress, 33 psu SW was diluted
to 12.5 % of its original concentration with distilled water (i.e. final salinity: 4 psu).
For hypersaline stress, 60 g NaCl were added per liter of 33 psu SW (i.e. final salinity:
93 psu). For oxidative stress, H2O2 (30 % w/w, Sigma-Aldrich, St. Louis, MO, USA)
was added immediately before beginning the stress experiment at a final concentration
of 1 mM. For the control condition, 33 psu SW was used. Identical quantities of
Provasoli nutrients were added to each of these media.
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Transcriptomic changes were monitored after 6 h in our previous study (Dittami et al.
2009). In this report, two time points (6 h and 24 h) were examined as transcriptomic
changes might also translate into variation of metabolites later. Approximately 50 %
of the biomass of each setup were harvested by filtration after 6 h, and the remaining
biomass was harvested after 24 h incubation time in the conditions described above.
All samples were quickly dried on a paper towel and immediately frozen in liquid
nitrogen.
Metabolite analysis
For amino acid, sugar, polyol, organic acid, and urea analysis, samples were ground in
organic acids were extracted and quantified as follows: between 10.0 and 12.0 mg of
freeze-dried sample, corresponding to approximately 50 mg fresh weight, were
weighted and ground using a ball mill. The powder was suspended in 400 μL of a
methanolic solution containing 100 μM of DL-3-aminobutyric acid and 200 µM
ribitol, followed by 15 min of agitation at room temperature. 200 µL of chloroform
were added, followed by a 5-min agitation step. Finally, 400 μL of water were added,
and samples were vortexed vigorously before centrifugation at 13,000 g for 5 min. 50
µL and 200 µL aliquots of the upper phase, which contained polar metabolites
including amino acids, polyols and sugars, were transferred to clean vials and
vacuum-dried for subsequent chromatographic analysis.
For amino acid profiling, the vacuum-dried polar phase aliquots were resuspended in
50 μL of ultra-pure water, and 10 μL was used for the derivatization using the AccQTag Ultra derivatization kit (Waters). Derivatized amino acids were analyzed using an
Acquity UPLC system (Waters) according to Jubault et al. (2008), using DL-3aminobutyric acid as internal standard.
For gas chromatography / mass spectrometry (GC-MS) profiling of non-structural
carbohydrates and organic acids, the 200 µL vacuum-dried polar phase aliquots were
resuspended in 40 µL of 20 g L-1 methoxyamine-hydrochloride (Sigma-Aldrich) in
pyridine before incubation under orbital shaking at 30°C for 1h30. After addition of
one volume of N,O-bis(trimethylsisyl)trifluoroacetamide (Sigma-Aldrich), samples
were incubated 37 min at 30°C, transferred to glass vials, and incubated at room
temperature overnight before injection. GC-MS analysis was performed according to
Roessner et al. (2001). The GC-MS system consisted of a TriPlus autosampler, a
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liquid nitrogen and freeze-dried. Amino acids, non-structural carbohydrates, and
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Trace GC Ultra chromatograph and a Trace DSQII quadrupole mass spectrometer
(Thermo Fischer Scientific Inc, Waltham, MA, USA). Chromatograms were
deconvoluted using the AMDIS software v2.65 (http://chemdata.nist.gov/massspc/amdis/) associated with NIST libraries. Metabolite levels were quantified using
ribitol as internal standard and by comparison with individual external standards.
In addition, mannitol concentrations were confirmed by an alternative method, based
on an extraction in 1 ml of 70% aqueous ethanol (v/v) at 70°C for 4 h according to
Karsten et al. (1991). After centrifugation for 5 min at 5,000 g, 700 µL of the
supernatant were evaporated to dryness under vacuum, re-dissolved in the same

3. Short-term stress

volume of distilled water, and analyzed with an isocratic Agilent HPLC system
equipped with a differential refractive index detector, a BioRad resin-based column
(Aminex Fast Carbohydrate Analysis, 100 x 7.8 mm) and a Phenomenex Carbo-Pb2+
(4 x 3 mm) guard cartridge. Mannitol was eluted with water at a flow rate of 1.0 ml
min-1 at 70°C, identified by comparison of the retention time with those of a
commercial standard prepared as 1 mM aqueous solution, and quantified by peak
area.
Urea was determined following the protocol outlined by Beale and Croft (1961).
Thirty mg (dw) of sample were resuspended in 500 µl of zinc/sodium sulphate
solution (9 mM ZnSO4, 84 mM Na2SO4). Then 7.5 µl of 1 M NaOH were added, and
the mixture was thoroughly vortexed for two minutes before centrifugation for 10
minutes at 20,000 g. Two times 120 µl (technical replicates) of supernatant were
mixed with 1 volume of DAM-PAA reagent (1 volume of 1% w/v diacetylmonoxime
in 0.02 % acetic acid, 1 volume of phenylanthranilic acid in 20 % v/v ethanol with
120 mM NaCO3). One ml of activated acid phosphate (1.3 M NaH2PO4, 10 mM
MnCl2, 0.4 mM NaNO3, 0.2M HCl, in 31 % v/v H2SO4) was added before incubation
in boiling water for 12 minutes. The tubes were left to cool at room temperature and
centrifuged for 1 min at 20,000g before measuring absorption at 535 nm using a
spectrophotometer. A standard curve was created using 0, 50, 100, 250 nmol urea
dissolved in 10 µl of distilled water instead of the freeze-dried samples. Some
Ectocarpus samples spiked with 50, 100, and 250 nmol urea were also included as
positive controls to test for possible urease activity in the extract.
For the determination of total fatty acids, approximately 400 mg (fresh weight) of
sample were ground in liquid nitrogen and extracted with 2 ml of ethyl acetate as
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previously described (Küpper et al. 2006). 250 ng of 12-OH-lauric acid was added as
internal standard. Extracts were evaporated under a stream of nitrogen, resuspended in
100 µL ethanol and analyzed by GC-MS as previously described by Ritter et al.
(2008). Fatty acids were measured only for the 6 h data point.
All metabolite concentrations were calculated per gram dry weight, except fatty acids
which were determined as percentage of total fatty acids. As E. siliculosus is known
to accumulate high concentrations of NaCl in response to salt stress, dry weights were
corrected for the quantity of NaCl in each sample. This quantity was calculated based
on the ratio dry weight to fresh weight (on average 20.1 %) and the intracellular Na +
concentrations determined by flame photometry as described in our previous study
Cl-. All analyses were performed both with and without this correction. Although the
observed differences between the two analyses were only quantitative and not
qualitative, we chose to show the corrected data as we believe it to be biologically
more relevant.
Gene expression data
Gene expression data for enzymes possibly explaining the observed changes in
metabolite concentrations were obtained from previously published transcriptomic
experiments carried out under the same stress conditions (Dittami et al. 2009). This
data

set

is

publicly

available

in

the

ArrayExpress

database

(www.ebi.ac.uk/arrayexpress) under accession number E-TABM-578.
Statistical analysis
An Analysis of Variance (ANOVA) with stress and time as categorical predictors was
applied to the non-structural carbohydrate and the amino acid data. The latter data was
square root transformed prior to the ANOVA in order to comply with a normal
distribution. A separate ANOVA was performed to compare each of the three stress
conditions to the control condition and a Bonferroni correction was applied. Fatty acid
data was analyzed using a t-test instead of the ANOVA, as only one time point (6 h)
was measured. All tests were performed using Statistica 7 (Statsoft, USA). Microarray
data were analyzed as previously described (Dittami et al. 2009), using t-tests and
log2-transformed data.
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(Dittami et al. 2009). We assumed that changes in Na+ also correspond to changes in
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Results
Non-structural carbohydrate concentrations except mannitol are stable
We were able to reliably

Mannitol
ratio stress / control

hypo

p < 0.001

hyper

oxi

p = 0.719

p = 0.024

succinate,

glycerate,

fumarate,

malate,

citrate,

isocitrate, and glucose. The

2

concentration

of

these

compounds ranged from a

1

few nmol g-1 (DW) for
malate and fumarate to over
22 µmol g-1 (DW) for
24
h

6h

0h

24
h

6h

0h

24
h

6h

0

0h
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3

quantify glycolate, glycerol,

time

citrate.

None

compounds

Figure 1: Changes in the mannitol concentration in response
to abiotic stress. The graph shows the ratio of mannitol in the
stress to the control condition (mean of three replicates ± SD).
Changes can be considered significant with an overall alphaerror < 0.05 if p < 0.017. Hypo = hypoosmotic stress, hyper =
hyperosmotic stress, oxi = oxidative stress.

significant

of

these

exhibited
changes

in

response to stress. Their
concentrations are listed in
supplementary file 1. The

concentration of mannitol varied between 15 and 300 µmol g-1 (DW) in all
experimental conditions: it decreased strongly (by 95 % after 24 h, Figure1) under
hyposaline stress, and increased, under hypersaline stress (approximately 60 % after
24 h, Figure 1). These changes in mannitol concentration are in agreement with the 6fold down-regulation of the strongly expressed mannitol 1-phosphate dehydrogenase
1 (Esi0017_0062) under hyposaline stress and the 5-fold up-regulation of the mannitol
1-phosphate dehydrogenase 2 (Esi0020_0181) under hypersaline stress reported
previously (Dittami et al. 2009).

Change in the n-3 to n-6 ratio of polyunsaturated fatty acids in hypersaline
conditions
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Figure 2: Changes in the ratio of n-3 to n-6 fatty
acids in response to abiotic stress (6 h incubation
time). The graph shows the proportion of n-3 and n-6
PUFAs of total fatty acids (mean of three replicates ±
SD). * = overall alpha error < 0.05, hypo =
hypoosmotic stress, hyper = hyperosmotic stress, oxi
= oxidative stress.

of n-3 to n-6 PUFAs in
hypersaline conditions (Figure
2).
The

Ectocarpus

genome

contains four genes possibly involved in these changes. Two of them are delta-12
desaturases, one microsomal (Esi0207_0012) and one chloroplastic (Esi0393_0016),
as well as two delta-15 desaturases, again one microsomal (Esi0231_0023) and one
chloroplastic (Esi0073_0116). Delta-12 desaturases were generally up-regulated
under stress, while delta-15 desaturases were generally down-regulated (Table 1).
Interestingly, the genes coding for microsomal desaturases were regulated exclusively
under hypersaline stress, while chloroplast copies were regulated in all stress
conditions.
Almost all examined amino acids change concentrations
The summarized results for the amino acid profiling are shown in Table 2. More
detailed information is available for most amino acids in the context of metabolic
pathways and the expression profiles of the genes involved in these pathways in
Figures 4 – 7. Complete names of the enzymes in these figures as well as more
detailed

expression

profiles

can
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Table 1: Expression profiles of genes of interest after 6 h of exposure to hyposaline (hypo), hypersaline
(hyper), and oxidative (oxi) stress. All values are means of four replicates; “x” = relative fold-change
between control and stress condition, “u” = up-regulated, “d” = down-regulated. “-*“ = not regulated (<
2-fold change compared to control and p > 0.05), “**” = signal below detection limit
Fatty acid metabolism
Enzyme

Genome

Array

Hypo

Hyper

Oxi

microsomal ∆15 desaturase

Esi0231_0023

CL527Contig1

-*

4.35 X d, p=0.016

-*

chloroplastic ∆15 desaturase

Esi0073_0116

CL281Contig1

15.90 X d p= 0.013

4.09 X d p = 0.009

2.77 X d, p = 0.002

microsomal ∆12-desaturase

Esi0207_0012

LQ0AAB83YE13RM1.SCF

-*

2.08 X u, p=0.069

-*

chloroplastic ∆12-desaturase

Esi0393_0016

CL69Contig1

2.93 X u, p = 0.029

17.5 X u, p = 0.004

2.44 X u, p = 0.096

Enzyme

Genome

Array

Hypo

Hyper

Oxi

a

Glutamate dehydrogenase (EC 1.4.1.2)

Esi0141_0079

LQ0AAB28YN11FM1.SCF

9.72 X d, p = 0.141

2.88 X d, p = 0.150

2.97 X d, p = 0.008

b

Glutamate dehydrogenase (EC 1.4.1.4)

Esi0028_0164

CL1656Contig1

93.8 X d, p < 0.001

2.94 X d, p = 0.129

9.33 X d, p = 0.031

CL2561Contig1

39.7 X d, p = 0.001

1.37 X d, p = 0.042

3.75 X d, p < 0.001

Primary amino acids

c
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d

Alanine transaminase (EC 2.6.1.2)

Aspartate transaminase (EC 2.6.1.1)

Esi0520_0002

not on array

Esi0298_0027

CL5054Contig1

-*

2.25 X d, p = 0.104

3.72 X d, p = 0.041

LQ0AAB85YA11FM1.SCF

6.36 X d, p = 0.088

2.34 X d, p = 0.017

2.13 X d, p = 0.024

LQ0ACA20YC15RM1.SCF

2.45 X d, p = 0.002

-*

1.72 X d, p = 0.016

CL6772Contig1

7.76 X d, p < 0.001

1.87 X d, p = 0.008

-*

CL1725Contig1

7.28 X d, p = 0.054

4.74 X d, p = 0.010

-*

CL2218Contig1

3.86 X d, p < 0.001

4.25 X d, p = 0.011

2.24 X d, p = 0.011

LQ0AAB97YD02FM1.SCF

**

**

**

CL2216Contig1

6.92 X d, p = 0.037

-*

-*

CL5691Contig1

4.84 X d, p = 0.021

-*

-*

Esi0298_0018
Esi0128_0018
Esi0002_0157

e

Glutamine synthetase (EC 6.3.1.2)

Esi0072_0092

not on array

Esi0188_0004

CL44Contig1

3.33 X d, p = 0.003

-*

-*

LQ0AAB88YP13FM1.SCF

**

**

**

CL44Contig3

7.11 X d, p < 0.001

3.42 X d, p = 0.001

2.66 X d, p = 0.002

CL44Contig4

**

**

**

34.07 X d, p = 0.006

-*

7.64 X d, p = 0.029

Esi0188_0005
f

Glutamate synthase

Esi0349_0025

not on array

Glutamate synthase (ferredoxin) (EC 1.4.7.1)

Esi0000_0281

CL2669Contig1

Glutamate synthase (NADH/NADPH) (EC
1.4.1.14/13)

Esi0029_0131

CL5303Contig1
CL4828Contig1
LQ0AAB39YD12FM1.SCF

6.34 X d, p = 0.007

-*

-*

Glutamate synthase (NADH/NADPH) (EC
1.4.1.14/13)

Esi0103_0010+

CL598Contig1

-*

2.51 X u, p = 0.022

2.05 X u, p = 0.034

g

Asparagine synthase (glutamine-hydrolyzing) (EC
6.3.5.4)

Esi0156_0013

CL7424Contig1

46.3 X d, p = 0.003

1.66 X d, p = 0.003

-*

LQ0AAB80YJ06FM1.SCF

**

**

**

h

Nitrate reductase (NADH) (EC 1.7.1.1)

Esi0171_0046

LQ0AAB91YI21FM1.SCF

4.68 X d, p = 0.016

2.88 X d, p = 0.068

-*

i

Nitrate reductase (NADH) (EC 1.7.1.1)

Esi0006_0124

CL3329Contig1

1.73 X u, p = 0.024

3.50 X d, p = 0.002

3.36 X d, p = 0.001

j

Nitrite reductase (ferredoxin) (EC 1.7.7.1)

Esi0003_0129

CL3736Contig1

2.17 X d, p = 0.062

1.70 X u, p = 0.004

3.75 X d, p = 0.014

CL5351Contig1

-*

-*

3.07 X d, p = 0.062

CL2999Contig1

7.28 X d, p = 0.050

2.09 X d, p = 0.016

2.74 X d, p < 0.001

LQ0AAB8YN04FM1.SCF

3.68 X d, p < 0.001

1.36 X d, p = 0.027

2.85 X d, p = 0.003

k

Nitrite reductase (NAD(P)H) (EC 1.7.1.4)

Esi0249_0028

Branched-chain amino acids
Enzyme

Genome

Array

Hypo

Hyper

Oxi

1

Homoserine kinase (EC 2.7.1.39)

Esi0031_0156

CL2119Contig1

16.75 x d, p < 0.001

3.84 x d, p = 0.028

5.68 x d, p < 0.001

2

Threonine synthase (EC 4.2.3.1)

Esi0427_0005

LQ0AAA8YI24FM1.SCF

**

**

**

LQ0AAB41YH24FM1.SCF

2.99 x d, p = 0.015

5.68 x u, p = 0.006

2.01 x d, p = 0.096

3

Threonine desaminase (EC 4.3.1.19)

Esi0028_0036

CL2987Contig1

2.53 x d, p = 0.264

2.34 x u, p = 0.012

-*

4

Pyruvate dehydrogenase (EC 1.2.4.1)

Esi0022_0141

CL753Contig1

-*

-*

-*

5

Acetolactate synthase (EC 2.2.1.6)

Es_cpDNA_44

not on array

6

Ketol acid reductoisomerase (EC 1.1.1.86)

Esi0021_0135

CL2264Contig1

3.2 x d, p = 0.004

-*

1.79 x d, p = 0.003

CL3085Contig1

5.58 x d, p < 0.001

1.36 x d, p = 0.048

-*

LQ0AAB71YG03FM1.SCF

**

**

**

Esi0027_0145+

CL3439Contig1

260.9 x d, p < 0.001

4.67 x d, p < 0.001

-*

Esi0027_0149

not on array

Esi0009_0202

CL7572Contig1

3.64 x d, p = 0.009

6.44 x d, p = 0.005

2.53 x d, p = 0.002

LQ0AAB2YH21FM1.SCF

15.89 x d, p = 0.031

42.57 x d, p < 0.001

3.33 x d, p = 0.021

CL1050Contig1

2.99 x d, p < 0.001

1.59 x d, p = 0.008

-*

7
8

Dihydroxy-acid dehydratase (EC 4.2.1.9)
Isopropylmalate synthase (EC 2.3.3.13)

Esi0020_0048

LQ0AAB58YL15FM1.SCF
9

3-isopropylmalate dehydratase (EC 4.2.1.33)

Esi0069_0026

CL1061Contig1

6.03 x d, p < 0.001

-*

2.08 x d, p < 0.001

10

3-Isopropylmalate dehydrogenase (EC 1.1.1.85)

Esi0047_0054

CL1186Contig1

2.64 x d, p = 0.020

-*

1.75 x d, p = 0.013

LQ0AAB23YA11FM1.SCF

-*

3.6 x d, p = 0.006

-*

LQ0AAB35YI12FM1.SCF

-*

2.58 x d, p = 0.053

-*
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Table 1 (continued)
11

Branched-chain amino acid aminotransferase (EC
2.6.1.42)

Esi0081_0023

CL583Contig1

-*

-*

-*

CL892Contig1

2.57 x d, p = 0.007

-*

-*

Esi0023_0001

not on array

Esi0081_0028+

LQ0AAB43YF24FM1.SCF

3.81 x d, p = 0.032

4.8 x d, p < 0.001

-*

LQ0AAB91YD06FM1.SCF

**

**

**

12

Leucyl-tRNA Synthetase (EC 6.1.1.4)

Esi0087_0038

CL900Contig1

76.89 x d, p = 0.002

-*

4.57 x d, p = 0.007

13

Isoleucyl-tRNA Synthetase (EC 6.1.1.5)

Esi0252_0019

LQ0AAB83YG21FM1.SCF

-*

3.26 x d, p = 0.055

2.17 x u, p = 0.254

Esi0479_0014

CL2581Contig1

7.48 x d, p = 0.002

-*

2.78 x d, p = 0.042

Esi0078_0096

LQ0ADA22YH06RM1.SCF

3.62 x d, p = 0.027

10.33 x d, p < 0.001

3.01 x d, p = 0.107

Esi0287_0021

CL2779Contig1

9.47 x d, p < 0.001

3 x d, p = 0.002

-*

Esi0006_0214

CL3651Contig1

4.37 x d, p = 0.027

19.39 x u, p = 0.005

2.7 x u, p = 0.099

LQ0AAB7YC16FM1.SCF

**

**

**

LQ0AAB58YB01RM1.SCF

13.45 x u, p < 0.001

22.84 x u, p < 0.001

2.42 x u, p = 0.058

CL4476Contig1

**

**

**

LQ0AAB58YB01FM1.SCF

**

**

**

LQ0AAB67YK04FM1.SCF

**

**

**

14
15

Valine--tRNA ligase (EC 6.1.1.9)
3-methyl-2-oxobutanoate dehydrogenase (EC
1.2.4.4)

Esi0358_0029

16

Dihydrolipoyl transacylase (EC 2.3.1.168)

Esi0358_0027

CL5443Contig1

7.51 x u, p < 0.001

15.26 x u, p < 0.001

3.04 x u, p = 0.009

17

Isovaleryl-CoA dehydrogenase (EC 1.3.99.10)

Esi0063_0084

LQ0AAB43YD20FM1.SCF

**

**

**

Enzyme

Genome

Array

Hypo

Hyper

Oxi

I

3-deoxy-7-phosphoheptulonate synthase (2.5.1.54)

Esi0145_0051

CL686Contig1

2.18 x d, p < 0.001

3.93x d, p = 0.001

-*

II

3-Dehydroquinate Synthase (EC 4.2.3.4)

Esi0013_0196

LQ0AAB94YN08FM1.SCF

**

**

**

LQ0ADA18YA11RM1.SCF

8.08 x d, p = 0.019

-*

3.20 x d, p = 0.002

III

Bifunctional 3-dehydroquinate
dehydratase/shikimate dehydrogenase

Esi0082_0083

not on array

IV

Shikimate Kinase (EC 2.7.1.71)

Esi0082_0019

CL506Contig1

6.58 x d, p = 0.011

-*

2.48 x d, p < 0.001

V

3-Phosphoshikimate 1-Carboxyvinyltransferase
(EC 2.5.1.19)

Esi0137_0084

CL760Contig1

2.08 x d, p = 0.018

-*

1.89 x d, p = 0.025

VI

Chorismate Synthase (EC 4.2.3.5)

Esi0031_0082

CL2988Contig1

6.76 x d, p = 0.007

-*

2.06 x d, p = 0.011

CL5658Contig1

**

**

**

CL6510Contig1

2.44 x d, p = 0.034

-*

-*

CL6004Contig1

**

**

**

LQ0AAA10YG05FM1.SCF

**

**

*

CL3265Contig1

1.97 x d, p = 0.012

2.18 x d, p < 0.001

1.73 x d, p = 0.009

CL6929Contig1

6.89 x d, p = 0.055

4.76 x d, p = 0.044

5.47 x d, p = 0.007

6.46 x d, p = 0.032

1.19 x u, p = 0.036

2.1 x d, p = 0.005

VII

Anthranilate synthase b (EC 4.1.3.27)

Esi0346_0021

VIII

Anthranilate phosphoribosyltransferase (EC
2.4.2.18)

Esi0003_0266

IX

Phosphoribosylanthranilate isomerase (EC
5.3.1.24)

Esi0281_0043f

not on array

X

Indole-3-glycerol phosphate synthase (EC
4.1.1.48)

Esi0000_0449

LQ0ACA17YC18RM1.SCF

Esi0048_0063

not on array

Esi0107_0059

CL7372Contig1

10.5 x d, p < 0.001

-*

3.17 x d, p = 0.007

CL6576Contig1

81.58 x d, p = 0.003

-*

2.22 x d, p = 0.161

XI

XII

Tryptophan synthase (EC 4.2.1.20)

Trifunctional Chorismate Mutase (EC 5.4.99.5) /

Esi0281_0043

not on array

Esi0060_0108

not on array

Esi0036_0051

CL5627Contig1

5.21 x d, p = 0.003

3.22 x d, p = 0.011

-*

CL7646Contig1

**

**

**

CL3990Contig1

1.37 x d, p = 0.037

1.88 x d, p = 0.008

-*

LQ0AAB89YC12FM1.SCF

6.21 x d, p = 0.025

5.74 x d, p = 0.038

2.36 x d, p = 0.083

Esi0000_0583

Prephenate Dehydratase (EC 4.2.1.51) /
Prephenate Dehydrogenase (EC 1.3.1.12)
XIII

Aspartate Aminotransferase (EC 2.6.1.1)

Esi0000_0583

not on array

Esi0000_0583

not on array

Esi0002_0157

CL2216Contig1

6.92 x d, p = 0.037

-*

-*

CL5691Contig1

4.85 x d, p = 0.022

-*

-*

CL6772Contig1

7.76 x d, p = 0.004

1.87 x d, p = 0.008

-*

CL1725Contig1

7.28 x d, p = 0.054

4.74 x d, p = 0.010

-*

LQ0AAB56YO18RM1.SCF

3.15 x d, p = 0.002

-*

-*

CL2218Contig1

3.85 x d, p < 0.001

4.25 x d, p = 0.002

2.24 x d, p = 0.011

LQ0AAB97YD02FM1.SCF

**

**

**

Esi0036_0043

CL1330Contig1

-*

-*

-*

Esi0177_0023

CL3236Contig1

**

**

**

LQ0AFA6YM10RM1.SCF

-*

-*

2.07 x d, p = 0.197

LQ0AAB104YE19FM1.SCF

16.99 x d, p = 0.057

4.37 x d, p = 0.003

3.29 x d, p = 0.016

LQ0AAB82YF17FM1.SCF

13.62 x d, p = 0.012

6.7 x d, p < 0.001

5.14 x d, p = 0.001

Esi0298_0018

Esi0128_0018
XIV

Phenylalanine--tRNA ligase (EC 6.1.1.20)

Esi0028_0168
XV

Tyrosine--tRNA ligase (EC 6.1.1.1)

Esi0203_0047

CL6318Contig1

-*

2.42 x d, p = 0.043

-*

XVI

Tryptophan--tRNA ligase (EC 6.1.1.2)

Esi0005_0190

LQ0AAB2YD23FM1.SCF

-*

56.09 x d, p < 0.001

-*

LQ0AAA21YE03FM1.SCF

**

**

**
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Table 1 (continued)
Photorespiration

3. Short-term stress

RUBISCO

Enzyme

Genome

Array

Hypo

Hyper

Oxi

Ribulose-bisphosphate carboxylase (EC 4.1.1.39)

Esi0159_0007

CL2899Contig1

2.89 X d, p =0.006

1.67 X d, p = 0.011

3.85 X d, p = 0.002

Esi0038_0042

not on array

PGP

phosphoglycolate phosphatase (EC 3.1.3.18)

Esi0130_0079

CL1132Contig1

23.46 X d, p = 0.044

1.64 x u, p = 0.048

8.20 X d, p= 0.022

GOX

Glycolate Oxidase (EC 1.1.3.15)

Esi0012_0104

CL317Contig1

19.72 X d, p = 0.002

5.73 X u, p < 0.001

-*

Esi0017_0040

LQ0AAB30YI03FM1.SCF

**

**

**

ALT

peroxisomal alanine aminotransferase (EC 2.6.1.2)

Esi0008_0209

CL1607Contig1
CL1579Contig1

14.29 X d, p < 0.001
**

7.01 X u, p < 0.001
**

2.89 X d, p = 0.004
**

GCS

Glycine cleavage system H protein

Esi0046_0032

CL352Contig1

4.34 X d, p = 0.022

2.30 X u, p = 0.001

-*

LQ0AAB66YG13FM1.SCF

-*

5.88 X u, p = 0.010

-*

CL651Contig1

19.83 X d, p = 0.038

3.23 X u, p = 0.004

-*

CL873Contig1

**

**

**

CL815Contig1

-*

-*

-*

CL7429Contig1

**

**

**

CL5922Contig1

**

**

**

LQ0AAB42YO08FM1.SCF

**

**

**

LQ0AAB52YM08FM1.SCF

**

**

**

LQ0AAB90YF22FM1.SCF

-*

6.70 X u, p = 0.016

2.29 X d, p = 0.240

CL4512Contig1

**

**

**

LQ0AAA14YI06FM1.SCF

**

**

**

Glycine-cleavage system T-protein (EC 2.1.2.10)

Esi0046_0033

Glycine cleavage system P-protein (EC 1.4.4.2)

Esi0221_0023

Glycine-cleavage system L-protein (EC 1.8.1.4)

Esi0322_0005

Urea cycle, GABA and proline
Enzyme

Genome

Array

Hypo

Hyper

Oxi

A

Ornithine carbamoyltransferase (EC 2.1.3.3)

Esi0361_0020

CL594Contig1

11.82 X d, p < 0.001

-*

2.19 X d, p = 0.016

B

argininosuccinate synthase (EC 6.3.4.5)

Esi0127_0062

LQ0AAB34YG09FM1.SCF

25.58 X d, p = 0.002

3.37 X d, p = 0.006

-*

CL5673Contig1

19.75 X d, p = 0.032

1.86 X d, p = 0.026

-*

C

Argininosuccinate lyase (EC 4.3.2.1)

Esi0081_0083

LQ0ADA3YJ12RM1.SCF

3.33 X d, p < 0.001

3.45 X d, p < 0.001

-*

D

arginine--tRNA ligase (EC 6.1.1.19)

Esi0003_0287

CL497Contig1

2.53 X d, p = 0.098

4.22 X d, p = 0.005

1.49 X u, p = 0.006

CL7349Contig1

3.41 X d, p = 0.059

11.28 X d, p = 0.008

4.86 X u, p = 0.012

LQ0AAB86YK18FM1.SCF

2.33 X d, p = 0.257

4.49 X d, p = 0.041

8.29 X u, p = 0.023

E

Arginase (EC 3.5.3.1)

Esi0073_0060

LQ0AAB28YG22FM1.SCF

19.54 X u, p < 0.001

4.01 X u, p = 0.004

4.92 X u, p < 0.001

F

Urease (EC 3.1.5.1)

Esi0000_0248

LQ0AAB14YK16FM1.SCF

2.25 X d, p = 0.097

3.73 X u, p = 0.031

-*

G

Ornithine decarboxylase (EC 4.1.1.17)

Esi0048_0123

not on array

H

diamin oxidase (EC 1.4.3.22)

Esi0076_0063

CL5550Contig1

3.58 X d, p = 0.017

14.49 X u, p < 0.001

-*

Esi0076_0061

not on array

Aldehyde dehdrogenases

Esi0010_0069

CL5294Contig1

7.84 X d, p = 0.004

3.44 X u, p = 0.002

-*

(highly homologous to

Esi0451_0004

LQ0AAB34YA24FM1.SCF.LQ

-*

6.69 X u, p = 0.027

-*

aminobutyraldehyde dehydrogenase)

Esi0003_0206

CL6453Contig1

**

**

**

J

ornithine--oxo-acid transaminase (EC 2.6.1.13)

Esi0072_0109

LQ0AAB88YC13RM1.SCF

5.14 X u, p = 0.004

3.40 X u, p = 0.057

3.45 X u, p = 0.013

LQ0AAB10YP23FM1.SCF

4.63 X u, p = 0.016

5.63 X u, p = 0.013

4.99 X u, p = 0.018

K

pyrroline-5-carboxylate reductase (EC 1.5.1.2)

Esi0075_0064

CL6298Contig1

-*

2.58 X d, p = 0.001

4.86 x d, p = 0.002

LQ0AAB36YB24FM1.SCF

10.47 X u, p = 0.006

4.01 X u, p = 0.098

-*

LQ0AAB96YG16FM1.SCF

-*

4.16 X d, p = 0.003

13.69 X d, p = 0.002

I

L

proline dehydrogenase (EC 1.5.99.8)

Esi0269_0010

LQ0AAB31YD17FM1.SCF

80.43 X u, p < 0.001

-*

-*

M

1-pyrroline-5-carboxylate dehydrogenase (EC
1.5.1.12)

Esi0418_0003

CL2518Contig1

-*

11.78 X u, p < 0.001

-*

N

1-pyrroline-5-carboxylate synthase

Esi0663_0002

CL1823Contig1

52.81 X d, p = 0.003

1.44 X d, p = 0.029

3.82 X d, p = 0.001

* not regulated (< 2-fold change compared to control and p > 0.05)
** signal below detection limit
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Generally, we observed that most amino acids (with a few exceptions) exhibit similar
profiles in response to all of the tested stress conditions, although the most
pronounced changes in amino acid abundance were clearly observed in the hypo- and
hypersaline conditions. Under oxidative stress, especially after 24 h, only minor
changes were observed.
Decrease of the predominant amino acids in response to stress
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Figure 3: Synthesis of primary amino acids (and asparagine). Bars represent the mean quantity of an
amino acid ± SD. Letters correspond to enzymes, as indicated in Table 1.The three symbols next the
letters summarize the relative expression of this gene after 6 h of hyposaline (hypo), hypersaline
(hyper), and oxidative stress (oxi) in this order. “” indicates that a gene was up-regulated, “”that a
gene was down regulated, “–” that there was no detectable regulation on a transcript level (< 2-fold
change and p > 0.05), and “?” that no conclusion can be drawn (see Table 1). Grey arrows indicate a
tendency of this gene to be regulated, which was either not significant (change < 2-fold or p > 0.05), or
not all probes followed the same profile. The statistical significance of metabolite changes (after a
Bonferroni correction) is indicated for each stress condition under the name of the metabolite (‘ = p <
0.1, * = p < 0.05, ** = p < 0.01, *** = p < 0.001)

The predominant amino acids (alanine, glutamate, glutamine, and aspartate), together
accounting for 77.3 % of the detected amino acids under control conditions, decreased
in response to all of the different stressors (Figure 3), but most strongly in response to
hyposaline stress. They were the main reason for the decrease in the total free amino
acid concentration in response to hyposaline stress (Table 2), where glutamate and
glutamine, for example, decreased by 70 % after 6 hours. The changes in the
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concentration of the predominant amino acids correspond well to the expression
profiles of the genes involved in their synthesis or conversion: practically all of these
genes were also down-regulated (Table 1).
Table 2: Changes in the contents of amino acids and related compounds. This graph shows the relative
variations in amino acid concentration as percentage with the control condition (mean of three
replicates ± SD). 6 h and 24 h samples were tested in the same ANOVA with time (6 h, 24 h) and
treatment (stress, control) as predictors. Significant effects of each treatment are marked in boldface (p
< 0.05, after Bonferroni correction).

3. Short-term stress

% of AAs
Total AAs
Alanine
Glutamate
Glutamine
Aspartate
Asparagine
Threonine
Valine
Leucine
Isoleucine
Phenylalanine
Tyrosine
Tryptophane
Arginine
Ornithine
GABA
Proline
Serine
Glycine
Homoserine
Lysine
Cysteine
Methionine
Histidine

100.0%
30.5%
19.3%
13.8%
13.7%
1.1%
0.9%
1.7%
0.4%
0.3%
0.6%
0.3%
0.2%
0.1%
0.1%
0.0%
1.9%
4.7%
7.7%
0.7%
0.5%
0.4%
0.4%
0.1%

hypersaline stress
6h
24h
51% ± 3%
36% ± 4%
30% ± 2%
32% ± 3%
72% ± 5%
63% ± 4%
173% ± 10%
123% ± 8%
247% ± 18%
192% ± 12%
120% ± 12%
203% ± 38%
145% ± 15%
188% ± 14%
218% ± 208%
130% ± 91%
68% ± 6%
114% ± 9%
35% ± 2%
83% ± 8%
151% ± 16%
103% ± 13%
63% ± 26%
169% ± 227%

hypersaline stress
6h
24h

71% ± 15%
78% ± 7%
81% ± 36%
66% ± 6%
42% ± 3%
61% ± 6%
46% ± 15%
69% ± 7%
70% ± 8%
111% ± 14%
73% ± 12% 104% ± 17%
184% ± 54% 129% ± 13%
165% ± 25% 117% ± 8%
179% ± 5% 232% ± 19%
152% ± 2% 210% ± 18%
131% ± 8% 146% ± 23%
108% ± 6% 167% ± 23%
153% ± 2% 139% ± 27%
81% ± 8%
323% ± 36%
73% ± 16% 109% ± 43%
71% ± 28% 365% ± 125%
118% ± 54% 310% ± 19%
125% ± 44%
58% ± 8%
64% ± 21%
19% ± 3%
63% ± 11%
95% ± 16%
98% ± 20% 215% ± 11%
92% ± 121% 66% ± 55%
48% ± 16%
80% ± 31%
15% ± 1% 192% ± 137%

83% ± 5%
50% ± 2%
56% ± 3%
90% ± 15%
53% ± 2%
120% ± 8%
176% ± 10%
139% ± 20%
343% ± 21%
283% ± 18%
176% ± 11%
278% ± 40%
173% ± 15%
526% ± 46%
241% ± 91%
451% ± 49%
1047% ± 94%
119% ± 15%
26% ± 4%
73% ± 7%
272% ± 11%
124% ± 14%
152% ± 36%
52% ± 6%

oxidative stress
6h
24h
80% ± 7%
67% ± 5%
77% ± 7%
57% ± 10%
123% ± 11%
109% ± 10%
125% ± 4%
108% ± 6%
159% ± 5%
150% ± 5%
130% ± 10%
165% ± 34%
118% ± 19%
163% ± 4%
128% ± 9%
117% ± 26%
99% ± 6%
71% ± 7%
57% ± 8%
83% ± 3%
174% ± 15%
130% ± 16%
92% ± 32%
36% ± 4%

82% ± 3%
97% ± 4%
76% ± 7%
54% ± 5%
84% ± 4%
152% ± 14%
95% ± 3%
98% ± 9%
102% ± 10%
97% ± 8%
104% ± 4%
117% ± 27%
95% ± 12%
100% ± 11%
52% ± 12%
80% ± 25%
78% ± 5%
74% ± 4%
59% ± 3%
75% ± 5%
109% ± 4%
244% ± 25%
90% ± 44%
44% ± 55%

Accumulation of aromatic and branched chain amino acids in response to stress
Aromatic (phenylalanine, tyrosine, and tryptophane), and branched chain amino acids
(valine, leucine, isoleucine), constitute only 1.1 and 2.4 % of the total amino acids,
respectively. Unlike the major amino acids, their intracellular concentration, together
with that of threonine, consistently increased in response to the applied stress (Figure
4, Figure 5). This increase was strongest under hyposaline and hypersaline stress
where their concentration in response to stress ranged from more than 108 % to over
300 % of the concentration in the control condition.
This is particularly interesting as only a single gene involved in aromatic and
branched chain amino acid synthesis (a threonine desaminase (3), Figure 4) was up-
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regulated under hypersaline stress, and most other genes were down-regulated (Figure
4, 5; Table 1). Moreover, genes involved in the catabolism of branched chain amino
acids were clearly induced. T-RNA-ligases were generally down-regulated in
response to stress for all amino acids.
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Figure 4: Biosynthesis and degradation of branched chain and related amino acids. Please refer to
Figure 3 for a detailed description of all symbols used.

Decrease of glycine concentrations in response to stress
Glycine, serine, and in particular the ratio of glycine to serine, are considered a
common marker of photorespiration in terrestrial plants (Foyer et al. 2003). In our
study, we observed a strong decrease in the ratio of glycine to serine under
hypersaline and hyposaline stress, and a slight decrease in the oxidative stress
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condition (Figure 6), which was likely to be a milder stressor than the saline stresses
(Dittami et al. 2009). As for the accumulation of aromatic and branched chain amino
acids, this does not correlate well with the transcriptomic data, which showed genes
involved the photorespiratory pathway to be generally down-regulated in hyposaline
and oxidative stress conditions, and up-regulated under hypersaline stress (Figure 6,
Table 1). As glycine might serve as a substrate for glutathione synthesis, we also
investigated the expression of the two gamma glutamyl-cysteine synthetases (EC
6.3.2.2) and of the single copy of a glutathione synthetase (EC 6.3.2.3) in the
Ectocarpus genome. One of the glutamyl-cysteine synthetases (Esi0184_0033
down-regulated in all stress conditions, while the second copy (Esi0250_0012
corresponding to LQ0AAB39YO20FM1.SCF) was 2.6-fold up-regulated only in
hypersaline conditions. The glutathione synthetase (Esi0066_0082, corresponding to
CL1154Contig1), was not significantly regulated in any of the examined stress
conditions (p > 0.05, fold-change < 2).
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corresponding to LQ0AAB47YA16FM1.SCF on the microarray) was 1.9 to 3.9-fold

t-RNA

XVI –  –
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Figure 5: Biosynthesis of aromatic amino acids. Please refer to Figure 3 for a detailed description of all
symbols used.
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Figure 6: Genes and amino acids related to photorespiration. Please refer to Figure 3 for a detailed

GABA and proline accumulate specifically in hypersaline condition
The most marked changes in the amino acid concentrations was the increase of
GABA (4.5-fold) and of proline (10-fold) under the hypersaline condition. This
increase was parallel to an induction of genes involved in arginine degradation
(Figure 7, Table 1). Moreover, a diamine oxidase ((H), Figure 7), potentially involved
in conversion of putrescine to 4-amino-butyraldehyde (an immediate precursor for the
synthesis of GABA) and an aminoaldehyde dehydrogenase ((I), Figure 7), potentially
involved in the conversion of 4-amino-butyraldehyde to GABA (Sebela 2000), were
significantly induced in hypersaline stress conditions.
Urea concentrations are below the detection limit
No traces of urea were detected in any of the samples, although spiked samples
showed normal absorption comparable to those of our standards. We assume that our
extraction method of thorough grinding in liquid nitrogen is sufficient to break the
Ectocarpus cells – an assumption which is supported by the fact that nucleic acids are
efficiently extracted using a similar protocol, and that centrifugation for non-freezedried but ground E. siliculosus leads to a separation of solid particles and intracellular
medium after 5 min at 20,000 g. As our method showed clear differences between the
100 nmol standard or Ectocarpus samples spiked with 100 nmol urea and the blanks,
we can conclude that urea, if present in Ectocarpus, is only present in quantities
smaller than the detection limit of the method, i.e. 1.66 µmol per g dry weight.
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description of all symbols used.
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G

Figure 7: Concentrations of arginine, ornithine, glutamate, proline, and gamma-aminobutyric acid
(GABA). Please refer to Figure 3 for a detailed description of all symbols used.

Discussion
This study demonstrates that, in response to abiotic stress, Ectocarpus exhibits a) no
or only slight changes in the free sugars, polyols, and organic acids measured, except
for mannitol, b) mild changes in fatty acid content, c) profound changes in the amino
acid content and d) a strong relative increase in proline and GABA specifically in
response to hypersaline stress. It is the first study of this scale in brown algae that
relates metabolite changes directly to transcriptional changes, and provides an
example of how, especially in complex metabolic networks, gene expression profiles
might sometimes be misleading if not supported by other data on different levels
(such as metabolites). This is consistent with previous studies in terrestrial plants,
highlighting differences between total transcript abundance and polysomal mRNA
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abundance (Branco-Price et al. 2008), enzyme activity (Gibon et al. 2004, 2006), and
final metabolite content (Kaplan et al. 2007; Kempa et al. 2008). Our study, however,
also shows the value of transcriptomic data for the interpretation of the observed
metabolic changes, as will be demonstrated by the examples that follow.
Changes in the primary metabolism affect amino acid concentrations
Interestingly, the global down-regulation of primary metabolism in response to the
tested stress conditions (Dittami et al. 2009) had no significant effect on the
concentration of sugars or organic acids in our samples except mannitol, which is the
main photosynthetic product in brown algae (Reed et al. 1985). As the overall
hypothesize that they serve mainly as intermediates in chemical reactions. Therefore,
their cellular concentration would not necessarily change, even though the flow
through a pathway might be affected by stress.
In contrast, we observed a decrease in the predominant amino acids (alanine,
glutamate, glutamine, and aspartate), which was strongest under hyposaline stress
(Table 2). These changes corresponded to the general down-regulation of genes
involved in ammonia fixation and the synthesis of primary amino acids, both via the
glutamate dehydrogenase- (enzymes h, i, a, b; Figure 3) and the GS/GOGAT pathway
(enzymes h, i, e, f; Figure 3). Alanine, glutamate, and aspartate have been shown to be
among the first amino acids to be synthesized from radio-labeled carbon in brown
algae (Akagawa et al. 1972), and similar observations were made in terrestrial plants,
e.g. in spinach leaves under mild salt stress (Di Martino et al. 2003). This is likely to
be the consequence of a mechanism of conserving energy under stress conditions,
when photosynthesis is less efficient (Kovtun et al. 2000).
With regard to aromatic and branched chain amino acids, this simple correlation did
not hold true: while genes involved in synthesis of branched chain amino acids were
down-regulated, the concentration of these amino acids increased in response to
stress. A similar increase has been observed in terrestrial plants in response to abiotic
stresses (e.g. Kaplan et al. 2004). The reason for the increase in the branched chain
and aromatic amino acid concentration in spite of the down-regulation of genes
involved in their synthesis is likely to be the general down-regulation of protein
synthesis and an activation of autophagy and protein turnover, as previously described
for these stress conditions (Dittami et al. 2009). Branched chain and aromatic amino
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concentration of these compounds in the cell was very low, it is reasonable to
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acids are present only in very small quantities in the cell (about 3.5 % of total free
amino acids, Table 2), but likely to be comparatively abundant in the Ectocarpus
proteome, as about 24 % of the codons in the predicted coding sequences of the
Ectocarpus genome code for them. Thus, a reduction of their use for protein synthesis
in response to stress, as indicated by a down-regulation of their corresponding
aminoacryl t-RNA ligases, and their increased liberation by autophagy and protein
degradation, provides a plausible explanation for their increase (Di Martino et al.
2003). The induction of the branched chain amino acid degradation pathway could
represent a mechanism of keeping the intracellular levels of branched chain amino
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acids non-toxic, as proposed by Malatrasi et al. (2006).
Photorespiration
Photorespiration is especially evident under conditions of high light intensity, limiting
carbon dioxide, and high oxygen concentrations. Under these circumstances an
increased proportion of the total carbon fixed during photosynthesis flows through the
glycolate pathway. Glycine is a key metabolite in this process and is synthesized in
large amounts in the peroxisomes. It is rapidly oxidised and converted to serine in the
mitochondria. In terrestrial plants, the ratio of glycine to serine is considered as a
marker of photorespiration (Foyer et al. 2003), and in Ectocarpus this ratio has been
shown to increase under carbon starvation and increased O2 concentration, and to
decrease in carbon-replete conditions (Gravot et al. submitted). The observed decrease
in glycine and slight increase in serine in response to stress could therefore be
considered an indication of a decrease in photorespiration. However, no correlation
with genes involved in the photorespiratory pathway was observed. One possible
explanation for these observations is that reduction of photorespiration in our study
could be a direct consequence of a general reduction of photosynthesis and of the
down-regulation of genes that code for parts of the light harvesting complex (Dittami
et al. 2009). This would consequently reduce the amount of glycine produced by
photorespiration, even if the relative rate of photorespiration stayed the same.
Another possibility is that the decrease in glycine, which accounted for most of the
change in the glycine to serine ratio, was related to the synthesis of glutathione.
Noctor et al. (1999) described that photorespiratory glycine can enhance gluthatione
production in poplar, thus proving the existence of a metabolic link between these two
pathways. Glutathione in turn is an antioxidant, which is likely to play an important
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role in the response of E. siliculosus to several stresses (de Franco et al. 2009).
Support for this hypothesis could be provided e.g. by the up-regulation of genes
involved in glutathione synthesis in response to abiotic stress. Although, with the
exception of one glutamyl-cysteine synthetase under hypersaline stress, such an upregulation was not observed, further experimental evidence would be required to
disprove the activation of this metabolic pathway. Furthermore, both hypotheses
(glutathione synthesis and reduction of photosynthesis) could apply at the same time.
Changes in the total fatty acid composition
In parallel to these general changes in the amino acid composition, Ectocarpus
n-3 to n-6 PUFAs (Figure 2), and corresponding changes in gene expression. One
possible reason for this could be related to changes in the membrane lipid
composition, as shown by Bigogno et al. (2002), who demonstrated that radioactively
labeled arachidonic acid was rapidly integrated into polar lipids by the green alga
Parietochloris incisa. Changes in the fatty acid composition of membranes are
commonly observed in response to stress, mainly after temperature changes (e.g.
Sanina et al. 2008). Aziz and Larher (1998), however, also reported a decrease of the
overall fatty acid saturation in rape leaves after exposure to osmotic stress. It seems
plausible that a change in membrane composition might be advantageous under
hypersaline and hyperosmotic conditions. Furthermore, Mock et al. (2002) reported a
decrease of the degree of unsaturation in the thylakoid membrane of Antarctic
diatoms in response to light. This probably compensated for a parallel decrease in the
number of membrane proteins, a phenomenon which could also occur in Ectocarpus
in response to hypersaline stress, as photosynthesis was strongly affected in this
condition.
The observed changes could also be related to the production of fatty acid-derived
signaling compounds. Omega-6 PUFA-derived compounds are generally believed to
be more effective signals than n-3 polyunsaturated fatty acid-derived ones (Sanina et
al. 2008), a phenomenon well known in animals (e.g. Bagga 2003). Moreover, recent
studies have reported the stress-induced production of fatty acid-derived oxylipins in
the brown alga Laminara digitata (Ritter et al. 2008, Küpper et al. 2009), including
several n-6 polyunsaturated fatty acid-derived compounds such as prostaglandins or
hydroperoxy-octadecatrienoic acids. Further studies examining changes in the polar
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displayed several changes specifically during hypersaline stress, such as a shift from
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lipid composition and oxylipin production in response to stress are needed to further
decipher the biological significance of the observed changes in the fatty acid
composition in E. siliculosus.
Proline and mannitol, but not urea, are potential osmoprotectants or local
osmolytes
Other changes that occurred specifically in hypersaline stress were related to possible
osmolytes. Our previous study (Dittami et al. 2009) demonstrated that the major
solute responsible for the short-term adaptation of Ectocarpus to high salinities was
NaCl. Expression profiles, however, suggested that additional osmolytes such as urea,
3. Short-term stress

mannitol, and proline might also play important roles.
In this study, urea was not detected in any of the examined conditions, strongly
suggesting that this compound does not accumulate in E. siliculosus cells, and
excluding a possible role as an osmolyte, at least within the first 24 h of adaptation to
different salinities.
Proline, which is strongly accumulated in response to hypersaline stress, may be
synthesized both from arginine via ornithine and from glutamate (Figure 7). While
genes involved in the proline synthesis from arginine ((E, J), Figure 7) were induced
under all stress conditions, the 1-pyrroline-5-carboxylate synthase gene ((N), Figure
7), involved in proline synthesis from glutamate, was not induced compared to the
control condition in hypersaline stress, and was repressed under hyposaline and
oxidative stress. Thus, our transcriptomic data do not provide clear indications as to
which of these pathways is activated. However, an increased metabolic flow through
the urea cycle towards proline (and GABA) under hypersaline stress would also result
in an increase of urea production, providing a possible explanation for the upregulation of the urease gene ((F), Figure 7) in the same condition.
In any case, the observed increase in proline concentrations in response to hypersaline
stress would fit well with a role of this compound as osmolyte (Krell et al. 2007). Yet,
even after 24 h, the overall proline concentration reaches only about 18 µmol per
gram dry weight, which, considering that 1 g of dry weight corresponds roughly to 5 g
of fresh weight, is equivalent to an average intracellular concentration of only about
4.5 mM. Facing changes in the extracellular osmolarity of about 2000 mOsmol L-1,
the contribution of proline to the adjustment of the intracellular osmolarity would be
negligible, unless this osmolyte accumulates only in specific organelles. To a lesser
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extent this is also true for mannitol, which, under the same assumptions, can account
for about 75 mOsmol L-1 of the total intracellular osmolarity after 24 h of exposure to
stress. Mannitol is presumably not evenly distributed throughout the cell but localized
in the cytoplasm as has been proposed for marine brown algae (Davison & Reed
1985, Reed et al. 1985) and also the red macroalga Caloglossa leprieurii (Mostaert et
al. 1995). Still, even if the cell vacuole, which usually takes up less than 50 % of the
E. siliculosus cell volume (B. Charrier, personal communication), and the apoplast
contain neither proline nor mannitol, our findings point to the conclusion that both
compounds are not major compatible osmolytes during the short-term adaptation (≤
24 h) to high salinities.
physiological relevance during the short-term response to low salinities and both
mannitol and proline might be important osmolytes for long-term adaptation (> 1
day). The latter was illustrated by Thomas and Kirst (1991), who observed mannitol
concentrations of up to 100 mM after one week of exposure of E. siliculosus to high
salinity. Furthermore, mannitol and proline might still be important in the short-term
salt stress response, functioning as local osmolytes or osmoprotectors rather than
global osmolytes. Both substances were reported to act as oxygen radical scavengers
(Smirnoff & Cumbes, 1989), and to increase protein stability (Soderquist & Lee 2005,
Takagi 2008).
GABA: a potential signaling compound
Similarly to Arabidopsis under saline stress (e.g. Kempa et. al. 2008), Ectocarpus
exhibited a strong relative increase in GABA concentration under hypersaline stress
compared to the control condition, although absolute levels remained low in
Ectocarpus when compared to about 1 µmol g-1 DW classically observed in
unstressed leaves of Arabidopsis (Gravot et al. submitted). GABA is closely related
and structurally similar to proline, and is considered an important neurotransmitter in
the mammalian central nervous system (Li & Xu 2008). It is also known to have
many different functions in plants, including a central role in plant carbon and
nitrogen metabolism (Fait et al. 2008), stress response (Kinnersley 2000), and
signaling (Bouché & Fromm 2004). Under non-stressed conditions, GABA is present
only in traces in Ectocarpus, and important genes of the major pathway of GABA
synthesis, the GABA shunt, appear to be absent from the genome (Gravot et al.
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Nevertheless, the strong decrease in mannitol under hyposaline stress might be of
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submitted). However, in terrestrial plants, GABA can also be synthesized from
polyamines (Terano 1978, Kumar & Thorpe 1989, Rastogi & Davies 1990,
Petrivalský et al. 2007). Our data show that, parallel to the increase in GABA, genes
likely to be involved in its synthesis from polyamines are also strongly up-regulated
under hypersaline treatment.
Although the exact mechanism of GABA signaling is still unknown in terrestrial
plants, the marked changes in both metabolite and transcript abundance suggest that,
as in terrestrial plants, GABA plays a role in the response to (hypersaline) stress, and
possibly in stress signaling in Ectocarpus. In this alga, however, we observe GABA

3. Short-term stress

induction only under hypersaline stress and not in hyposaline or oxidative stress,
while in terrestrial plants GABA synthesis is induced in response to a wide variety of
abiotic and biotic stresses (Kinnersley 2000).
From an evolutionary point of view, it is interesting to compare the occurrence of the
pathways involved in the production of GABA in different lineages. GABA seems to
have conserved similar functions in green plants, heterokonts, and to a certain extent
also metazoans, although the main pathway of GABA synthesis in green plants and
metazoans (the GABA shunt) has probably been lost in brown algae.

Conclusions
Our study demonstrated several metabolic changes in response to stress. While most
of our results from targeted metabolite profiling correspond well to the changes
observed in the transcriptome, thus generally validating the transcriptomic approach,
our data also clearly demonstrate that caution needs to be taken when interpreting
transcriptomic data, especially in the context of complex metabolic networks. In
addition, our study invalidated the hypothesis of urea as compatible osmolyte in
brown algae, and showed that, in the short-term response to salt stress, proline and
mannitol are likely to function primarily as osmoprotectants rather than osmolytes.
Finally, we demonstrated changes in PUFA composition and that, even though the
primary pathway for GABA synthesis is not coded for in the Ectocarpus genome,
GABA synthesis is likely to take place from putrescine in response to hypersaline
stress. These findings pave the way for more detailed comparative studies of the role
of these potential signaling molecules implicated in abiotic stress response in brown
algae.
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Stress induced chlorophyll binding proteins in Heterokonts
and Chlamydomonas – a relict from the past?

- preliminary manuscript -

Abstract
Chlorophyll binding and related proteins constitute a family present in all
photosynthetic organisms. In green plants, chlorophyll a/b binding proteins (CABs)
function in light harvesting while three types of related proteins, namely early light
induced proteins (ELIPs), high light induced proteins (HLIPs, first identified in
cyanobacteria), and psbS proteins, protect from photooxidative stress and are involved
in non-photochemical quenching.
Based on available transcriptomic data, ELIPs do not appear to play an important role
in stress response in heterokonts, and sequenced diatom and brown genomes do not
code for HLIPs or psbS. On the other hand, they do code for a large number of
fucoxanthin chlorophyll a/c-binding proteins (FCPs), which are closely related to
CABs. We performed a phylogenetic analysis of chlorophyll binding proteins (CBPs
= CABs + FCPs) in several heterokont and plant genomes, and identified a group of
stress-induced CBPs (siCBPs) present only in heterokonts and in the green microalga
Chlamydomonas reinhardtii. Our data support the hypothesis that siCBPs might
constitute an ancestral group of CBPs that has retained its original role in nonphotochemical quenching – a role which was taken over by ELIPs and PsBs in most
green plants.
Keywords: Fucoxanthin chlorophyll a/c-binding proteins (FCP), stress response,
diatoms, brown algae, non-photochemical quenching (NPQ), photosynthesis
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Introduction
The extended family of chlorophyll binding proteins (CBPs) is a large group of light
harvesting antennae and stress response proteins (Green et al. 1991, Green &
Kühlbrandt 1995) which comprises chlorophyll a/b binding proteins (CABs), the
closely related fucoxanthin chlorophyll a/c binding proteins (FCPs, Grossmann et al.
1990, Caron et al. 2001), high light induced proteins (HLIPs), early light induced
proteins (ELIPs), and the psbS subunit of photosystem II (psbS). CABs, as well as
FCPs, probably evolved from cyanobacterial HLIPs as a result of two duplication
events and the subsequent loss of one transmembrane helix (Green & Kühlbrandt
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1995), and are considered to function as part of the light harvesting antennae. They
were frequently reported to be transcriptionally repressed in response to light stress
(see e.g. Tonkyn et al. 1992). PsbS proteins have a similar structure as CBPs and
FCPs, but contain four transmembrane helices compared to three in CBPs and FCPs,
and are involved in pH sensing as well as in the regulation of non-photochemical
quenching (NPQ) in plants (Li et al. 2004). ELIPs and HLIPs are small proteins with
one transmembrane helix, and were frequently observed to be induced in high light or
other stress conditions in plants (e.g. Montané et al. 1997, Jansson et al. 2000), and
cyanobacteria (Promnares et al. 2006). ELIPs have also been shown to protect from
photooxidative stress in Arabidopsis thaliana (Hutin et al. 2003).
In heterokonts, recent transcriptomic studies (Hwang et al. 2008, Dittami et al. 2009)
highlighted FCPs that were up-regulated in response to heat-, salt-, or oxidative stress
– a surprising result considering that their primary function is thought to lie in light
harvesting. Moreover, within the green lineage, similar observations were made in C.
reinhardtii, after treatment with high light intensities (Miura et al. 2004). This raises
the question whether all CABs and FCPs are really involved exclusively in light
harvesting. Here we demonstrate that this is probably not the case and discuss our
results in an evolutionary context.

Results and discussion
Heterokont genomes code for the highest numbers of CBPs
In order to improve our understanding about the evolution and the function(s) of
CABs and FCPs, we performed a phylogenetic analysis of most of the known
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heterokont FCPs and a selection of plant and green algal CABs. For heterokonts, we
searched for FCPs in the available genomes of diatoms and brown algae, yielding 61
sequences from Thalassiosira pseudonana (Armbrust et al. 2004), 86 from
Phaeodactylum tricornutum, (Bowler et al. 2008) and 53 from Ectocarpus siliculosus
(Cock et al. in prep.). We also included protein sequences derived from 17 expressed
sequence tags (ESTs) of the Antarctic diatom Chaetoceros neogracile because
transcriptomic data was available for these sequences (Hwang et al., 2008). For the
green lineage, we selected the sequence of the first available CAB structure from
Pisum sativum (Kühlbrandt et al., 1994), as well as 14 CABs from the model
angiosperm Arabidopsis thaliana and 45 from the bryophyte Physcomitrella patens.
sequences), Ostreococcus tauri (14 sequences), and Chlamydomonas reinhardtii (24
sequences). All sequences and accession numbers are listed in supplementary file 1.
Cyanobacterial sequences as well as eukaryotic ELIPs and HLIPs were not included
in this analysis due to their very low degree of sequence homology with FCPs and
CBPs.
CABs and FCPs contain several subfamilies
With the exception of two C. reinhardtii sequences, the phylogenetic analysis of
CABs and FCPs (Figure 1) resulted in a very clear separation between heterokont
FCPs and plant CBPs. In addition, within both the heterokont and the plant groups,
several potential subfamilies (bootstrap values ≥ 50) were identified. In the green
lineage, 6 of these potential subfamilies contained proteins from at least 2 of the 3
represented phylogenetic groups (angiosperms, mosses, green algae), and 5 more
consisted purely of green algal sequences. In heterokonts, 8 potential subfamilies
containing both Ectocarpus and diatom sequences were identified. Two more
contained only diatom or only Ectocarpus sequences.
One of these potential subfamilies was of particular interest to us, as it comprised all
of the FCPs presently known to be induced by stress in the transcriptomic studies of
C. neogracile (Hwang et. al 2008) and E. siliculosus (Dittami et al. 2009).
Furthermore, it contained the two CABs from C. reinhardtii that were induced in
response to high light conditions (Miura et al. 2004). These findings raise two
important questions: what is the function of these stress-induced CBPs (siCBPs), and
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In addition, we included green microalgal CABs from Micromonas sp. RCC299 (19
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how can their presence in heterokonts and C. reihandtii but not in other green algae or
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Figure 1: Phylogenetic tree of fucoxanthin a/c binding proteins (FCPs) and chlorophyll a/b binding
proteins (CBPs). Colored circles after the sequence name indicate that a gene was induced in stress
(blue = heat stress; green = light stress, brown = saline and oxidative stress). Groups containing genes
from at least two different classes (moss, higher plants, green algae, diatoms, brown algae) and with
bootstrap values ≥ 50 were plotted in the same color. Only selected bootstrap values are shown.
Abbreviations: Ath = Arabidopsis thaliana, Cne = Chaetoceros neogracile, Cre = Chlamydomonas
reinhardtii, Esi = Ectocarpus siliculosus, Msp = Micromonas sp. RCC299, Ota = Ostreococcus tauri,
Ppa = Physcomitrella patens, Psa = Pisum sativum, Ptr = Phaeodactylum tricornutum, Tps =
Thalassiosira pseudonana.

Alignments with available structures of chlorophyll binding proteins (Kühlbrandt et
al., 1994; Amunts et al., 2007) demonstrated that residues thought to bind chlorophyll
were equally conserved in siCBPs, non stress-induced FCPs, and plant CABs (Figure
2), suggesting that all of these proteins have similar structures and bind to pigments.
On the other hand, there were several residues that were conserved specifically in
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stress-induced FCPs/CABs, such as a proline residue (P, position 178, in Figure 2) in
the linker region between the C-helix and the A-helix, which was absent in all other
examined proteins. Although the effect of these changes on protein function still
remains unknown, additional clues about the function of siCBPs may be derived from
the phylogenetic position of C. reinhardtii CBPs.
C-helix

B-helix
stress-induced

*

A-helix

non stress-induced

Figure 2: Sequence logos (Crooks et al., 2004) of stress-induced and non stress-induced FCPs as well
as plant CABs. The size of the letter indicates the degree of conservation of a particular residue.
Residues responsible for chlorophyll binding (arrows) as well as membrane-spanning helices were
added manually according to Kühlbrandt et al. (1994). * indicates a highly conserved proline residue in
siCBPs that was not found in any of the other examined CBPs or FCPs.

siCBPs might be close to the ancestral CBPs
The presence of two isolated green CBPs in what was otherwise a heterokont-only
group of proteins, at first, seems astonishing. Although horizontal gene transfer
between C. reinhardtii and heterokonts is one possible explanation, which is
supported by the high sequence homology between C. reinhardtii and heterokont
siCBP sequences, current theories on the evolutionary origin of CABs and FCPs could
provide an alternative explanation for these findings. As described above, CBPs are
thought to derive from cyanobacterial HLIPs (Dolganov et al. 1995, Green and
Kühlbrandt 1995) via several duplication and deletion events. This hypothesis implies
that the original function of CABs and FCPs was likely to be similar to that of stressinduced cyanobacterial HLIPs. The capacity to harvest and transfer light to the
reaction centers most likely developed independently several times during evolution,
as demonstrated by La Roche et al. (1996) for cyanobacteria and plants. Montané et
al. (2000) suggested that the original function of CABs was therefore likely to have
been related to NPQ, i.e. the conversion and dissipation of excess light energy into
heat.
One hypothesis explaining our results is that siCBPs might have retained this role in
NPQ and have not evolved to function in light harvesting. This would fit the
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green lineage
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observation that they were transcriptionally up-regulated in response to stress – an
observation which is hard to bring in line with a role in light harvesting. In this
context, the C. reinhardtii siCBPs could be considered relicts of ancestral CBPs that
have not (yet) been lost in this species. Indeed, the C. reinhardtii genome is peculiar
in this sense, as it also contains several genes, encoding e.g. cilia and centriole
proteins, derived from the last common plant-animal ancestor that were lost in
angiosperms (Merchant et al. 2007).
A role of siCBPs in NPQ could also explain some of the observations made related to
the gene content of heterokont genomes. Ectocarpus and known diatom genomes do
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not code for PsbS genes, which are known to function in NPQ in green plants.
Moreover, these genomes also contain only one ELIP each, which, at least in the case
of E. siliculosus, was not induced in saline and oxidative stress (Dittami et al. 2009).
The absence or underrepresentation of these genes in heterokont genomes might be
related to the presence siCBPs.
In conclusion, our data show that, although CBPs are highly conserved and easily
annotated in genomes, several subfamilies with potentially distinct functions are likely
to exist, which provides a starting point for future more targeted functional or
structural studies. In addition, two nearly completed sequencing projects for red
macroalgae will soon give access to several new CBP sequences which might provide
further insights into the evolution of these proteins.

Methods
CBP family proteins were searched for using “blastp” and reference sequences from
terrestrial plants, green algae, diatoms, and Ectocarpus (supplementary file 2). All
sequences were aligned using MAFFT (Katoh et al. 2002). Automatic alignments
were then manually refined using Bioedit 7.0.9.0 (Hall 1999), taking into
consideration only the conserved regions of the proteins (supplementary file 3). In
some cases, this resulted in two sequences with 100% sequence identity. In this case,
one of the identical sequences was excluded for further analyses. Maximum
likelihood trees were generated for the remaining sequences using phyml (Guindon &
Gascuel, 2003), default parameters, and bootstrapping (100 iterations). Similar trees
were also obtained using neighbor-joining and phylip (not shown). CBPs and FCPs
were considered stress-induced if they were identified as such in the original
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publications (Miura et al. 2004, Hwang et al. 2008), or in the case of E. siliculosus, if
the mean log2-ratio stress/control for hyposaline-, hypersaline-, and oxidative stress
reported in our previous study (Dittami et al. 2009) was greater than 1 (2-fold upregulation).
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Supplementary files
Supplementary file 1: Accession numbers of all sequences considered for the phylogenetic tree
(including those removed due to high sequence identity). For stress induced proteins, the Pubmed Id
(PMID) of the corresponding publication is given. Please note that Chaetoceros neogracile sequences
are EST sequences. This file is available online at: http://www.sb-roscoff.fr/UMR7139/
ectocarpus/transcriptomics/Supplementary_files_thesis/
Supplementary file 2: Aligned sequences of all CBPs / FCPs present in the phylogenetic tree. This file
is
available
online
at:
http://www.sb-roscoff.fr/UMR7139/ectocarpus/transcriptomics/
Supplementary_files_thesis/
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Supplementary file 3: The phyologenetic tree displayed in figure 1 in the MEGA format, including all
bootstrap values. This file is available online at: http://www.sb-roscoff.fr/UMR7139/
ectocarpus/transcriptomics/Supplementary_files_thesis/
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Long-term adaptation to different
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4. Long-term adaptation to different salinities
4.1 Preface
After having studied the short-term response to stress and in particular saline stress,
this chapter examines a strain of Ectocarpus siliculosus that has been isolated from
freshwater and therefore possesses an increased tolerance for low salinities. Similarly
to the previous chapter, it is split into two sections, each represented by a manuscript
to be submitted for publication (section 4.2) or a preliminary draft (section 4.3).
The primary goal in the first section was to test if and to what extent, the gene
expression array designed for the marine strain of E. siliculosus could be used with
the freshwater strain. This was examined by using this array for comparative genome
hybridization experiments between strains. These experiments were not only carried
out with the freshwater strain, but also with three other strains of particular interest for
the laboratory. The results of these experiments formed the basis for the
transcriptomic analysis described in the second section, but also highlighted
differences in the degree of conservation in several genomic regions and raised
were carried out in collaboration with Caroline Proux and Jean-Yves Coppée (Instiut
Pasteur, Paris)
The second section first examined the range of salinity tolerance of the freshwater
strain, showing that it was still capable of surviving in seawater, and then compared
the marine and the freshwater strain (the latter in different salinities) on a
transcriptomic- and a metabolite level (metabolite profiling was carried out by
Antoine Gravot, University of Rennes 1, and Sophie Goulitquer, University of Brest).
All together these data hightlighted the role of transcriptomic plasticity in the
adaptation to freshwater, but also showed that not all genomic adaptations necessarily
translated into transcriptomic changes, and that the two strains cultured in identical
media had very different metabolite-, but very similar transcriptomic profiles. The
freshwater strain presents a very interesting model to study the mechanisms
underlying the adaptation to drastic changes in habitat – a question rarely addressed in
plants, as permanent transitions between marine and terrestrial habitats are rare and
fossile records of plants scarce or non-existent.

139

4. Long-term adaptation

questions about the species concept in Ectocarpus siliculosus. These experiments
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4.2
Comparative genome hybridization of
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Ectocarpus strains
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Comparative genome hybridizations of different strains and
ecotypes of Ectocarpus reveal high intra-generic variability
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Abstract
Brown algae of the genus Ectocarpus can be found in diverse marine environments in
all temperate regions of the world. Some strains have colonized extreme habitats such
as heavily polluted sites, estuaries, and even freshwater sites close to the sea, yet not
all strains are able to withstand these extreme conditions. With the establishment of E.
siliculosus as a model for brown algae, and the possibility to carry out high
throughput transcriptomic analyses, it is of interest to assess the genomic variability
among strains and ecotypes of the Ectocarpus genus.
In this study we use a genome-wide Ectocarpus siliculosus expression array to assess
genomic variability and feasibility of cross strain hybridizations between five strains
of Ectocarpus: four strains of E. siliculosus (the male genome strain, a female strain
used for outcrosses with the genome strain, a strain isolated from freshwater, and a
strain with exceptionally high copper tolerance), as well as one strain of the sister
species E. fasciculatus. Our results revealed significant genome-wide differences
4. Long-term adaptation

between different ecotypes of the same species, supporting the concept of E.
siliculosus as a complex of cryptic species. Moreover, not all parts of the Ectocarpus
genome seem to have evolved at equal rates, and high variability was detected
particularly in transposable elements and fucoxanthin chlorophyll a/c binding
proteins. Finally, we found indications of the possible presence of new E. siliculosus
virus 1-like sequences in the genome of one of the examined strains.
Keywords: Brown algae, Ectocarpus, Comparative genome hybridization (CGH),
cryptic species, transposable elements (TEs), fucoxanthin chlorophyll a/c binding
proteins (FCPs), Ectocarpus siliculosus virus (ESV)
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Introduction
Brown algae are multicellular and mainly marine organisms, that live along the
coastlines of all continents. They are economically and ecologically important as they
form the dominant vegetation in the intertidal and subtidal of rocky shores (Bartsch et
al. 2008). Some species, such as giant kelps provide habitats for many other species.
Being part of the chromalveolate kingdom, brown algae have evolved independently
from other eukaryotic lineages, including land plants and red and green algae (Baldauf
2003, 2008). In spite of their importance, there are still many gaps in our knowledge
about brown algae, such as knowledge about the mechanisms involved in their stress
response, their developement, or their complex life cycle (Coelho et al. 2007).
Among brown algae, Ectocarpus siliculosus has a long history of research (Charrier et
al. 2008), and was chosen as a genetic model (Peters et al. 2004) due to its small
genome and its short life cycle. Its genome has recently been sequenced by
Genoscope (France) and is the first complete genome sequence available for any
seaweed (Cock et al. in prep.). As currently conceived, the genus Ectocarpus contains
genetically particularly diverse and possibly contains several cryptic species (StacheCrain et al. 1997, Peters et al in prep. a, b). In this paper we use the circumscription of
E. siliculosus as encompassing all strains falling into clades 1-4 of the phylogeny by
Stache-Crain et al. (1997).
Different strains of E. siliculosus have been isolated from rather extreme
environments. Strain 3 (Table 1), for example, is the only well documented finding of
this species in freshwater (West & Kraft 1996, McCauley & Wehr 2007), while strain
4 was isolated from a heavy metal-polluted site in Chile (Figure 1) and exhibits
greatly increased tolerance to copper (Ritter et al. in press). Neither of these strains
has been observed to reproduce sexually, and their sex and life cycle stage therefore
still remain unknown (Table 1). However, they have been and are currently being
investigated on a physiological (strain 3 and strain 4), metabolite (strain 3), and
proteomic (strain 4) level in order to investigate the adaptations enabling them to
tolerate the “extreme” conditions found in their original habitats.
In parallel, targeted studies of mutants have been carried out in order to examine
specific aspects of Ectocarpus development, such as the switch in life cycle phases
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two species, E. siliculosus and E. fasciculatus. The cosmopolitan E. siliculosus is
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(Peters et al. 2008), or early morphogenesis (Le Bail et al. in prep.). Positional cloning
of mutant genes as well as the construction of the Ectocarpus genetic map require the
use of a polymorphic outcross line such as strain 2.

Figure 1: Map of origins of the different strains of Ectocarpus used in this study.

Studies of different strains as well as studies using crosses between different strains
could greatly benefit from the tools developed for the sequenced strain 1 of E.
siliculosus, including a recently developed microarray (Dittami et al. 2009). This
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expressed sequence tag (EST)-based expression array comprises probes for 16,888
unigenes, as well as the 231 coding sequences of the E. siliculosus virus 1 (ESV-1,
Delaroque et al. 2001). However, in order to use this microarray to compare different
strains on a transcriptomic level, the feasability of cross strain hybridizations should
be assessed (Bar-Or et al., 2007). To this means, we hybridised genomic DNA of
selected strains to the available microarray and compared the results to those obtaind
from genomic DNA of a reference strain 1, allowing us to distinguish between well
conserved probes (i.e. probes with similar signal intensities) and divergent probes (i.e.
probes that exhibit changes in the signal intensities). Similar approaches have already
been successfully employed in other eukaryotes, e.g. to compare two closely relates
species of Drosophila (Ranz et al. 2003), or to perform transcriptomic experiments
with a Brassica using an Arabidopsis array (Hammond et al. 2005). Our experiments,
carried out with four strains of Ectocarpus of different genetic distance to the
reference strain, and from different environments, allowed us to select a subset of
highly conserved probes for each of these strains, thus facilitating future microarray
experiments with the strains in question. In addition, using this technique enabled us
to assess the overall degree of genomic variability between two strains and identify
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genomic regions that were less conserved than others, or that had undergone changes
in copy number (including deletions). Although these two processes (changes in copy
number and sequence diversion) could not be distinguished by the methods employed,
our observations revealed a number of important features related to physiology and
evolution within the Ectocarpus genus.

Materials and Methods
Algal strains and culture conditions
All Ectocarpus strains selected (Table 1) were clonal isolates identified by ITS1
sequencing which allowed classification in the different clades of the phylogeny in
Stache-Crain et al. (1997). They were cultivated in 10-liter plastic flasks in a culture
room at 14°C using filtered and autoclaved natural seawater enriched according to
Provasoli (Starr & Zeikus 1993). Cultures were irradiated by daylight-type fluorescent
white light (40 µEm-2 s-1) under a 14/10 light dark-cycle and were permanently

Table 1: Accession number, origin and description of strains and used in our experiments

DNA extraction and fragmentation
Approximately 1 g (wet weight) of tissue was harvested by filtration, dried with a
paper towel, and frozen in liquid nitrogen. These samples were used for DNA
extraction using CsCl-gradient purification based on the protocol described by Le Bail
et al. (2008). Frozen tissues were ground in liquid nitrogen, then four ml of extraction
buffer (100 mM Tris-HCl pH7.5; 1.5 M NaCl; 2% CTAB; 50 mM EDTA; 50 mM
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aerated with filtered (0.22 μm) compressed air.
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DTT) were added, and samples were mixed vigorously at room temperature for 30
min. After addition of one volume of chlorophorm/isoamylic alcohol (24:1), samples
were vortexed again for 1 min, and centrifuged at 10,000 g and room temperature for
20 min. DNA in the supernatant was precipitated with 0.8 volumes of isopropanol at
4°C overnight and centrifuged for 30 min at 18,000 g in the morning. The pellet was
dissolved in 2 ml TE (10 mM Tris-HCl pH 8.0; 1 mM EDTA), 5.4 M CsCl (density
1.66 g ml-1) and 250 μg.mL-1 of ethidium bromide. After 24 h of ultra-centrifugation
at 90,000 g (room temperature), a band containing genomic DNA was recovered
under UV and ethidium bromide was extracted 4-5 times with one volume of TEsaturated butanol (pH 8). Genomic DNA was precipitated twice with 2.5 volumes of
ethanol and the final pellet was resuspended in 50 µl nuclease-free H2O. DNA was
quality checked on a 0.8 % agarose gel and quantified using a NanoDrop ND-1000
spectrophotometer before and after fragmentation by incubation at 99°C for 13
minutes, which yielded DNA with a mean fragment length of about 1,000 bp.
Hybridizations and scanning
DNA of four strains (1, 2, 3, and 4) of E. siliculosus and one strain of E. fasciculatus
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(5, Table 1) was hybridized to the EST-based Roche NimbleGen 4-plex expression
array [ArrayExpress: A-MEXP-1445] (Dittami et al. 2009), using the sequenced
genome strain (strain 1), which the array was based on, as a reference. For each
sample, one µg of fragmented DNA was labeled using the Roche NimbleGen DualColor DNA Labeling Kit (Roche NimbleGen, Madison, WI, USA), following the
manufacturer-supplied CGH Analysis protocol v5.1. Reference strain (strain 1) DNA
was labeled with Cy5, other DNA with Cy3. One µg of DNA was used for each
labeling reaction which yielded > 4 µg of labeled DNA. Four µg of each sample were
hybridized together with 4 µg of the reference DNA (strain 1), using the NimbleGen
Hybridization System 4 and following the standard Roche NimbleGen protocol (CGH
Analysis protocol v5.1). Scanning was performed according to the same protocol
(Roche NimbleGen CGH Analysis protocol v5.1) using a Genepix 4200AL scanner
and the Genepix pro 5.0 software (Molecular Devices, Sunnyvale, CA, USA).
Normalization statistical analysis
Scanned images were imported into NimbleScan version 2.4 (Roche NimbleGen), and
raw expression value (log2-ratios) were extracted for each probe. A “.pos” file
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(supplementary file 1) for our microarray was generated by blasting each of the
microarray probes against the entire Ectocarpus genome using the megablast
algorithm (Zhang et al. 2000). Each genomic supercontig was treated as a
chromosome. 2,676 probes (3.9%) could not be clearly assigned a position on the
genome (homologous sequences were not found). These probes were assigned
randomly to a “virtual” chromosome, which was later excluded from the analysis.
Raw log2-ratios were normalized using the poplowess-algorithm version 1.0.2 (Staaf
et al. 2007) and R [http://www.r-project.org] version 2.9.1, as this algorithm is less
sensitive to copy number imbalances (or changes in sequence).
Normalized log2-ratios were then analyzed on two levels: a probe level and a gene
level. For the analysis on a probe level, normalized expression values were imported
into the Partek Genome Suite software version 6 (Partek Inc., St. Louis, USA), which
was used for scanning for copy number alterations using circular binary segmentation
(Olshen et al. 2004). Only segments with at least 30 probes and a mean log2-ratio
superior to 0.5 or inferior to -0.5 were considered. We chose to apply a p-value cutoff
of 7.4e-7, which corresponds to a p-value of 0.05 after a Bonferroni correction for
conservative, as well as the Bonferroni correction in general. However, less stringent
methods would not have changed the number or identity of the identified genomic
regions as the p-value of the next most significant segment was three orders of
magnitude above our cutoff.
Data were also analyzed on a gene level. To this means, the log2-ratios of the four
probes per gene were tested against zero, using a t-test and the TIGR MeV software
version 4.4 (Saeed et al. 2004). The Benjamini and Hochberg (1995) procedure was
used to limit the false discovery rate to 5 %, and genes with an absolute log2-change
inferior to 0.5 were not considered.
Functional analysis
Enriched GO terms were searched for within the significantly altered genes (i.e. genes
for which the mean log2-ratio of all probes differed significantly from 0) using the
GOLEM software (Sealfon et al. 2006) and the GO annotations generated in our
previous study (Dittami et al. 2009). Transposable elements were identified by
sequence homology with a database of known E. siliculosus transposons (Cock et al.
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67,270 tests. Since we tested frames of 30 probes, the latter assumption is very
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in prep.). Only sequences with >80% sequence similarity over >400 bp were
considered.
Validation
Genomic regions with significantly different signal (Figure 5) were verified by real
time quantitative PCR, as described previously (Le Bail et al. 2008). Three to four
fragments were amplified and quantified per region using 4 ng of genomic DNA as
template and the primer pairs listed in Table 2. Standard curves were created to
calculate the reaction efficiency for each primer pair using a dilution series of 16, 8, 4,
2, 1 and 0 ng of DNA. Three biological replicates were tested. The specificity of the
amplification as well as possible size differences in the amplicon were checked by a
melting curve. Dyneine (Esi0298_0008 = LQ0AAB30YA12FM1) and R26S
(Esi0072_0068 = CL461Contig1) were selected as reference genes because of their
high degree of conservation in our study (log2-ratio < 0.17 in all E. siliculosus
strains).
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Table 2: Quantitative PCR validation of the experiments. The table shows primers and validation
results for each tested genomic region (EsV-1 = region on supercontig 52 containing the E. siliculous
virus 1 genes)

Data deposition
CGH-data (raw and normalized) were deposited with ArrayExpress under the
accession number ArrayExpress: E-TABM-766 (Username: Reviewer_E-TABM-766,
Password: 1250785653700).
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Results
Strong genetic differences between most strains
As can be seen from Figure 2, strain 1 and strain 2 are genetically very close,
compared to the other strains: 95 % of probes changed signal intensity less than 1.42fold between these two strains. This is very close to values obtained for self-self
hybridizations in bacteria, where 95 % of the probes varied less than 1.34-fold
(standard deviation of the log2-ratio between samples = 0.215; Taboada et al. 2005).
In comparison, in the freshwater- and copper-tolerant strains (strains 3 and 4), the 95
most stable percent of probes changed signal intensity up to 2.80-fold and 2.87-fold,
respectively. The degree of variation in these strains was close to that of the outgroup
strain (E. fasciculatus, strain 5), where the 95 most stable percent of the probes
changed up to 3.18-fold. This latter strain (5) also differed from the others in that most
of the probes averaged around a log2 fold-change of 1.1.
25000
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strain 4
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15000
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Figure 2: Distribution of log2-ratios (sample strain / reference strain) in four strains of Ectocarpus.
Probe frequencies were calculated in intervals of 0.2.

Similar results were also obtained comparing the different strains on a gene level
(Figure 3). While 97 % of all genes were stable (log2-change < 0.5) between strain 1
and strain 2, only 66 to 71 % of genes were considered stable in the freshwater- and
copper-tolerant strain (strain 3 and 4, respectively). In total 10,020 genes (59 %) were
defined as stable in all strains of E. siliculosus, although this number was subject to
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slight changes, when considering only genes with all UTR (48 %) and genes with all
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CDS probes (64 %).

Figure 3: Venn diagram displaying the number of stable genes in the tested strains. A gene was
considered stable if the mean log-ratio of all four probes for one gene ranged between -0.5 and 0.5 (i.e.
the change in signal intensity compared to the reference strain was less than or equal to 1.41). In each
column, the first number includes all genes, while the two numbers below correspond only to genes
with 100 % of probes in the untranslated region (UTR) or the coding sequence (CDS), respectively.

Normalization introduces bias in the E. fasciculatus strain
Interestingly in E. fasciculatus, this bias for lower variability in the protein-coding
region was inversed (64.7 % of all UTR genes and only 19.7 % of CDS were
considered stable). Both this and the peak in distribution around log2-ratio of 1.1 are
likely to be linked to an artifact from the normalization procedure. For DNA
hybridizations from two different strains, we would ideally expect a skewed
distribution with a peak at zero (perfectly matching probes) and a larger tail towards
negative ratios due to probe mismatches. While classical normalization procedures,
such as the qspline fit normalization (Workman et al. 2002), will shift skewed
distributions (as for strains 3, 4, and 5) towards positive ratios to maintain a constant
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mean (data not shown), the popLowess method searches for a stable population of
probes and uses it as a basis for normalization. This worked well for the strains of E.
siliculosus (2-4), but with E. fasciculatus (strain 5), sequence differences were
probably too substantial (Figure 2). Assuming that this shift corresponds to a log2ratio of 1.1 could explain why conserved CDS probes (expected log2-ratio close to 0)
would appear less conserved (log2-ratios close to 1.1). For this reason, E. fasciculatus
(strain 5) was excluded from analyses relying on the absolute ratio of signal intensity
with the reference strain.
The microarray developed for the genome-sequenced strain works with other
strains of E. siliculosus
In spite of strong genetic differences, microarray experiments using the existing chip
remain possible at least for the three examined strains of E. siliculosus, when selecting
only conserved probes for the analysis (Hammond et al. 2005). For instance, by
selecting only probes that show log2-changes inferior to 0.5 (1.4-fold change in signal
intensity), we would select 95, 48, and 53 % of the probes on the array for strains 2, 3,
and 4, respectively. However, because each gene is represented by four probes, we
all genes. To facilitate the selection of probes, we have created a Java application
which can be used to remove a list of probes from raw pair files, prior to
normalization using the NimbleScan software (supplementary file 2). Along with this
program, we also provide a list of all probes with log2-changes superior to 0.5.
However, 0.5 is a rather conservative cutoff, based merely on previous experiments of
Taboada et al. (2005), showing that in a self-self experiment, 96 % of the probes had
log2-ratios between -0.43 and 0.43. We would recommend adjusting this value
depending on the experiment (e.g. comparison of two different strains or comparison
of different conditions within the same strain) and the biological question.
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could still obtain expression profiles from one or more probes for 98, 85, and 88 % of
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Conserved and variable genomic areas correlate between strains
Table 3: Pearson correlation coefficients
between CGH profiles of different strains.
Correlations were calculated for all probes,
and separately for probes in the CDS and the
UTR of a gene. All correlations were
statistically significant (p < 0.001).

Strain:
3
4
5
Strain:
3
4
5
Strain:
3
4
5

all probes
2
3
0.38
0.42
0.83
0.41
0.82
probes in UTR
2
3
0.35
0.39
0.8
0.39
0.8
probes in CDS
2
3
0.39
0.42
0.8
0.4
0.76

Overall, the CGH profiles of strains 2, 3,
4, and also E. fasciculatus strain 5
correlated well (correlation coefficient
0.38 to 0.85, table 3). One explanation for
this could be a “UTR-bias”, i.e. the fact

4
0.85
4

that UTRs in all strains were more
variable

than

correlations

were

CDSs.
also

Therefore,
calculated

separately for probes within CDSs and
probes within UTRs. In this analysis,

0.83
4
0.8

coefficients were only slightly lower than
in the separated analysis (0.35 to 0.83),
indicating that the position of probes only
had a minor effect on their degree of

conservation. The high correlation coefficient between strains could therefore either
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be explained by close relationship of the examined strains or by general differences in
the degree of conservation throughout their genomes.
In order to identify potential differences in the degree of conservation between
different genomic regions and different functional groups of genes, two approaches
were taken: a gene-based analysis, evaluating the correlations between function and
degree of conservation, and a probe-based analysis, examining the correlation
between location of the probes on the different supercontigs and degree of
conservation. Due to the possible bias introduced by the normalization procedure the
E. fasciculatus strain (5) was excluded from these analyses.
Transposable elements and fucoxanthin-chlorophyll a/c binding proteins are
among the most variable genes
As a result of the gene-based analysis in the female strain 2 compared to the reference
strain 1, we found only 22 genes that had a higher signal in one or the other strain
(Table 4). Among the genes with a higher signal in strain 2, there was one integrin
alpha chain, two chloroplastic proteins, three mitochondrial proteins, four (conserved)
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hypothetical proteins, and one repeated element. Among the genes with lower signals
in strain 2, we found four repeated elements in addition to two transposable elements
(i.e. repeated elements that were included in the database of known Ectocarpus
transposable elements, Cock et al. in prep.) and five (conserved) hypothetical proteins.

In the strains 3 and 4, we identified 973 and 817 genes with significantly different
signals compared to the reference strain, respectively. Due to the high number of
sequences, we used automatic gene ontology (GO) annotations to identify groups of
proteins overrepresented among these genes. Allowing a false discovery rate of 5 %,
this analysis yielded only a single GO-category, fucoxanthin-chlorophyll a/c binding
proteins (FCPs), which was overrepresented among the genes with lower signal
intensities in the freshwater strain (strain 3). Since probe position within or outside the
UTR might have introduced a slight bias in this analysis (see above), we first checked
if FCPs contained more probes in the UTRs than in the CDSs compared to the
background (all proteins). The difference was minimal: 36 % of the probes
representing FCPs were located within the CDS, while the average over all genes was
38 %. UTR-bias is therefore not likely to be a factor for FCPs. We then completed the
list of FCPs used in our analysis by adding those FCPs that were not identified by the
automatic analysis (36 probe sets in total), and examined their signal intensities in all
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Table 4: Genes with significantly different signals between strain 2 and the reference strain 1.
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strains (Figure 4A, Supplementary file 3). Data from this analysis showed that,
although FCPs were picked up by the automatic analysis only in strain 3, their average
signal compared to the reference strain 1 (light grey bars in Figure 4) is significantly
lower (t-test, p < 0.001) than that of the background (dark grey bars in Figure 4) in all
strains, except strain 2.
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Figure 4: Box plot of log2-ratios for Fucoxanthin chlorophyll a/c binding proteins (FCPs, Panel A) and
transposable elements (TEs, Panel B). The log2-ratios for all genes of each strain (s. 2-5) are shown in
dark grey, while those of TEs and FCP genes are shown in light grey. A shift towards negative log2ratios for FCPs or TEs compared to all genes in the same strain indicates a lower degree of
conservation or changes in copy number.

In order to determine if this was a feature common to other multigene families, which
merely remained undetected due to the lack of high quality automatic annotations for
some of them, we also performed the same analysis for 25 manually annotated probe
sets corresponding to glutathione-S-transferases (GSTs, de Franco et al. 2009,
Supplementary files 3 and 4). Our analysis did not reveal any significant differences
between GSTs and the rest of the genes (t-test, p > 0.25 in all strains). This shows that
not all multigene families are subject to high variability in different strains of
Ectocarpus, although this still might be true for some families.
As automatic GO annotations did not include annotations for transposable elements,
but since they were highly represented among the genes found most variable in strain
2 (Table 4), they were analyzed separately. This was done to determine if high
variability among transposons was a feature common to all strains. The 284
transposable elements identified according to our definition (see materials and
methods) were significantly overrepresented among the probe sets with significant
differences between strains: 3.6 % (strain 3) and 9 % (strain 4) of the most variable
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genes were known transposable elements, while they only represented 1.7 % of all
probe sets. Moreover, the mean log2ratios of transposons with the reference was
significantly lower (t-test, p < 0.001) than that of the background (Figure 4B,
Supplementary file 3).
For E. fasciculatus (strain 5), a search for overrepresented GO terms yielded a number
of functions but was not included in this publication due to high risk of including
artifacts due to normalization.
Possible deletions / duplications were detected mainly in strain 2
A probe-based analysis of the E. siliculosus strains 2, 3, and 4 compared to the
reference strain 1 detected five regions, covered by at least 30 probes, with altered
signal intensities in at least one of the sample strains (Figure 5; see also Table 2). Two
of these regions were the mitochondrial and the chloroplast genome. The
mitochondrial genome exhibited a 2.8-fold increased signal in strain 2 (compared to
strain 1; 2.3-fold by quantitative PCR) and a 1.8-fold lower signal in strain 3 (1.2-fold
by quantitative PCR). The average signal intensity of the chloroplastic genome in
strain 2 was a 1.5-fold higher than in strain 1.
elements, had significantly lower signals compared to the reference strain 1 (2-fold in
the CGH experiment, 1.2-fold in the quantitative PCR validation). The clearest
differences in the nuclear genome, however, were detected in strain 2. Here probes
corresponding to the inserted E. siliculosus virus 1 (Esv-1, Delaroque et al. 2001),
with the exception of one viral gene, had 2.2-fold lower signal intensities. These
differences were even clearer in the quantitative PCR validation (Table 2), where all
three primer pairs amplified normally in strain 1, but failed to amplify in strain 2.
Finally, the entire supercontig 68 exhibited a significantly lower signal in strain 2
(2.5-fold, on average). In the quantitative PCR validation two of four primer pairs
amplified only in strain 1, while two others indicated no or only a 1.7-fold decrease
(factor 0.59, Table 2) in template quantity in strain 2. Supercontig 68 is predicted to
code for 21 proteins, 14 of which are (conserved) hypothetical proteins with unknown
function.
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In strain 3, a small region on supercontig 16, containing mainly transposable
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Figure 5: Genomic regions with significant changes in probe intensity in the examined E. siliculosus
strains. The graphs display the log2-ratio between sample and reference strain (1) for each probe. A
log2-ratio of 0 would indicate that there was no difference between the examined strains. Red dots
indicate probes in regions with significant differences between sample- and reference strain (1), blue
dots the surrounding probes (if present). The grey bar indicates the mean log2-ratio over the
highlighted area; the corresponding fold-change is given followed by an “x”. E. fasciculatus (strain
395) was not considered for this analysis (sctg = supercontig, EsV = Ectocarpus siliculosus virus).

Discussion
This study is the first genome-wide comparison of different algal strains, and provides
a solid basis for the analysis of future comparative transcriptomic studies with the
examined stains of E. siliculosus (2, 3, and 4), by allowing the selection of conserved
probes between these strains and the reference strain (1). In addition, although the
conclusions that can be drawn from CGH experiments with different species are
limited by the lack of reliable means of normalization, three main findings can be
reported for the examined strains of E. siliculosus: i) two of the three examined strains
(3, 4) diverged rather strongly from the genome strain; ii) transposable elements and
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FCPs are subject to particularly strong changes in sequence and / or copy number; and
iii) differences between the male and the female strains (1 and 2) of E. siliculosus are
concentrated in a few regions including the EsV-1 integration site and a largely
unknown supercontig.
Different strains are almost as different as different species
Our data revealed rather strong differences in the degree of conservation between the
examined strains. Overall, strains 3 and 4 were more similar to the reference strain (1)
than the E. fasciculatus strain (5), but at the same time, a lot more divergent than
strain 2, which is known to produce fertile offspring when crossed with strain 1
(Peters et al. in prep. a). From our data, it is not possible to conclude whether these
differences are related to phylogenetic distance or to the capability of adapting to
comparatively extreme environments such as freshwater (West & Kraft, 1996) or
copper polluted sites (Ritter et al, in press). However, although transposons and FCPs
were particularly variable between strains, deviations were found in the entire
genome, supporting the idea that there has not been any genetic exchange between
these strains for a long time. At least in the case of the freshwater strain (3), these
freshwater. Overall, these data support the idea that E. siliculosus may be a complex
of several (cryptic) species (Stache-Crain et al. 1997, Peters et al. in prep. a, b).
The most variable regions include FCPs and Transposons
The high correlation coefficients between the profiles of the more distant strains (3
and 4) further demonstrate that, among the examined strains, some regions of the
Ectocarpus genome are less conserved than others. One possible explanation could be
that the examined strains are more closely related to each other than to the reference
strain. However, considering the fact that this correlation was also found for the E.
fasciculatus strain 5, a strain of a different species, this is unlikely. A much more
probable explanation is that different groups of genes or genomic regions are subject
to different selective pressures and thus to different evolutionary rates. This could lead
to both differences in copy number and / or differences in sequence identity. Such
differences have been observed in several organisms. Sharp et al. (1989) demonstrated
that, in bacteria, the mutation rate of lowly expressed genes is positively correlated
with the distance from the origin of replication. Ten years later, a comparison of
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differences were probably also related to a change in habitat, i.e. the colonization of
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mutation rates in mouse and human sequences (Matassi et al. 1999) confirmed that
different chromosomal regions also evolved at different rates in mammals. In vascular
plants, a targeted study of genes involved in the anthocyanin biosynthetic pathway
showed that the evolutionary rate of genes of this pathway varied according to
function: genes involved in several different pathways were more conserved, while
regulatory genes exhibited higher variability (Rausher et al. 1999). All three
aforementioned studies were based on sequence comparisons between different
species. In this study, we employed a different approach, comparative genome
hybridization, for different strains of the same or closely related species, and detected
two functional groups of genes subjected to particularly high variability in copy
number- or sequence variation: transposable elements and FCPs.
Transposable elements are a major component of many eukaryotic genomes, which, in
some organisms, can account for over 50 % of the genome (reviewed in Gogvadze &
Buzdin 2009). They are usually silenced by methylation or RNAi-like mechanisms.
Our findings demonstrate that transposable elements were among the most variable
components of the Ectocarpus genome, and that even very closely related strains
(strains 1 and 2) differed with respect to transposons. This is in agreement with the
4. Long-term adaptation

finding that transposable elements in Ectocarpus are both highly expressed and lack
methylation (Cock et al. in prep.), and underlines their potentially important role as a
driving force in the evolution of the Ectocarpus species complex.
The second group of genes that was identified to be highly variable among the tested
strains of Ectocarpus consisted of FCPs. The Ectocarpus genome contains a total of
53 FCPs (Cock et al. in prep.). Many of these FCPs have a high degree of sequence
similarity, and some are located in close proximity on the same supercontig, both
observations suggesting recent gene duplications within this family. As a part of the
heterokont light harvesting complex, FCPs are classically thought to function
primarily in the transmission of light energy to chlorophyll, although recent
transcriptomic studies in Chaetoceros and in Ectocarpus showed some FCPs to be
transcriptionally induced in response to stress (Hwang et al. 2007, Dittami et al.
2009). The recent expansion of the FCPs family in brown algae, as well as the
evidence for high variation between different strains of Ectocarpus presented in this
study, would fit well with the hypothesis that FCPs have evolved or are evolving to
serve different functions within the chloroplast (chapter 3.4).
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Mitochondrial and chloroplastic DNA
While the previous results relate to all of the examined strains, more specific
differences were obtained by the segmentation analysis. One of the most striking
differences identified by this analysis was the difference in content of mitochondrial
and chloroplastic DNA in the strains 2 and 3 compared to the reference strain 1. With
respect to strain 2, one explanation for this difference could be an increased number of
mitochondria or increased content of mitochondrial DNA, which could potentially be
related to sex. In strain 3, we observed a decrease in signal intensity; hence sequence
variations might provide an additional explanation. However, chloroplastic and
mitochondrial DNA contents are known to be influenced by several factors.
Chloroplastic DNA content, for example, is known to fluctuate during plant
development (Lamppa & Bendich 1979; Miyamura et al. 1986). In yeast, high
variations in DNA content per mitochondrion were detected, depending on culture
conditions (Miyakawa et al. 2004). This was also observed in different human
oocytes, even if they originated from the same person (Reynier et al. 2001). In
addition, both mitochondrial and chloroplastic DNA content varied strongly during
reinhardtii (Hiramatsu et al. 2006). In the light of these findings, and considering the
fact that cultures were kept under constant culture conditions, but that not all cultures
were harvested the same day, we prefer not to speculate about possible differences
between the strains regarding cell organelles. More targeted studies examining the
organellar DNA content under various different culture conditions would be required
to address this question and to ensure that neither culture conditions nor differences in
the adaptation of the different strains to various conditions introduce a bias.
Differences in the nuclear genome between strains 1 and 2 related to viral infection
In addition to the organellar genomes, three regions of the nuclear genome were found
to differ significantly between the strains. One of these regions was a transposon-rich
region in strain 3 (see above). The other two regions were both found to differ
between strains 1 and 2, and concerned the E. siliculosus virus 1 (EsV-1) and a rather
small genomic supercontig, both of which will be discussed in the following sections.
In strain 1, EsV-1 (Delaroque et al. 2001) is inserted mainly into the genomic
supercontig 52. In spite of the presence of this virus in the genome, symptoms of a
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different cell cycle phases and light phases in the green alga Chlamydomonas
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viral infection have not been observed in this strain, and transcriptomic data suggested
that viral genes are not transcribed (Cock et al. in prep.). As strains 3 and 4 showed
similar signal intensity in this region compared to the reference strain 1, both strains
may also contain EsV-1, although, just as in the reference strain 1, viral infection was
not observed.
In strain 2, the region of the viral insertion on supercontig 52 exhibited 2.2-fold lower
signal intensities compared to strain 1 (Figure 5). As EsV-1 is present in a single copy
in the reference strain, this difference could be due either to the absence of EsV-1 in
the genome of strain 2, in which case the remaining signals for strain 2 could be
explained either by unspecific binding, or by the presence of highly divergent EsV-1like sequences. Although the average signal in this region was lower in strain 2, in
several cases the log2-ratio between the two strains reached zero or, in one case of
one unknown viral gene (EsV-231, Figure 5), even positive values. Altogether, these
observations favor the hypothesis of EsV-1-like sequences in the genome of strain 2.
Since symptoms of viral infection have not been observed in strain 2 (like in the other
strains of Ectocarpus used in this experiment), one hypothesis could be that strain 2
contains only a degenerated version of EsV-1. An alternative explanation can be
4. Long-term adaptation

provided by an observation made in a previous study: Müller et al. (2000) detected
amplification of a viral gene in a population of Ectocarpus sp. at different annealing
temperatures depending on the individual, suggesting the presence of several distinct,
but genetically similar, viruses within the same population. The hypothesis that strain
2 contains such a related E. siliculosus virus would agree with the profiles in our
experiment. Further information on the viral genes potentially present in strain 2,
including their insertion site, might provide clues on which common features could be
responsible for the silencing of viral gene expression.
The role of supercontig 68 in Ectocarpus
Another interesting result of this study was the significantly lower signal for probes
on supercontig 68 in strain 2, which could be due to two reasons: deletion(s), or very
high variability of this region in strain 2. Considering the fact that the differences in
signal intensity on supercontig 68 range from log2-ratios of -3.36 to 0.36, and the
validation of this observation by qPCR experiments, the first hypothesis, i.e. a
complete deletion of this region, seems unlikely. Regarding the second hypothesis, i.e.
low sequence identity between the strains, sex related differences could provide one
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possible explanation. Extensive work is currently being carried out to test this latter
hypothesis (Coelho & Cock pers. comm.).

Conclusion
In this study, we assessed the genomic differences between four strains of E.
siliculosus and one strain of E. fasciculatus, thus providing a basis for transcriptomic
comparisons of Ectocarpus strains using the existing microarray via the selection of
conserved probes. Our findings also underline the value of CGH experiments for the
comparison of different strains or species: for instance, we detected significant
genomic differences between different ecotypes thought to belong to the same
species, suggesting the presence of several cryptic species in E. siliculosus. In
addition, our data indicated strong differences in the content of organellar DNA, and
more importantly demonstrated that different functional elements of the Ectocarpus
genome were likely to evolve at different rates. Both transposable elements and FCPs
were identified as part of the most variable elements in terms of copy number and / or
sequence identity, and could play important roles in the evolution of different strains
sequences in the genome of one of the examined strains, paving the way for further
analyses, for instance of viral diversity as well as differences in its integration sites.
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Supplementary files
Supplementary file 1: “.pos” file generated for the E. siliculosus gene expression array version 1. This
file is available online at: http://www.sb-roscoff.fr/UMR7139/ectocarpus/transcriptomics/
Supplementary_files_thesis/. An updated version of this file may also be available in the “array design”
section of our transcriptomics homepage [http://www.sb-roscoff.fr/UMR7139/ectocarpus/
transcriptomics/]
Supplementary file 2: List of probes with absolute log2-ratios > 0.5 for all examined strains of E.
siliculosus. The included Java program “ProbeRemover” can be used to easily remove these probes
from raw pair files generated by NimbleScan before normalization and probe averaging. This file is
available
online
at:
http://www.sb-roscoff.fr/UMR7139/ectocarpus/transcriptomics/
Supplementary_files_thesis/. An updated version of “ProbeRemover” may also available in the “tools”
section of our transcriptomics homepage [http://www.sb-roscoff.fr/UMR7139/ectocarpus/
transcriptomics/]
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Supplementary file 3: Log2-ratios of signal intensity between sample strain (2-5) and reference strain
(1) of transposable elements, Fucoxanthin-chlorophyll a/c binding proteins (FCPs), and glutathione-Stransferases (GSTs) represented on the array. This file is available online at: http://www.sbroscoff.fr/UMR7139/ectocarpus/transcriptomics/Supplementary_files_thesis/
Supplementary file 4: Box plot of
log2-ratios
for
glutathione-Stransferases (GSTs). The Log2-ratios
for all genes of each strain (s. 2-5) are
shown in dark grey, while those of
GSTs are shown in light grey.
Corresponding
p-values
were
determined using a t-test. A shift
towards negative log2-ratios for GSTs
compared to all genes in the same
strain indicates a lower degree of
conservation or changes in copy
number.
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The Ectocarpus freshwater strain
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Transcriptomic and metabolite changes in a freshwater
ecotype of Ectocarpus (Phaeophycaeae) provide indications
on mechanisms underlying its transition from marine to
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freshwater habitats
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Abstract
The invasion of freshwater by marine species is a rare event, which in the case of
green algae preceded the colonization of land, yet very little is known about this
process. Brown algae represent an independent lineage of photosynthetic,
multicellular, and primarily marine organisms, although a few species have colonized
freshwater. Ectocarpus siliculosus, a new genetic model for brown algae, is of
particular interest for studying the transition to freshwater, as at is considered a
marine species, which at least on one occasion has been isolated from freshwater.
In this report, we examine the salinity tolerance of this freshwater isolate and its
adaptations to low salinities on a transcriptomic and a metabolite level. Compared to
the sequenced marine strain, the freshwater isolate differed strongly in its tolerance of
low but not of high salinities. It exhibited profound, but reversible, morphological and
transcriptomic changes when transferred from strongly diluted to undiluted seawater,
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where gene expression profiles were similar to those of the marine strain. The
biological relevance of many of the observed changes still remains unknown,
although some of the variations in gene expression were related to cell wall
modifications. Transcriptomic changes between different growth conditions were
paralleled by strong changes in metabolite concentrations. Unlike the transcriptomic
changes, metabolite profiles also differed between the marine strain and the
freshwater isolate even under identical culture conditions. This shows that
evolutionary adaptations, may, to a certain degree, bypass transcription.
These findings are discussed in an evolutionary context and present a first step
towards answering the important question of how this brown alga might have
colonized freshwater.
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Introduction
Freshwater colonizations are rare events and frequently the cause of rapid
evolutionary radiations (Lee & Bell 1999). Even within microbes, which, due to their
short generation time, their high dispersal potential, and their high genetic diversity
would be considered ideal candidates to master such harsh transitions, freshwater
colonizations are infrequent (Logares et al. 2009). Within the plant kingdom, it is
generally believed that all vascular plants have originated from a group of freshwater
charophyte green algae – a sister group of chlorophyte green algae (McCourt et al.
2004). However, very little is known about the evolutionary events that led to the
colonization of freshwater by green algae in the first place – a gap in knowledge
partially due to the lack of fossil records of green algae (Coleman 1996).
While vascular plants, green algae, and, to a lesser extent, red algae have become the
dominant macrophytes in freshwater environments, only about one percent of brown
algal species (five genera) have colonized this habitat (Bold & Wynne 1985, Sigee
2005). These species are mainly small filamentous or crust-forming species belonging
freshwater habitats such as Bodanella lauterborni (Zimmerman) or Heribaudiella
fluviatilis (Areschoug) Svedelius, while others, such as Porterinema fluviatile (Porter)
Waern can also be found in brackish or marine environments (McCauley & Wehr
2007).
Ectocarpus siliculosus (Dillwyn) Lyngbye is considered a marine and brackish water
species or possibly a complex of several sub-species (Stache-Crain et al. 1997, Peters
et al. in prep., chapter 4.2), and is known for its great morphological (Ravanko, 1970)
and transcriptomic plasticity (Dittami et al. 2009). It occurs world-wide in oceans of
the temperate regions (Charrier et al. 2008). Different ecotypes of E. siliculosus have
been shown to have different salinity optima (Russell & Bolton 1975), and there are a
few reports of E. siliculosus strains isolated from freshwater. Geissler (1983), for
example, reported a finding of E. siliculosus in a heavily salt-contaminated section of
the Werra River in Germany, and West and Kraft (1996) isolated a strain of E.
siliculosus from a true freshwater habitat in Australia. The latter strain has been
deposited in public culture collections and its original classification as E. siliculosus
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to the Ectocarpales or closely related orders. Some of them are found exclusively in
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has been confirmed by sequencing of the RUBISCO large subunit (McCauley &
Wehr 2007).
E. siliculosus has been established as a new model for brown algae (Peters et al.
2004a), and several genomic resources including a nearly genome-wide EST-based
microarray (Dittami et al. 2009) and the 10.5-fold coverage of the genome sequence
(Cock et al. in prep.), are now available. Furthermore, the suitability of comparative
microarray studies between strains including the freshwater strain has been assessed
(chapter 4.2), making E. siliculosus, and in particular the freshwater strain isolated by
West and Kraft (1996), an excellent model to study the adaptation of a primarily
marine photosynthetic organism to freshwater.
In this study we explore some of the adaptations possibly underlying this drastic
change in habitat. We investigate the salt tolerance of the freshwater strain and
perform extensive transcriptomic and metabolic profiling in low and high salinity
conditions. Our results demonstrate that, in the examined strain of E. siliculosus, the
transition to freshwater is a reversible process accompanied by fundamental
morphological, transcriptomic, and metabolic changes, and highlight some of the
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processes possibly involved.

Materials and Methods
Culture conditions and experimental setup
Two strains of E. siliculosus (Dillwyn) Lyngbye (Ectocarpales, Phaeophyceae), the
marine strain (MS) sequenced in the Ecotcarpus genome project (accession CCAP
1310/4, origin San Juan de Marcona, Peru) and a freshwater strain (FWS, accession
CCAP 1310/196, origin Hopkins River Falls, Victoria, Australia) were cultured in 10
L Nalgene flasks in a culture room at 14 °C. Lighting was provided at an intensity of
40 μE m-2 s-1 for 14 hours per day. Cultures were aerated with filtered (0.22 μm)
compressed air to avoid CO2 depletion. The freshwater strain was cultured in both
natural seawater with a salinity of ~32 ppt (32 ppt medium) and a mixture of 5 %
seawater and 95 % distilled water with a salinity of ~ 1.6 ppt (1.6 ppt medium) for at
least 6 month prior to the experiments. The marine strain was cultured only in 32 ppt
medium. All culture media were enriched with Provasoli nutrients as described by
Starr and Zeikus (1993).
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Experiments to test the salinity tolerance of both strains were performed in 14 cm
sterile petri dishes under identical light conditions. Media required for these
experiments were mixed as described above, by diluting natural seawater with
distilled water (for 0 ppt to 16 ppt media) or by adding appropriate amounts of NaCl
(for 64 ppt to 160 ppt media). Strains were incubated in each of these media for one
week prior to measurements of photosynthesis. All experiments were carried out in
biological triplicates (i.e. three independent cultures).
Measurements of photosynthesis
To test the salinity tolerance, quantum yield (Fv/Fm) was measured fluorometrically
on small sub-sample, using a Walz Phyto-PAM (Waltz, Germany) and default
parameters (actinic light intensity 3, ~ 90 μE m-2 s-1; saturation pulse intensity 10, ~
2,000 μE m-2 s-1, 200 ms). Quantum yield is a marker of photosynthetic efficiency
(Björkman & Demming 1987) and thus of the physiological state of the alga.
Nucleic acid extraction and ITS1 sequencing
harvested by filtration two hours after beginning of the light phase, quickly dried with
a paper towel and immediately frozen and ground in liquid nitrogen. Nucleic acids
were then extracted following the protocol outlined by Apt et al. (1995) with
modifications as described in Le Bail et al. (2008). This protocol uses a
cetyltrimethylammonium

bromide

(CTAB)-based

buffer

for

extraction

and

subsequent phenol-chloroform purification. After precipitation with LiCl, RNA was
subjected to a DNAse (Turbo DNAse, Ambion, Austin, TX, USA) treatment
according to the vendor’s recommendations. Nucleic acid quantity and quality was
then verified using a NanoDrop ND-1000 spectrophotometer (NanoDrop products,
Wilmington, DE, USA) and on agarose gel.
DNA, contained in the supernatant of the LiCl precipitation, was used for the
sequencing of the ITS1 region. To this means, DNA was precipitated with one
volume of isopropanol and purified using Chromaspin 1000 columns (Clontech,
Mountain View, CA, USA) before amplifying the region of interest by PCR as
previously described (Peters et al. 2004b). The fragment obtained was cloned in the
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Samples for nucleic acid extraction (approximately 100 mg, wet weight) were

Abiotic stress in Ectocarpus – a global approach: long-term adaptation
pGEM-T® Easy Vector System (Promega, Madison, WI, USA) before sequencing.
The resulting ITS1 sequence was deposited under accession number [gb|GQ351370].
Microarray experiments
Double strand cDNA for microarray experiments was synthesized and amplified from
100 ng of total RNA as previously described (Dittami et al. 2009) using the SMART
cDNA synthesis kit (Clontech, Mountain View, CA, USA) and the Superscript II
reverse transcriptase (Invitrogen, Carlsbad, CA, USA). Microarray experiments were
carried out as a service by Roche Nimblegen using the Ectocarpus siliculosus 72k
Gene Expression Array v1 [ArrayExpress: A-MEXP-1445]. This nearly genome-wide
EST-based microarray contains probes for 17,119 unigenes, represented by four
probes each. Microarray data was deposited under the accession number
[ArrayExpress: E-TABM-731] (Reviewer's username: Reviewer_E-TABM-731,
password: 1246282263528)
Total free fatty acids
The determination of total free fatty acids was performed as described in chapter 3.3.
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Approximately 400 mg (fresh weight) of sample were ground in liquid nitrogen and
extracted with 2 ml of ethyl acetate as previously described (Küpper et al., 2006).
Two hundred and fifty ng of 12-OH-lauric acid were added as internal standard.
Extracts were evaporated under a stream of nitrogen, resuspended in 100 µL ethanol
and analyzed by gas chromatography / mass spectrometry (GC-MS) as previously
described by Ritter et al. (2008).
Amino acids and non-structural carbohydrates
For amino acid-, sugar-, polyol-, and organic acid determination, samples were
ground in liquid nitrogen, freeze-dried, extracted, and quantified as described in
chapters 2.2 and 3.3, with modifications for the GC-MS analysis. Approximately 10
mg of freeze-dried sample, corresponding to roughly 50 mg fresh weight, were
weighted and suspended in 400 μL of a methanolic solution containing 100 μM of
DL-3-aminobutyric acid and 200 µM ribitol. After 15 min of agitation at room
temperature, 200 µL of chloroform were added followed by another 5-min agitation
step. Finally, 400 μL of water were added, and samples were vortexed vigorously
before centrifugation at 13,000g for 5 min. Two 50 µL and one 400 µL aliquots of the
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upper phase, which contained polar metabolites including amino acids, polyols and
sugars, were transferred to clean vials and vacuum-dried for subsequent
chromatographic analysis.
For amino acid profiling, 50 µL vacuum-dried polar phase aliquots were resuspended
in 50 μL of ultra-pure water and 10 μL were used for the derivatization using the
AccQ-Tag Ultra derivatization kit (Waters). Derivatized amino acids were analyzed
using an Acquity UPLC system (Waters) according to Jubault et al. (2008), using DL3-aminobutyric acid as internal standard.
Non-structural carbohydrates (NSCs) were determined both by gas chromatographyflame ionization detection (GC-FID; mannitol,

glucose, citrate)

and gas

chromatography-mass spectrometry (GC-MS). GC-FID analysis was carried out
according to Adams et al. (1999) and Lugan et al. (2009): vacuum-dried polar phase
aliquots (50 µL) were dissolved in 50 µL of 20 mg mL-1 methoxyaminehydrochloride
in pyridine at 30 °C for 90 min under orbital shaking. Fifty µL of N,Obis(trimethylsisyl)trifluoroacetamide (BSTFA) were added and samples were
incubated at 37 °C for 30 min, then at room temperature overnight before injection.
Scientific, Waltham, CA, USA) equipped with an AS2000 Autosampler (ThermoFisher Scientific), a split/splitless injector (split mode set to 1:25) at 230 °C, a J&W
DB5 30 m x 0.32 mm x 0.25 mm column, and an FID detector at 250 °C. The
temperature gradient was: 5 min at 70 °C, 5 °C min-1 until 220 °C, 2 °C min-1 until
260 °C, 20 °C min-1until 300 °C and finally 5 min at 300 °C. Ribitol was used as
internal standard.
For GC-MS profiling of non-structural carbohydrates and organic acids, the 400 µL
vacuum-dried polar phase aliquots were resuspended in 50 µL of 20 g L-1
methoxyamine-hydrochloride (SIGMA) in pyridine before incubation under orbital
shaking

at

30°C

for

1h30.

After

addition

of

one

volume

of

N,O-

bis(trimethylsisyl)trifluoroacetamide (Sigma-Aldrich, St. Louis, MO, USA), samples
were incubated 37 min at 30°C, transferred to glass vials, and incubated at room
temperature overnight before injection. GC-MS analysis was performed according to
Roessner et al. (2001). Ionization was interrupted during elution of mannitol, to
preserve the source and avoid detector saturation. The GC-MS system consisted of a
TriPlus auto sampler, a Trace GC Ultra chromatograph and a Trace DSQII
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One µL of the mixture was injected in a Trace 2000 GC-FID (Thermo-Fisher
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quadrupole mass spectrometer (Thermo Fischer Scientific Inc., Waltham, MA, USA).
Chromatograms

were

deconvoluted

using

the

AMDIS

software

v2.65 [http://chemdata.nist.gov/mass-spc/amdis/] associated with NIST libraries.
Metabolite levels were quantified using ribitol as internal standard and by comparison
with external standards for several metabolites.
Amino acids and non-structural carbohydrates were determined in µmol per gram dry
weight. The dry weight used to calculate the final metabolite concentrations was
corrected to account for differences in the amount of salt in our samples. This
calculation was based on the observation that 1 mg dry weight corresponds to 5 mg
fresh weight and previous observations that in Ectocarpus, the intracellular salt
concentration increases linearly with the extracellular salt concentration (Dittami et al.
2009). The effect of salt according to this model would have led to a 20 % underestimation of the relative amino acid contents in 32 ppt medium. Unless stated
otherwise, this correction did not alter the results qualitatively. Precise measurements
of the intracellular ion concentrations in the freshwater samples are currently
underway.
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Glutathione
The

sum

of

glutathione

and

glutathione

disulfide

was

determined

spectrophotometrically measuring the rate of formation of 5-thio-2-nitrobenzoate
(TNB) via the glutathione reductase catalyzed reduction of 5,5’-dithiobis(2nitrobenzoic acid) (DTNB) (Akerboom & Sies 1981). Approximately 300 mg (wet
weight) of sample were weighed, suspended in 3 ml of 5 % (m/v) 5-sulfosalicylic
acid, and centrifuged for 15 min at 5,000 g (4°C). Four µl of supernatant were diluted
with 996 µl of reaction buffer (0.1 M potassium phosphate and 1 mM EDTA, pH 7.5;
15 mM NADPH; 60 µM DTNB; and 0.66 units ml-1 glutathione reductase). The rate
of TNB formation was determined in the linear phase of the reaction as difference in
optical density (412 nm), after 10 and 30 min of incubation at 37 °C, and compared to
a standard curve with 0 to 0.2 nmol reduced l-glutathione (Sigma-Aldrich, St. Louis,
MO, USA).
Data analysis
The freshwater strain ITS1 sequence was aligned with previously published ITS1
sequences from different species of Ectocarpus (Stache-Crain et al. 1997) as well as
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one sequence of Laminaria digitata using MAFFT (Katoh et al. 2002). Alignments
were manually refined using Bioedit 7.0.9.0 (Hall 1999), and used for phylogenetic
analysis with the phylogeny.fr platform (Dereeper et. al. 2008) using PhyML
(Guindon & Gascuel 2003) and the approximate likelihood-ratio test (Anisimova &
Gascuel 2006).
For microarray analysis, raw expression data was obtained directly from Roche
NimbleGen. Only well conserved probes according to our previous comparative
genome hybridization (CGH) experiments (chapter 4.2) were considered for further
analysis (i.e. probes with an absolute log2-ratio inferior to 0.5 in our CGH experiment
between the marine and the freshwater strain), resulting in the retention of 14,552 of
17,119 genes. Normalization and probe averaging was performed using the
NimbleScan 2.4 software (Roche NimbleGen, Madison, WI, USA) and the Quantile
Normalization / Robust Multichip Average algorithms (Irizarry et al. 2003ab). Only
genes with expression values over 450 were considered for further analysis (Dittami
et al. 2009), leaving 11,256 genes for the final analysis. Differentially expressed
genes were identified between strains and conditions using a t-test and TigrMEV 4.4
and Hochberg (1995). Enriched gene ontology terms were searched for using the GO
Local Exploration Map (GOLEM) software (version 2.1) (Sealfon et al. 2006) and the
publicly

available

GO

annotations

[http://www.sb-

roscoff.fr/UMR7139/transcriptomics/ectocarpus].
Metabolite data were compared by means of a t-test. As three different conditions
(freshwater strain in 1.6 ppt medium, freshwater strain in 32 ppt medium, and marine
strain in 32 ppt medium) were compared, a Bonferroni correction was applied.

Results
Ribosomal sequences confirm classification as E. siliculosus
In order to complete the molecular characterisation of the freshwater strain, our first
step was to verify the classification by sequencing of the internal transcribed spacer 1
of the nuclear ribosomal cistron (ITS1) (Peters et al. 2004b). Despite the genomic
differences detected in our previous CGH experiment (chapter 4.2) between the
marine strain and the freshwater strain, the phylogenetic analysis of ITS1 sequences
presented in Figure 1 confirmed the original classification as E. siliculosus by West
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(Saeed et al. 2003) with subsequent calculation of the FDR according to Benjamini
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and Kraft (1996) and McCauley and Wehr (2007). However, experimental proof of
the species concept, i.e. crosses with other strains of E. siliculosus, was not obtained,
as only asexual reproduction was observed in this strain so far (A. Peters, pers.
comm.), and it needs to be kept in mind that E. siliculosus is likely to be a complex of
several cryptic subspecies (Stache-Crain et. al. 1997, Peters et al. in prep., chapter
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4.2).
AB087251 Ldi
U38832 Esi
U38833 Esi
U38763 Esi
U38761 Esi
U38762 Esi
U38831 Esi
AJ550048 Esi
U38773 Esi
U38772 Esi
U38771 Esi
U38770 Esi
U38774 Esi
U38776 Esi
U38775 Esi
U38768 Esi
U38769 Esi
GQ351370 FWS
U38765 Esi
U38766 Esi
U38767 Esi
U38758 Esi
U38759 Esi
U38760 Esi
U38754 Esi
U38757 Esi
U38755 Esi
U38756 Esi
U38764 Esi
U38825 Efa
U38826 Ksp
U38827 Ksp
U38830 Ksp
U38828 Ksp
U38829 Ksp
U38822 Efa
U38824 Efa
U38781 Efa
U38780 Efa
U38823 Efa
U38777 Efa
U38778 Efa
U38779 Efa

Figure 1: Maximum likelihood tree of sequences of 43 brown algal internal transcribed spacer
sequences (ITS1) using PhyML and approximate likelihood-ratio testing. Only likelihood-values > 50
are displayed in the tree. Sequence names consist of the Genbank accession number followed by the
species: Esi = Ectocarpus siliculosus, Efa = E. fasciculatus, Ksp = Kuckuckia sp., Ldi = Laminaria
digitata, FWS = freshwater strain of Ectocarpus (closed circle). The marine strain used in this study
(AJ550048) is marked by a square.
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The freshwater strain tolerates a large range of salinities
While the freshwater strain was able to reestablish a reasonable photosynthetic
efficiency (Fv/Fm>0.3) after direct transfer to salinities ranging from 0.6 to 64 ppt, the
marine strain performed equally well only in salinities from 6.4 to 64 ppt (Figure 2).
Thus, the freshwater strain differed from the marine strain only in its ability to quickly
adapt to low salinities, and has retained its ability to grow under high salinities. Even
when adapted gradually, the marine strain tolerates only salinities down to about 2 ppt
(supplementary file 1), while the freshwater strain can still grow at 0 ppt (West and
Kraft, 1996).
0.7

0.5
MS

0.4

FWS

0.3
0.2
0.1
0
0

0.32

0.64

1.6

3.2

6.4

16

32

64

96

128

160

salt in culture medium [ppt]

Figure 2: Efficiency of photosynthesis (quantum yield) of the freshwater strain (FWS) and the marine
strain (MS) of E. siliculosus 7 days after a direct transfer from 32 ppt medium to different salinities
(mean of three replicates ± SE).

Salinity-dependent phenotypic and transcriptomic plasticity
Interestingly, the freshwater strain exhibited very different morphotypes in 1.6 ppt
and in 32 ppt culture medium (Figure 3). In 1.6 ppt medium, it formed long sticky
filaments and patches, while in normal seawater (32 ppt medium) it produced
detached, star-like structures. The latter much resembled the phenotype of the marine
strain, which did not exhibit any apparent changes in morphology in response to
salinity. These changes took a few weeks to fully develop (Figure 3), and were fully
reversible.
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E
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32 ppt

1 cm

1.6 ppt
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Figure 3: Morphological changes of the freshwater strain under different salinities. Panel A shows
large-scale cultures in 1.6 ppt medium (left) and 32 ppt medium (right). Panels B-F display a culture in
1.6 ppt medium (B), 45 days after transferring it to 32 ppt medium (C), and 12, 18, and 24 days after
transferring it back to 1.6 ppt medium (D-F).

These morphological changes were accompanied by massive changes in the
transcriptome (Figure 4, Figure 5). We observed differential regulation of 3,004 genes
(27 %) at an FDR of 5 % and differential regulation of 5,842 genes (52 %) at an FDR
of 10 %. Although these numbers seem comparable with our previous experiments
regarding the short-term response to abiotic stress (Dittami et al. 2009), this
comparison is biased because only three replicates were tested in this study (vs. four
in our previous report) and because some genes were represented by fewer probes
(see “data analysis” section in materials and methods), which increased the variance.
Therefore, Figure 4 shows the distribution of log2-ratios in this study and the saline
stress conditions in our previous experiment without considering p-values. While the
number of genes changing expression <2 fold (log2-ratio between -1 and 1) was lower
in this experiment compared to our previous one (29 % vs. 52-60 %), the number of
genes with expression changes larger than 4-fold (log2-ratio > 2 or <-2) was higher
(47 % vs. 15 – 23 %).
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70%

percentage of genes

60%
50%

FWS,1.6ppt/32ppt
MS, 4ppt/32ppt
MS, 32ppt/96ppt

40%
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20%
10%

>1
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-1
28

32
-6
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16
-3
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816
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24

02
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Figure 4: Distribution of fold-changes between the freshwater strain (FSW) in 1.6 ppt and 32 ppt
medium (blue), and those previously observed in the marine strain (MS) during the short-term response
to saline stress (Dittami et al. 2009).

Furthermore, the changes between the freshwater strain adapted to 1.6 ppt and 32 ppt
medium did not seem to be focused on specific pathways. Effectively, an analysis
overrepresented GO terms among the genes that were differentially expressed
between both conditions tested.
Generally, the gene expression profile of the freshwater strain in 32 ppt medium very
much resembled that of the marine strain in the same medium (Figure 5). The Pearson
correlation coefficient between gene expression profiles of the two strains in the same
conditions was 0.82, while that of the freshwater strain in 32 ppt medium and the
freshwater strain in 1.6 ppt medium was only 0.38. Furthermore, a t-test with FDRcorrection (5 %) did not identify any genes that were significantly differentially
expressed between the marine strain and the freshwater strain in seawater.A direct
comparison of transcriptomic changes in the freshwater strain with those previously
obtained for the marine strain during the short-term hyposaline, hypersaline, and
oxidative stress response (Dittami et al. 2009) showed very few similarities.
Correlation coefficients observed between the results of the two sets of experiments
(0.018 to 0.085) were much lower than those observed within the experiment on the
short-term response to different stresses (0.29 to 0.65) (Table 1).
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based on the automated GO annotations did not yield any significantly
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Table 1: Pearson correlation coefficients between
transcriptomic changes in the freshwater strain
cultivated in 1.6 ppt and 32 ppt medium, and between
previous experiments on the short term (6h) response
to saline stress and oxidative stress in the marine
strain (Dittami et al. 2009). All conditions were
compared to the control condition with a salinity of
32 ppt. Hypo = 4 ppt / 32 ppt, Hyper = 96 ppt / 32
ppt, Oxi = 32 ppt + 1 mM H2O2 / 32 ppt
1.6/32ppt
1.6/32ppt

Hypo

1.00

Hypo

Hyper

Oxi

0.085

0.018

0.034

1.00

0.25

0.67

1.00

0.29

Hyper
Oxi

1.00

Changes in gene expression related to cell
wall synthesis and modification
Although an automatic analysis of the
transcriptomic data did not yield insights on
the exact processes involved in the switch
4. Long-term adaptation

from freshwater to seawater, a manual
analysis of specific genes of interest allowed
us to highlight some interesting trends (Table
2).

Notably,

sulfatases,

enzymes

desulfatation
Figure 5: Expression profiles of the
marine strain (MS) in 32 ppt medium
and the freshwater strain in both 32 ppt
and 1.6 ppt medium (three replicates
each). This graph is strongly compressed
in the vertical axis, which corresponds to
11,256 genes.

formylglycine-dependent
of

involved

in

polysaccharides,

the
were

generally induced in 1.6 ppt medium, while
two sulfotransferases likely to be involved in
the synthesis of the sulfated cell wall
polysaccharide

fucan

were

induced

in

seawater.

We also examined C5-epimerases and found three of them to be strongly induced in
32 ppt medium (74-fold, 244-fold, and 1124-fold, Table 2). C5-epimerases catalyze
the conversion of mannuronic acid (M) to guluronic acid (G), which the building
blocks of alginates, important brown algal cell wall polysaccharides. C5-epimerases
therefore control the texture of the cell wall matrix (Nyvall et al., 2003), and their
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induction in 32 ppt medium could result in an increase in the proportion of poly-G
chains in the cell wall.

name

genome

unigene

profile

Mannuronan C-5-epimerase

Esi0010_0210

CL31Contig1

1126.4 x induced in SW, p = 0.001

Mannuronan C-5-epimerase

Esi0882_0001

CL88Contig1

**

Mannuronan C-5-epimerase

Esi0017_0043

not on array

Mannuronan C-5-epimerase

Esi0019_0126

not on array

Mannuronan C-5-epimerase

Esi0019_0127

not on array

Mannuronan C-5-epimerase

Esi0030_0144

not on array

Mannuronan C-5-epimerase

Esi0039_0001

not on array

Mannuronan C-5-epimerase

Esi0045_0025

CL4174Contig1

6.57 x induced in SW, p = 0.002

LQ0AAB12YH01FM1.SCF

5.94 x induced in SW, p = 0.123

Mannuronan C-5-epimerase

Esi0045_0027

not on array

Mannuronan C-5-epimerase

Esi0052_0064

not on array

Mannuronan C-5-epimerase

Esi0069_0050

not on array

Mannuronan C-5-epimerase

Esi0069_0059

not on array

Mannuronan C-5-epimerase

Esi0071_0098f

CL313Contig1

Mannuronan C-5-epimerase

Esi0113_0051

not on array

Mannuronan C-5-epimerase

Esi0116_0047

not on array

Mannuronan C-5-epimerase

Esi0123_0084

not on array

Mannuronan C-5-epimerase

Esi0218_0013

not on array

Mannuronan C-5-epimerase

Esi0241_0023

CL602Contig1

Mannuronan C-5-epimerase

Esi0303_0025

not on array

Mannuronan C-5-epimerase

Esi0307_0015

not on array

Mannuronan C-5-epimerase

Esi0315_0022

not on array

Mannuronan C-5-epimerase

Esi0326_0043

CL466Contig1

Mannuronan C-5-epimerase

Esi0326_0044

not on array

Mannuronan C-5-epimerase

Esi0340_0006

LQ0AFA5YK19RM1.SCF

8.96 x induced in FW, p = 0.029

Mannuronan C-5-epimerase

Esi0367_0009

LQ0AAB32YL12FM1.SCF

74.39 x induced in SW, p = 0.001

Mannuronan C-5-epimerase

Esi0367_0010

CL4717Contig1

5.09 x induced in FW, p = 0.003

Mannuronan C-5-epimerase

Esi0466_0003

LQ0AAA13YK20FM1.SCF

-*

Mannuronan C-5-epimerase

Esi0466_0009

CL2039Contig1

244.01 x induced in SW, p = 0.001

Mannuronan C-5-epimerase

Esi0495_0002

not on array

Mannuronan C-5-epimerase

Esi0495_0003

CL1214Contig1

**

LQ0AAB57YD17FM1.SCF

**

LQ0AEA5YO08RM1.SCF

-*

CL83Contig1

50.55 x induced in SW, p = 0.013

LQ0AAB24YG07FM1.SCF

-*
10.78 x induced in FW, p = 0.041

-*

vanadium-dependant bromoperoxidase
Formylglycine-dependent sulfatase

Esi0069_0045

CL7144Contig1

Formylglycine-dependent sulfatase

Esi0086_0031

not on array

Formylglycine-dependent sulfatase

Esi0144_0037

LQ0AAB16YN18FM3.SCF

3.81 x induced in FW, p = 0.22

Formylglycine-dependent sulfatase

Esi0160_0027

CL3472Contig1

-*

LQ0AAB92YH04FM1.SCF

-*

Aryl sulfotransferases

v-BPO

**

Esi0009_0080

Formylglycine-dependent sulfatase

Esi0160_0032

LQ0AAB32YO05FM1.SCF

14.22 x induced in SW, p = 0.032

Formylglycine-dependent sulfatase

Esi0160_0043

CL5654Contig1

4.73 x induced in FW, p = 5.5e-3

Formylglycine-dependent sulfatase

Esi0160_0052

LQ0AAB56YK20RM1.SCF

3.34 x induced in FW, p = 0.026

LQ0AAB61YC18FM1.SCF

54.79 x induced in FW, p = 0.064
6.89 x induced in FW, p = 0.012

Formylglycine-dependent sulfatase

Esi0280_0019

LQ0AFA6YH11RM1.SCF

Formylglycine-dependent sulfatase

Esi0444_0009

not on array

Aryl sulfo-transferase

Esi0028_0011

LQ0AAB64YH02FM1.SCF

Aryl sulfo-transferase

Esi0442_0008

not on array

Aryl sulfo-transferase

Esi0197_0023

not on array

Aryl sulfo-transferase

Esi0411_0021

not on array

Aryl sulfo-transferase

Esi0028_0006

not on array
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-*

Formylglycine-dependent sulfatases

C5-epimerases

Table 2: Changes in gene expression profiles of selected genes in the freshwater strain in 32 ppt (SW)
compared to 1.6 ppt medium (FW). The table shows relative changes (means of three replicates); nonsignificant or small (< 2-fold) changes are shown in italics.“-*” indicates that there was no significant
change in transcriptomic regulation, and “**” indicates that the expression level was below the
detection limit. MAN = mannitol synthesis; FA-des. = fatty acid desaturase; GABA = gammaaminobutyric acid; vBPO = vanadium-dependant bromoperoxidase; # = gene likely to be involved in
fucan synthesis. “

FA-des.

unknown
sulfotransferases
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sulfotransferase

Esi0289_0025

CL1841Contig1

sulfotransferase

Esi0032_0064

not on array

sulfotransferase

Esi0057_0043#

LQ0AAA1YO14FM1.SCF

sulfotransferase

Esi0118_0049

not on array

sulfotransferase

Esi0283_0018

not on array

sulfotransferase

Esi0210_0041

CL913Contig1

-*

sulfotransferase

Esi0312_0029#

LQ0AAA1YL18FM1.SCF

56.4 x induced in SW, p = 0.018

microsomal ∆15 desaturase

Esi0231_0023

CL527Contig1

6.14 x induced in SW, p = 0.012

chloroplastic ∆15 desaturase

Esi0073_0116

CL281Contig1

6.72 x induced in SW, p = 0.019

microsomal ∆12-desaturase

Esi0207_0012

LQ0AAB83YE13RM1.SCF

3.94 x induced in SW, p = 0.031

chloroplastic ∆12-desaturase

Esi0393_0016

CL69Contig1

-*

Nitrate reductase (NADH) (EC 1.7.1.1)

Esi0171_0046

LQ0AAB91YI21FM1.SCF

**

Nitrate reductase (NADH) (EC 1.7.1.1)

Esi0006_0124

CL3329Contig1

45.57 x induced in SW, p = 0.023

Nitrite reductase (ferredoxin) (EC 1.7.7.1)

Esi0003_0129

CL3736Contig1

-*

CL5351Contig1

2.65 x induced in SW, p = 0.123

CL2999Contig1

51.07 x induced in SW, p < 0.001

LQ0AAB8YN04FM1.SCF

-*

proline
GABA
Glutathione degradation

Glu-tatathione
synthesis

MAN

Esi0249_0028

28.81 x induced in SW, p = 6.2e-4

Glutamate dehydrogenase (EC 1.4.1.2)

Esi0141_0079

LQ0AAB28YN11FM1.SCF

-*

Glutamate dehydrogenase (EC 1.4.1.4)

Esi0028_0164

CL1656Contig1

-*

CL2561Contig1

1.33 x induced in FW, p = 0.039

Glutamate dehydrogenase (EC 1.4.1.4)

Esi0520_0002

not on array

Glutamine synthetase (EC 6.3.1.2)

Esi0072_0092

not on array

Glutamine synthetase (EC 6.3.1.2)

Esi0188_0004

CL44Contig1

2.11 x induced in SW, p = 0.129

LQ0AAB88YP13FM1.SCF

**

CL44Contig3

-*

CL44Contig4

-*

Glutamine synthetase (EC 6.3.1.2)

Esi0188_0005

Glutamate synthase

Esi0349_0025

not on array

Glutamate synthase (ferredoxin) (EC 1.4.7.1)
Glutamate synthase (NADH/NADPH) (EC
1.4.1.14/13)

Esi0000_0281

CL2669Contig1

2.72 x induced in FW, p = 0.033

Esi0029_0131

CL5303Contig1

9.49 x induced in FW, p = 0.081

CL4828Contig1

**

LQ0AAB39YD12FM1.SCF

2.17 x induced in FW, p = 0.254

Glutamate synthase (NADH/NADPH) (EC
1.4.1.14/13)

Esi0103_0010+

CL598Contig1

2.57 x induced in FW, p = 0.318

Argininosuccinate lyase (EC 4.3.2.1)

Esi0081_0083

LQ0ADA3YJ12RM1.SCF

15.42 x induced in SW, p = 0.081

Arginase (EC 3.5.3.1)

Esi0073_0060

LQ0AAB28YG22FM1.SCF

15.7 x induced in FW, p = 0.04

Urease (EC 3.1.5.1)

Esi0000_0248

LQ0AAB14YK16FM1.SCF

72.69 x induced in FW, p = 0.004

ornithine--oxo-acid transaminase (EC 2.6.1.13)

Esi0072_0109

LQ0AAB88YC13RM1.SCF

-*

LQ0AAB10YP23FM1.SCF

72.15 x induced in SW, p = 0.001

CL6298Contig1

152.81 x induced in FW, p = 0.002

LQ0AAB36YB24FM1.SCF

-*

LQ0AAB96YG16FM1.SCF

31.6 x induced in FW, p = 0.029

pyrroline-5-carboxylate reductase (EC 1.5.1.2)

Esi0075_0064

proline dehydrogenase (EC 1.5.99.8)
1-pyrroline-5-carboxylate dehydrogenase (EC
1.5.1.12)

Esi0269_0010

LQ0AAB31YD17FM1.SCF

**

Esi0418_0003

CL2518Contig1

**

1-pyrroline-5-carboxylate synthase

Esi0663_0002

CL1823Contig1

220.52 x induced in SW, p < 0.001

Ornithine decarboxylase (EC 4.1.1.17)

Esi0048_0123

not on array

diamin oxidase (EC 1.4.3.22)

Esi0076_0063

CL5550Contig1

diamin oxidase (EC 1.4.3.22)

Esi0076_0061

not on array

Aldehyde dehdrogenase

Esi0010_0069

CL5294Contig1

7.31 x induced in FW, p = 0.018

Aldehyde dehdrogenase

Esi0451_0004

LQ0AAB34YA24FM1.SCF.LQ

**

Aldehyde dehdrogenase

Esi0003_0206

CL6453Contig1

5.4 x induced in FW, p = 0.065

mannitol 1-phosphate dehydrogenase

Esi0017_0062

CL200Contig2

**

Esi0020_0181

CL2843Contig

2.23 x induced in SW, p = 0.078

Glutamate cystéine ligase (EC 6.3.2.2)

Esi0184_0033

LQ0AAB47YA16FM1.SCF

**

Glutamate cystéine ligase (EC 6.3.2.2)

Esi0250_0012

CL4940Contig1

-*

CL902Contig1

**

CL1154Contig1

2.13 x induced in SW, p = 0.076

LQ0AAA4YA09FM1.SCF.LQ

**

Glutathion synthétase (EC 6.3.2.3)

Esi0066_0082

275.12 x induced in SW, p = 0.001

Gamma-glutamyl transpeptidase (EC 2.3.2.2)

Esi0014_0172

not on array

Peptidase (EC 3.4.11.2)

Esi0366_0009

CL2158Contig1

**

LQ0AAA7YD13FM1.SCF

**

LQ0AAB14YF12FM1.SCF

**

CL6899Contig1

4.58 x induced in SW, p = 0.066

LQ0AAA1YN14FM1.SCF

**

5-oxo-prolinase(EC 3.5.2.9)

Esi0018_0028

5-oxo-prolinase(EC 3.5.2.9)

Esi1350_0001

not on array

Cyclotransférase(EC 2.3.2.4)

Esi0037_0100

CL3195Contig1

-*

Esi0019_0176

CL789Contig1

2.13 x induced in FW, p = 0.26

Gl
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nitrogen assimilation

Nitrite reductase (NAD(P)H) (EC 1.7.1.4)

42.84 x induced in FW, p = 0.017

Glutathion reductase (EC 1.8.1.7)
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Glutathion reductase (EC 1.8.1.7)
Glutathion péroxydase (EC 1.11.1.9)

Glutathion péroxydase (EC 1.11.1.9)
Glutathion péroxydase (EC 1.11.1.9)

Glutathion péroxydase (EC 1.11.1.9)
Glutathion péroxydase (EC 1.11.1.9)

Esi0888_0002
Esi0152_0006

Esi0099_0085
Esi0192_0041

Esi0152_0008
Esi0049_0025

CL3217Contig1

58.6 x induced in FW, p = 0.002

LQ0AAB33YP03FM1.SCF

**

LQ0AAB61YK20RM1.SCF

-*

LQ0AAB27YH11FM1.SCF

**

CL2921Contig1

-*

LQ0AAB92YP17RM1.SCF

**

CL4848Contig1

**

LQ0AAB74YM01FM1.SCF

**

LQ0AAB92YN18FM1.SCF

**

LQ0AAA12YN24FM1.SCF

**

CL2115Contig1

-*

CL5055Contig1

3.03 x induced in SW, p = 0.086

CL909Contig1

4.26 x induced in FW, p = 0.006

LQ0AAB70YN20RM1.SCF

**

LQ0AAB91YE11RM1.SCF

**

LQ0AAB51YM17FM1.SCF

**

CL6396Contig1

**

CL3045Contig1

-*

LQ0AAA5YG17FM1.SCF

**
2.57 x induced in FW, p = 0.10

Glutathion péroxydase (EC 1.11.1.9)

Esi0509_0009

CL5797Contig1

Glutathion péroxydase (EC 1.11.1.9)

Esi0007_0074

not on array

Glutathion S- transferase (EC 2.5.1.18)

Esi1076_0002

CL457Contig1

5.19 x induced in SW, p = 0.019

Glutathion S- transferase (EC 2.5.1.18)

Esi0199_0061

CL703Contig1

6.66 x induced in SW, p = 0.023

Glutathion S- transferase (EC 2.5.1.18)

Esi0019_0095

CL1013Contig1

2.17 x induced in FW, p = 0.052

Glutathion S- transferase (EC 2.5.1.18)

Esi0048_0023

CL1978Contig1

10.93 x induced in SW, p = 0.008

LQ0AAA20YP01FM1.SCF

**

LQ0AAB11YI02FM1.SCF

**

Glutathion S- transferase (EC 2.5.1.18)

Esi0017_0101

LQ0AAB57YP06FM1.SCF

-*

Glutathion S- transferase (EC 2.5.1.18)

Esi0047_0117

LQ0AAB5YN22FM1.SCF

3.19 x induced in SW, p = 0.10

CL2600Contig1

3.61 x induced in FW, p = 0.003

CL1604Contig1

7.55 x induced in FW, p = 0.16

CL5715Contig1

2.09 x induced in SW, p = 0.030

LQ0AAB34YN03FM1.SCF

2.17 x induced in SW, p = 0.023

Glutathion S- transferase (EC 2.5.1.18)

Esi0648_0004

Glutathion S- transferase (EC 2.5.1.18)

Esi0004_0261

CL4549Contig1

**

Glutathion S- transferase (EC 2.5.1.18)

Esi0648_0003

CL1143Contig1

-*

CL5628Contig1

59.5 x induced in SW, p < 0.001

LQ0AAB69YN15FM1.SCF

2.95 x induced in SW, p = 0.037

LQ0AAB16YD20FM3.SCF

**

LQ0AAB44YN04FM1.SCF

52.19 x induced in FW, p = 0.032

LQ0AAB16YD20FM1.SCF

**
-*

Glutathion S- transferase (EC 2.5.1.18)

Esi0023_0103

Glutathion S- transferase (EC 2.5.1.18)

Esi0386_0004

CL4350Contig1

Glutathion S- transferase (EC 2.5.1.18)

Esi0384_0026

not on array

Glutathion S- transferase (EC 2.5.1.18)

Esi0386_0005

not on array

Glutathion S- transferase (EC 2.5.1.18)

Esi0617_0002

not on array

Glutathion S- transferase (EC 2.5.1.18)

Esi0617_0003

not on array

Glutathion S- transferase (EC 2.5.1.18)

Esi0617_0004

not on array

Glutathion S- transferase (EC 2.5.1.18)

Esi0028_0122

not on array

Glutathion S- transferase (EC 2.5.1.18)

Esi0191_0054

LQ0AAB18YG11FM1.SCF

-*

LQ0ADA7YK23RM1.SCF

37.76 x induced in SW, p = 0.006

Glutathion S- transferase (EC 2.5.1.18)

Esi0021_0028

not on array

microsomal GST

Esi0122_0054

CL523Contig1

6.61 x induced in SW, p = 0.044

CL4027Contig1

-*

microsomal GST

Esi0122_0055

CL523Contig3

1.71 x induced in SW, p = 0.018

microsomal GST

Esi0122_0061

CL523Contig2

26.53 x induced in SW, p = 0.007

Glutathion/Ascorbate dehydrogenase (EC 1.8.5.1)

Esi0041_0089

CL1920Contig1

4.7 x induced in FW, p = 0.002

Glutaredoxine (EC 1.20.4.1)

Esi0010_0089

CL204Contig1

9.38 x induced in SW, p = 0.001

Glutaredoxine (EC 1.20.4.1)

Esi0197_0012

CL578Contig1

-*

LQ0AAB26YC03FM1.SCF

?

Glutaredoxine (EC 1.20.4.1)

Esi0083_0070

CL845Contig1

5.47 x induced in SW, p = 0.012

Glutaredoxine (EC 1.20.4.1)

Esi0395_0013

CL839Contig1

-*

Glutaredoxine (EC 1.20.4.1)

Esi0072_0054

CL6857Contig1

89.12 x induced in FW, p = 0.030

LQ0AAB75YF24RM1.SCF

-*

CL517Contig1

**

LQ0AAB65YJ24FM1.SCF

**

LQ0AAB36YA05FM1.SCF

13.85 x induced in SW, p = 0.005

LQ0AAA14YO04FM1.SCF

-*

not on array

**

Glutaredoxine (EC 1.20.4.1)
Glutaredoxine (EC 1.20.4.1)
Phytochelatine synthase

Esi0050_0061
Esi0036_0002
Esi0399_0022
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Finally, the only vanadium-dependant bromoperoxidase coded for in the Ectocarpus
genome followed an expression profile similar to that of the genes encoding C5epimerases. Vanadium-dependent bromoperoxidases are enzymes involved in the
uptake and metabolism of halogens (Colin et al., 2003), which, in the brown alga
Laminaria digitata, are stored mainly in the apoplast (Verhaeghe, et al. 2008), and are
generally thought to constitute a defense mechanism (Wever et al. 1991) or to
function as inorganic antioxidants (Küpper et al. 2008). They might, however, also be
involved in the cross-linking of phenolic polymers (Berglin et al. 2004) and cell
adhesion. Thus, the up-regulation of the vanadium-dependant bromoperoxidase gene
might be interpreted as an indication of stress, but could also be related to the
observed morphological changes.
Lower degree of fatty acid desaturation in freshwater
The fatty acid profile of the freshwater strain in the 32 ppt medium most closely
resembled the profile of the marine strain in the same medium (r = 0.97), rather than
that of the freshwater strain in 1.6 ppt medium (r = 0.93). All measured fatty acids
exhibited slight but significant changes in relative concentrations, either between
4. Long-term adaptation

strains, between culture media, or both (Figure 6A). The most striking differences
were observed in the ratio of n-3 to n-6 polyunsaturated fatty acids (PUFAs), which
was higher in the freshwater strain in 1.6 ppt medium compared to 32 ppt medium (36
%) and the marine strain in 32 ppt medium (61 %, Figure 6B). The increase in the n-3
to n-6 ratio was mainly due to an increase in n-3 PUFAs (mainly α-linolenic acid:
C18:3 n-3), and paralleled by a decrease in saturated fatty acids (mainly palmitic acid:
C16:0). Overall the degree of free fatty acid desaturation increased from the marine
strain to the freshwater strain and from 32 ppt medium to 1.6 ppt medium. These data
are in agreement with our previous report (chapter 3.3), where we observed a decrease
in the n-3/n-6 ratio in response to hypersaline stress. In chapter 3.3 these changes
correlated well with the expression profiles of ∆12 and ∆15 desaturases. Here, the
expression profiles for the same genes (Table 2) are also in loose agreement with the
observed changes, as only one of two ∆12-desatureases was 3.9-fold up-regulated in
seawater, while both ∆15 desaturases (responsible for the production of n-3 PUFAs)
were 6.1 and 6.7-fold up-regulated). The general trend in Ectocarpus therefore seems
to be: higher salinities result in lower n-3/n-6 ratio and lower overall degree of
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desaturation.
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Figure 6: Fatty acid composition of the freshwater strain (FWS) in 1.6 ppt and 32 ppt medium as well
as the marine strain (MS) in 32 ppt medium. Panel A displays the composition of individual fatty acids,
panel B the ratio of n-3 to n-6 polyunsaturated fatty acids, and panel C the composition of n-3, n-6, n-7,
and n-9 polyunsaturated fatty acids. All values are means of three replicates (if applicable ± SE). An
asterisk above the column indicates that a value differed significantly from the other two columns (p <
0.05).

Highest concentrations of total amino acids were found in the freshwater strain
The concentrations of all of the measured amino acids significantly changed in at least
one of the three examined samples, and in every case contents were highest in one of
the freshwater strain samples. In many cases (glutamine, serine, threonine, valine,
phenylalanine, leucine, isoleucine) amino acid concentrations in the freshwater strain
in seawater ranged between those of the freshwater strain in 1.6 ppt medium and those
of the marine strain, although in some cases only strain (alanine, asparagine, lysine,
tyrosine, histidine) or only medium (aspartate, ornithine, tryptophan) had significant
influence on the amino acid concentration (Figure 7).
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Figure 7: Panels A and B shown the amino acid composition of the freshwater strain (FWS) in 1.6 ppt
and 32 ppt medium as well as the marine strain (MS) in 32 ppt medium. The graph on the right side of
panel A shows a more detailed view of amino acids present in lower quantities. Panel C displays the
absolute and relative peak areas of unknown peaks from the UPLC analysis. Absolute peak areas were
calculated as the sum of all three tested strains / conditions. Each peak is named according to its
retention time in seconds. All values are means of four replicates (if applicable ± SE). An asterisk
above a column indicates that a value differed significantly from the other two columns (p < 0.05).

The observed strong increase in the overall amino acid content of the freshwater strain
was roughly correlated with the intracellular concentration of ammonium, the ratio of
glutamine to glutamate (Figure 7B), and the ratio of glycine to serine. The ratio of
glutamine to glutamate is considered as a marker of nitrogen status (Flynn et al. 1989)
in algae, high ratios indicating nitrogen-replete and low ratios nitrogen-deplete
conditions. Similarly, the ratio of glycine to serine was shown to be related to
188
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photorespiration and carbon availability in Ectocarpus (chapter 2.2), high ratios
indicating high photorespiration and low
carbon availability. Although the increase
in these markers would fit well with a
change in the ratio of available carbon to
nitrogen, it needs to be kept in mind that
in our experiments, both 1.6 ppt and 32
ppt medium were supplemented with
nitrate in equally high concentrations via
the Provasoli nutrients.
On a transcriptional level, we observed

Side note:
Ectocarpus from a human perspective
In humans, elevated glutamine to glutamate
ratios are thought to be related to the capacity
to recover from brain injury (Richards et al.
2003), and to increase in cerebrospinal fluid of
patients
suffering
from
schizophrenia
(Hashimoto et al., 2005). Although, so far, no
experimental evidence for the presence of a
brain exists in Ectocarpus, one hypothesis
could be that a trauma associated to the
transition to freshwater was the starting point
for a psychotic personality disorder in the
freshwater strain, explaining both the increased
glutamine to glutamate ratio and the
morphological and transcriptomic changes.

that there was a general trend for nitrate
and nitrite reductases, which are responsible for the production of ammonium from
nitrate and nitrite, to be transcriptionally activated in seawater, while the genes coding
for the glutamate synthase (GS) / NADPH-dependent glutamine:2-oxoglutarate
aminotransferase (GOGAT) system, the major pathway of nitrogen assimilation in
of the changes were not statistically significant, Table 2).
Markers of salt stress in the freshwater strain in 32 ppt medium
A very clear exception to the general trend that amino acids reached highest
concentrations in the freshwater strain in 1.6 ppt medium were proline and arginine,
which were both strongly accumulated only in the freshwater strain cultured in 32 ppt
medium (10-fold for proline, 3 to 9-fold for arginine, Figure 7). These results
correspond to our findings in chapter 3.3, where both amino acids were shown to
accumulate in response to hypersaline stress. In addition, in this experiment, we
observed strong transcriptomic activation (220-fold) of the 1-pyrroline-5-carboxylate
synthase gene (Table 2) involved in the synthesis of proline from glutamate,
suggesting the importance of this pathway in proline synthesis. Proline has been
suggested to be a compatible osmolyte in vascular plants (Yoshiba et al. 1997) and
diatoms (Krell et al. 2007), and is thought to function as osmoprotectant in
Ectocarpus (chapter 3.3).
Gamma-aminobutyric acid (GABA), which was correlated with proline in our
previous experiments, was not detected in the 1.6 ppt medium but found at very low
189
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vascular plants (Lea & Miflin 1974), were marginally down-regulated (though most

Abiotic stress in Ectocarpus – a global approach: long-term adaptation
levels (0.007 µmol/g DW) in 32 ppt medium. Correspondingly, the diamine oxidase
thought to be involved in GABA synthesis in Ectocarpus was 275-fold induced in 32
ppt medium; this was, however, not true for the two putative aminobutyraldehyde
dehydrogenases.
In addition to these drastic changes in the concentration of known amino acids, the
freshwater strain contained 20 unknown peaks which could not be detected in the
marine strain. Some of these compounds were present only in traces, but two of them
accounted for over 1 % of the total peak area (known and unknown). Although an
exact quantification was not possible due to the lack of standards, a rough estimate of
the quantity of these compounds can be obtained when considering that, on average,
valine corresponded to 1.3 % of the total peak area, and arginine to 0.4 %.
Glutathione is produced by the freshwater strain in 32 ppt medium
Glutathione (GSH) is a tripeptide that is thought to play an important role in the
protection of cells against oxidative stress both directly and as a cofactor of
glutathione peroxidases (Pompella et al. 2003). Our GSH measurements showed that
from about 30 to over 700 nmol g-1 fresh weight (FW) when the strain was acclimated
to seawater (32 ppt medium, Figure 8). In comparison, the marine strain contains
nmol GSH / g (FW) sample
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the intracellular GSH concentration in the freshwater strain increased dramatically

about 100 nmol g-1 FW glutathione

*

800

in control conditions and up to

700

about 200 nmol g-1 (FW) in

600
500
400

300

response to different stressors (P*

200
100

*

0
MS (32 ppt)

FWS (32 ppt) FWS (1.6 ppt)

Figure 8: Glutathione (GSH) concentration of the
marine strain in 32 ppt medium as well as the
freshwater strain (FWS) in 32 ppt and 1.6 ppt medium
(mean of four replicates ± SE). An asterisk above the
column indicates that a value differed significantly
from the other two columns (p < 0.05).

O de Franco, S. Rousvoal, pers.
comm.).
involved

Generally,
in

genes

glutathione

metabolism were also induced in
the 32 ppt medium (Table 2): one
of

two

genes

involved

in

glutathione synthesis (a glutamate
cysteine ligase) and one of two

genes involved in its degradation were up-regulated in the 32 ppt medium.
Furthermore, among the glutathione-S-transferases (GSTs, de Franco et al. 2009)
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represented on the array, three of four microsomal GSTs and seven of twelve
cytosolic GSTs were up-regulated in 32 ppt medium (only two were down-regulated).
Predominant soluble carbohydrates are inversely correlated to total amino acids
Mannitol, citrate, and glucose were the predominant non-structural carbohydrates in
our samples and could be determined by GC-FID. They were found in highest
concentrations in the marine strain, and were least concentrated in the freshwater
strain in 1.6 ppt medium, with intermediate concentrations in the freshwater strain in
32 ppt medium (Figure 9).
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Figure 9: Mannitol, citrate, and glucose concentrations in the freshwater strain (FWS) in 1.6 ppt and 32
ppt medium as well as the marine strain (MS) in 32 ppt medium (means of four replicates ± SE). An
asterisk above the column indicates that a value differed significantly from the other two columns (p <
0.05).

With respect to mannitol, we examined the expression profile of the only mannitol 1phosphate dehydrogenase gene (MPDH) considered expressed this experiment.
Unlike during the short-term response to hypersaline stress, where MPDH was upregulated (Dittami et al. 2009), in this study MPDH exhibited 2.2-fold lower mean
expression levels in 32 ppt medium compared to the 1.6 ppt medium. This difference
was, however, not statistically significant (Table 2).
Interestingly, the decrease in mannitol was inversely correlated with the overall
increase in total amino acids described above. Indeed, sugar from photosynthesis may
be used either for nitrogen assimilation (amino acid production) or for polysaccharide
synthesis, depending on the ratio of available carbon to nitrogen. In many terrestrial
plants, the accumulation of sugar or starch is a known effect of nitrogen starvation
(Veith & Komor 1993, Wang & Tillberg 1996). Although in our experiments, nitrate
was provided in equally high concentrations in all conditions, this relationship should
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be kept in mind for future experiments as well as for the interpretation of the data on
intracellular nitrate concentrations, which are currently in preparation.
Carbohydrates at low concentrations
In addition to the GC-FID analyses, GS-MS analyses were carried out on
concentrated samples from both strains. These analyses revealed a number of
compounds present in Ectocarpus only at very low concentrations (Table 3). Many of
the detected compounds (galactosylglycerol, gluconic acid, sorbitol, sucrose,
melezitose, and maltose) were present in highest concentrations in the freshwater
strain in 32 ppt medium. Galactosylglycerol was suggested to be involved in
maintaining osmotic balance in the Chrysophyte Ochromonas malhamensis (Kauss
1973) and might be an osmoprotectant in red algae (Reed et al. 1980). Similarly,
sorbitol is known to be involved in the osmotic adaptation of some ecotypes of the red
alga Bostrychia radicans (Karsten et al. 1994). The presence of sucrose in the
freshwater strain samples was a surprise. Sucrose is produced from UDP-glucose in
response to salt stress in cyanobacteria via the activity of the sucrose phosphate
synthase (EC 2.4.1.14) and sucrose-phosphate phosphatase (EC 3.1.3.24) enzymes
4. Long-term adaptation

(Hagemann & Marin 1999), but in Ectocarpus neither of these enzymes nor a sucrose
synthetase (EC 2.4.1.13) was found. Similarly, the accumulation of gluconic acid (a
C-6 acid that naturally occurs in fruit), melocitose (a trisaccharide best known to be
synthesized by aphids), maltose (a common disaccharide in many plants), and
ethanolamine (generally considered a toxic compound that is generated by the
reaction of ammonium with ethylene oxide) still needs to be examined in greater
detail.
More information will also be required to interpret the fact that scyllo-inositol was
found at highest concentrations in the freshwater strain in 1.6 ppt medium, while
myo-inositol, reached higher concentrations in seawater (both strains). Myo-inositol
and scyllo-inositol are both isomers of inositol, the presence of which has been
reported in several algal species including brown algae (Ikawa et al. 1968). However,
no information on differences in the biological significance of these two isomers
exists so far in algae. In addition to these compounds, our samples contained several
yet unknown compounds, only some of which had been previously detected in other
organisms, and many of which varied strongly between the strains and culture media
(data not shown).
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Table 3: Known compounds identified by GC-MS analysis. Where standards were available
concentrations are given in µmol per g-1 DW, otherwise in arbitrary units. The table shows the mean of
four replicates ± SD. “*” indicates that a mean differed significantly from both other means at p ≤ 0.05
after a Bonferroni correction (“**”, p ≤ 0.01; “***” p ≤ 0.001). If significant differences were detected,
boldface formatting highlights the condition(s) with the highest concentration(s) of each metabolite.
MS = marine strain, FWS = freshwater strain.
MS, 32 ppt

FWS, 32 ppt

FWS, 1.6 ppt

Galactosylglycerol

NO

0.42 ± 0.12

22.74 ± 1.85***

0.8 ± 0.18

Gluconic acid

YES

3.93 ± 0.98*

15.75 ± 0.96***

0.78 ± 0.19*

Sucrose

YES

0 ± 0*

5.86 ± 0.28***

0.3 ± 0.09*

Sorbitol

NO

0.09 ± 0.01*

0.15 ± 0.01**

0.03 ± 0.01*

Melezitose

YES

0±0

0.26 ± 0.05**

0±0

Maltose

YES

0.36 ± 0.12

1.04 ± 0.08*

Erythronic acid

NO

0.5 ± 0.13

Myo-inositol

YES

0.09 ± 0.02*
0.75 ± 0.06

0.57 ± 0.12
0.2 ± 0.03

0.89 ± 0.06

Scyllo-inositol

NO

5.14 ± 0.18*

2.67 ± 0.11*

0.16 ± 0.01***
16.19 ± 3.63*

Ethanolamine

NO

0.11 ± 0.05

0.61 ± 0.17

0.15 ± 0.02

Succinate

YES

0.05 ± 0.03

0.62 ± 0.34

0.51 ± 0.19

Glycerol

NO

0.53 ± 0.07

1.85 ± 0.98

0.97 ± 0.07

Glucose

YES

11.23 ± 2.83

20.35 ± 2.68

18.04 ± 2.47

Xylitol

NO

0.15 ± 0.03

0.11 ± 0.01

0.12 ± 0.04

Arabitol

NO

0.17 ± 0.03

0.09 ± 0.01

0.1 ± 0.02

Discussion
In this study we examined the salinity tolerance as well as metabolite and transcript
profiles of a freshwater strain of E. siliculosus and compared them to those of the
sequenced marine strain, revealing several interesting features about the adaptation of
this strain to freshwater.
Two distinct transcriptomic programs
Our first result was that the freshwater strain of E. siliculosus was able to grow both
in freshwater and in seawater. Although several organisms such as mangrove trees or
other estuary species tolerate strong temporary changes in salinity (den Hartog 1967),
the capacity to permanently live and reproduce both in freshwater and marine habitats
is rare among multicellular organisms. Comparable adaptations are known, for
example, in migratory fish such as salmon and eel, which spend most of their life in
marine (salmon) or freshwater (eel) habitats, and return to their original freshwater or
marine habitat to spawn. These fish undergo profound physiological and
morphological changes in preparation of and during migration. The transcriptomic
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changes preceding the migration have been examined in both eel and salmon
(Kalujnaia et al. 2007, Seear et al. 2009), revealing that only very few genes
significantly changed expression. Most of them were involved in osmoregulation as
well as growth, metabolism, and oxygen transport.
In Ectocarpus, the situation was different. Although it also displayed changes in
morphology between normal seawater and highly diluted seawater, two very distinct
transcriptomic profiles were observed in the two conditions. E. siliculosus is known
for its high transcriptomic plasticity (Dittami et al. 2009), but the intensity of the
observed transcriptomic changes by far exceeded those previously observed in the
marine strain during the short-term response to saline stress. Furthermore, the changes
here had very little in common with the short-term response of the marine strain and
did not seem to be focused on specific groups of well-known genes, so that the
biological significance of these changes still remains largely unknown. Nevertheless
we can conclude that the freshwater strain of Ectocarpus possesses a transcriptomic
“freshwater program”, which is active in low salinities, but at the same time retained
the “marine program”. Despite the genomic differences between the freshwater and
the marine strains, the “marine program” of the freshwater strain was highly similar to
4. Long-term adaptation

that of the strictly marine strain, demonstrating that, should the freshwater strain be on
the verge of becoming a new species, it is still very close to its marine relatives.
Adaptations to freshwater
Regarding the physiological adaptations to freshwater and seawater, the data
presented above provide indications on a few of the mechanisms possibly involved.
For example, the morphological plasticity, i.e. the formation of longer, stickier
filaments, might present a necessary adaptation to life in flowing waters, as those
above the Hopkins river falls, Victoria, Australia, where the freshwater strain was
isolated (West & Kraft 1996). These changes might be in part related to the strong
transcriptional changes in genes involved in cell wall modifications, such as C5epimerases or the vanadium bromoperoxidases.
Another related process considered important for the adaptation to marine
environments, possibly via a role in regulating intracellular ion concentrations, is
sulphatation of cell wall polysaccharides. All marine algae (Kloareg & Quatrano
1988), as well as marine vascular plants (Aquino et al. 2005), produce sulfated
polysaccharides, a feature which has never been observed in freshwater plants. In the
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freshwater strain, transcriptional regulation related to the sulphatation of
polysaccarides, i.e. the activation of sulfatases in 1.6 ppt medium and the activation of
two sulfonotransferases likely to be involved in fucan biosynthesis in 32 ppt medium
might constitute a way of controlling the degree of sulphatation.
An additional adaptation might be a decrease in mannitol concentrations in the
freshwater strain and in 1.6 ppt medium. Mannitol is considered an important
compatible osmolyte in brown algae (Davison & Reed 1985, Reed et al. 1985).
Similarly, the change in the ratio n-3 to n-6 PUFAs might be of biological
significance by mediating changes in membrane fluidity, and possibly compensating
for changes in the concentration of transmembrane proteins, as previously proposed
by Mock et al. (2002) for the thylakoid membrane of an Antarctic diatom. This
hypothesis was discussed in more detail in chapter 3.3
Regulation of transcriptomic changes
As the freshwater strain shows reversible morphological and transcriptomic changes,
one question that immediately comes to mind is related to the regulation of these
changes. Very little is known about the regulation of the transcriptome in Ectocarpus
transcription factors, which were up-regulated in response to saline stress (Dittami et
al. 2009), samples were only examined after six hours of exposure to stress. First
transcriptomic changes may, however, occur only a few minutes after exposure to
stress or changes in the culture medium. On the other hand, after only 6 hours in
hyposaline medium (4 ppt) in our previous experiment, the marine strain was still in a
“stress response” phase, whereas in this experiment, the freshwater strain had entirely
adapted to 1.6 ppt medium. This could explain the relatively low correlation
coefficients between the changes in expression in this and in our previous experiment.
Regardless of the identity of the genes responsible for this regulation, the reversible
nature of the transcriptomic changes renders the hypothesis that the capacity of the
freshwater strain to grow in freshwater is due to a mutation of one or several master
regulators fairly unlikely. Moreover, many of the observed changes might also be a
direct response to changes in the culture medium. An excellent example for this are
genes involved in cell wall modifications. C5-epimerases, for example convert M to
G, which in turn form rigid egg-box like structures in the presences of Ca++ (Grant
1973). In 1.6 ppt medium, Ca++ concentrations were 20-fold lower compared to 32 ppt
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medium, possibly eliminating the benefit of high G contents in cell wall
polysaccharides and providing a cue for the regulation of C5-epimerases. Similarly,
the fact that genes thought to be involved in the synthesis of sulfated polysaccharides
were transcribed at a lower level in low salinities, might be simply connected to the
fact that sulfate concentrations were 20-fold lower compared to the 32 ppt medium.
This hypothesis would, however, not explain the activation of sulfatases in 1.6 ppt
medium.
Based on our observations, we can presently only present first indications and ideas
about regulatory mechanisms possibly involved in the adaptation of the freshwater
strain to freshwater. One way of starting to decipher the signaling mechanisms at the
basis of these very profound transcriptomic changes would be a high resolution timeseries of transcriptomic experiments, which could highlight early changes in the
transition between the two culture media. Furthermore, targeted transcriptomic
experiments with media containing controlled sulfate- or Ca++-concentrations might
provide further information on the role of these compounds as potential
environmental signals.
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An apparent paradox between transcriptomic and metabolite profiles
An important finding of our study was the apparent paradox between gene expression
and metabolite profiles of the freshwater strain in 32 ppt medium. While on a
transcriptomic level the “marine program” in both freshwater strain and marine strain
were very similar, on a metabolite level the freshwater strain in 32 ppt usually
exhibited intermediary metabolite concentrations between the two other strains /
conditions (Figure 10).
In the absence of pronounced transcriptomic differences and under identical culture
conditions, the most plausible explanation for the differences in metabolite
concentrations between the strains lies in the observed genomic differences. In our
previous study (chapter 4.2) we detected genomic differences between the freshwater
strain and the marine strain over almost the entire genome. These differences may
result in different enzymatic activities and thus account for different metabolite
concentrations. In most cases, the differences on a metabolites level between strains
were directed the same way as changes related to the switch between the two culture
media. For example mannitol concentrations were lower in the freshwater strain in 32
ppt medium compared to the marine strain (effect of genomic differences), but within
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the freshwater strain it was also lower in 1.6 ppt medium compared to 32 ppt medium
(effect of culture medium and / or transcriptomic differences, Figure 9). This shows
that not all adaptations are regulated by transcriptomic changes. In the freshwater
strain, both permanent genomic and reversible transcriptomic adaptations currently
act together in enabling the freshwater strain to grow in freshwater, but reversible
transcriptomic adaptations may be replaced by genomic changes in the course of
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Figure 10: General overview of differences between the marine strain (MS) and the freshwater strain
(FWS) in 1.6 and 32 ppt medium on a genome-, transcriptome-, and metabolite level. While the
freshwater strain cannot change its genome depending on the culture medium, its transcriptome in 32
ppt medium was very similar to that of the marine strain. On a metabolite level the freshwater strain in
32 ppt medium assumed an intermediary position, indicating that genomic differences might translate
directly into metabolite differences without profound changes in transcript quantity. This is visualized
by the solid and dotted arrows in the left part of the figure. Solid arrows designate a strong effect
observed in our data, while dotted arrows stand for possible or weak effects.

A number of stress-related changes
Nevertheless, the freshwater strain was capable of surviving and growing in 32 ppt
medium and had a similar salt tolerance towards hypersaline media as the marine
strain. Moreover the quantum yield of the freshwater strain was similar in both 32 and
1.6 ppt medium. In spite of this, we observed accumulation of a few stress markers in
the freshwater strain in 32 ppt medium, most importantly the accumulation of proline
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and glutathione. In particular the activation of proline indicates that the salt stress
response in the freshwater strain was activated in 32 ppt medium. This probably
allowed the freshwater strain to compensate for genomic adaptations to freshwater,
and illustrates how initially reversible transitions may gradually become irreversible
in the course of evolution.
The role of associated bacteria
One important factor that needs to be considered when examining the transition
between marine and freshwater environments is symbiotic bacteria. Many algae
depend on symbionts to produce certain substances or signals that are important for
growth and development. A classical example for this is a bacteria-produced
compound termed thallusin, which is necessary to maintain species-typical
morphology and growth in the green alga Monostroma oxyspermum (Matsuo et al.
2005). In Ectocarpus, similar effects were observed: axenic cultures of E. fasciculatus
exhibit poor growth and an atypical habitus, and the closely related species Pylaiella
litoralis does not grow at all when axenic (Pedersén 1968). Growth and habitus of
axenic cultures could be restored by adding natural seawater, kinetin, or cytokinin
4. Long-term adaptation

(Pedersén 1968, 1973).
Drastic changes in the environment, such as marine-freshwater transitions, could
certainly be expected to have an impact on the bacteria associated to an alga, in
particular considering that such transitions have been shown to be infrequent in the
microbe-world (Logares et al. 2009). One indication of bacterial activity in our
samples was the accumulation of sucrose in the freshwater strain in 32 ppt medium.
Sucrose is a known osmolyte in bacteria (Csonka 1989), and the absence of genes
important for its synthesis in Ectocarpus could give rise to the hypothesis that it is
produced by associated bacteria in response to salt stress. Our present data do not
allow us to draw conclusions about whether the freshwater- and the marine strain
contain the same associated bacteria and how and to what degree these bacteria might
be involved the observed transcriptomic, morphological and metabolite changes.
These questions present an important challenge for future research. One way of
starting to address them could be by examining axenic cultures of both strains, where
supplementation with growth hormones might help to overcome problems of low
growth rates.
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Conclusions
The aim of this study was to explore the mechanisms enabling the transition and
adaptation of E. siliculosus to freshwater. From the literature we know that
Ectocarpus is a genus, which naturally inhabits a wide range of salinities and is
known for its high overall plasticity. In addition, our data demonstrated that the
freshwater strain is a particularly stress tolerant strain, a trait which could have been
acquired after the transition to freshwater, but which might also have assisted this
transition.
Presently not enough sequence information is available to reliably estimate when the
freshwater strain diverged from its marine relatives, but we were able to show that it
has retained its ability to grow in seawater as well as a transcriptomic program that is
very close to that of the marine strain. With respect to metabolites, our data revealed
two components of the adaptation to freshwater: a reversible and a permanent
component. Our hypothesis is that the reversible part of the changes is related to
transcriptomic changes (e.g. of genes related to cell wall modifications), but that in
the course of evolution, parts of these reversible changes have been replaced or added
What makes this model particularly interesting is the fact that, despite certain
permanent changes in the metabolite profiles, the transition to freshwater has not yet
become irreversible. In this sense the freshwater strain represents a snapshot of a rare
evolutionary event that is still in progress, and thus an excellent opportunity to study
the processes involved. Here we presented a first look at this “evolutionary snapshot”
from a transcriptomic as well as a metabolic point of view. We pointed out several
interesting features, yet many questions still remain unanswered: When did the
freshwaters strain separate from marine strains? What are the identity, origin, and
function of the unknown metabolites? What is the role of bacteria in the adaptation to
freshwater? What are the regulatory elements at the basis of the transcriptomic
changes? These and many more questions still await answers and promise novel
insights on the mechanisms of speciation and evolution.
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Supplementary file 1: Gradual adaptation of the marine strain to freshwater: the salinity was reduced
by 50 % every week (w), starting from 32 ppt medium (top right). After the 6 th week the salinity was
adjusted to 0 ppt (bottom right). The graph shows the mean quantum yield (F v/Fm) of three replicates ±
SE
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5. Conclusion and outlook
The main objective of my thesis was to study the abiotic stress response of
Ectocarpus siliculosus employing a global approach, where mechanisms that enabled
the exceptional stress tolerance of this seaweed were of particular interest to me. The
experiments presented in the previous chapters highlighted several pathways, genes,
gene families, and metabolites that are likely to be involved in the stress response in
this alga. However, looking back on the results, there is a recurring theme in all of the
experimental results presented – plasticity: examples of plasticity are frequent both in
my thesis in and the literature about Ectocarpus in general. Some illustrations are:


During the diurnal cycle and under controlled laboratory conditions,
metabolite concentrations fluctuated 2-fold and more.



During the short-term response to stress, almost 70 % of all genes changed
expression in one of the three examined stress conditions.



In the same experiment, almost all examined metabolites showed significant
changes compared to the control.



Intracellular sodium concentrations changed > 10-fold depending on the
salinity of the culture medium.



The freshwater strain of Ectocarpus has two entirely different transcriptional
programs, depending on the culture medium, and can survive in salinities from
0 ppt to about 90 ppt; growh, as well formation of mitospores, was sill
observed at 32 ppt.



The same strain exhibits strong morphological changes in response to different
media. Currently, 410 different species of Ectocarpus have been described, but
underlining the degree of morphological plasticity.

In Ectocarpus, this plasticity is combined with simple organization, which is
demonstrated, for instance, by the fact that each cell can regenerate the entire
organism. In my opinion, this is likely to be part of the “secret” of stress tolerance in
E. siliculosus: while many terrestrial plants attempt to maintain controlled conditions
in response to stress, the strategy of Ectocarpus seems to be to “sit it out”, as
demonstrated for example by the strong downregulation of growth in response to
saline stress.
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This hypothesis raises several new questions, such as which traits allow Ectocarpus
enzymes to remain functional during- or at least to regain functionality after stress.
Moreover, it will be interesting to study which regulatory mechanisms underlie the
observed transcriptomic and morphological changes. Understanding the basis of
plasticity in Ectocarpus might some day help understand why these mechanisms do
not work in other, more complex organisms.
The results presented in the previous chapters will hopefully form a starting point for
several more targeted studies addressing some of the unresolved questions of my
thesis. One of the major points that need to be addressed and that will certainly
continue to occupy researchers in the years to come is the large number of unknown
genes – many of which were strongly regulated in response to stress. Targeted
functional studies are still difficult in Ectocarpus, as important tools such as RNAi
and transformation protocols have not yet been established. However, other
approaches such as TILLING (Targeting Induced Local Lesions in Genomes, Cock,
pers. comm.) are currently being developed and might soon provide a way of rapidly
screening thousands of mutants for mutations in a specific gene of interest, and then
performing more detailed functional studies with the identified mutants.
Another interesting approach that could be taken while the aforementioned protocols
are being developed would be to use the available tools from diatoms. Diatoms are the
closest relatives to brown algae and share numerous genomic features (e.g. absence of
the GABA shunt, stress-responsive CBPs). In addition and their genomes code for
homologs of several of the unknown stress response genes found in Ectocarpus. A
number of genomic tools, including transformation protocols, are available for these
organisms. I believe that closer ties between the diatom and the Ectocarpus research
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communities could be of great benefit for research in both areas.
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6. Appendices
6.1 Appendix 1: Oral presentations
Meetings I attended are underlined; the presenting author is highlighted in boldface:













S. Dittami and T. Tonon (May 2008). Etude transcriptomique de la réponse aux
stress abiotiques chez l'algue brune modèle Ectocarpus siliculosus. Oral
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users day, Rennes, France.
S. Dittami, T. Tonon, P. Wincker, E. Corre, D. Scornet, J.M. Cock, C. Boyen:
Transcriptomic study of abiotic stress in Ectocarpus. 3rd Ectocarpus meeting, June
2008, Oban, Scotland, United-Kingdom
Charrier B, Le Bail A, Dittami S, Maisonneuve C, Gicquel M, de Franco P-O,
Rousvoal S, Cock J. M, Tonon T: Additional Ectocarpus post-genomic tools: a
mini-library of mutants and identification of normalisation genes for expression
analyses. 3rd Ectocarpus meeting 2008, Oban, Scotland, United-Kingdom
S. Dittami, A. Gravot, S. Goulitquer, J. Collén, E. Corre, P. Wincker, M. Cock, A.
Bouchereau, C. Boyen, T. Tonon: Abiotic stress response in the model brown alga
Ectocarpus siliculosus (Phaeophycaea). Session P3 – developments in plant
biology, SEB annual meeting 2008, Marseille. Comparative Biochemistry and
Physiology a-Molecular & Integrative Physiology 150(3): S191-S191.
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Bouchereau, C. Boyen, T. Tonon: Transcriptomic study of abiotic stress in
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Environmental sciences, University of East Anglia, Norwich, May 2009
Stephane LaBarre, N. Keravec, B. Charrier, P. Potin, A. Ritter, T. Tonon, S.
Dittami, S. Salaun: Prokaryote – eukaryote interactions: spectroscopic fingerprints
of marine algae and of their associated microflora. 6th European Conference on
Marine Natural Products, Porto, July 2009

6.2 Appendix 2: Posters
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Meetings I attended are underlined, the presenting author and creator of the poster is
highlighted in boldface.
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Tonon T., Goulitquer S., Ritter A., Dittami S.M., Salaün J.-P., Cock J.M., Potin P., and Boyen C. (July
2008) From the shore: Molecular changes in the fatty acid metabolism of brown algae under abiotic
stress conditions. Poster presented at the 18th International Symposium on Plant Lipids, Bordeaux,
France.
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Dittami. S.M., Boyen C., Tonon T., Saline Stress in Ectocarpus siliculosus. Poster presented at the
EST monitoring session, Paris, February 2009

213

Abiotic stress in Ectocarpus – a global approach: appendices

6. Apendices
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Abstract
Background: Brown algae are plant multi-cellular organisms occupying most of the world coasts
and are essential actors in the constitution of ecological niches at the shoreline. Ectocarpus siliculosus
is an emerging model for brown algal research. Its genome has been sequenced, and several tools
are being developed to perform analyses at different levels of cell organization, including
transcriptomic expression analyses. Several topics, including physiological responses to osmotic
stress and to exposure to contaminants and solvents are being studied in order to better
understand the adaptive capacity of brown algae to pollution and environmental changes. A series
of genes that can be used to normalise expression analyses is required for these studies.
Results: We monitored the expression of 13 genes under 21 different culture conditions. These
included genes encoding proteins and factors involved in protein translation (ribosomal protein
26S, EF1alpha, IF2A, IF4E) and protein degradation (ubiquitin, ubiquitin conjugating enzyme) or
folding (cyclophilin), and proteins involved in both the structure of the cytoskeleton (tubulin alpha,
actin, actin-related proteins) and its trafficking function (dynein), as well as a protein implicated in
carbon metabolism (glucose 6-phosphate dehydrogenase). The stability of their expression level
was assessed using the Ct range, and by applying both the geNorm and the Normfinder principles
of calculation.
Conclusion: Comparisons of the data obtained with the three methods of calculation indicated
that EF1alpha (EF1a) was the best reference gene for normalisation. The normalisation factor
should be calculated with at least two genes, alpha tubulin, ubiquitin-conjugating enzyme or actinrelated proteins being good partners of EF1a. Our results exclude actin as a good normalisation
gene, and, in this, are in agreement with previous studies in other organisms.
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Background
Brown algae (Phaeophyceae) are multi-cellular marine
organisms that grow along temperate, tropical and polar
coasts. Many of them are subject to frequent changes in
their local environment, because they are uncovered at
low tide, and are hence exposed to desiccation, and to variations in osmotic pressure due to rain or evaporation. In
addition, pollution of the coasts, due to human activities,
constitutes an additional source of abiotic stress, to which
they must develop adaptive mechanisms. Expression
analyses of genes involved in the perception of the stress,
and in the establishment of the appropriate responses,
provide a means to decipher the molecular mechanisms
potentially involved in such adaptations. Despite the
availability of medium scale cDNAs libraries for several
different species of the brown algae (Laminaria, Sargassum,
and Fucus), this task has been hindered by the lack of
genome-scale resources. In 2004, Peters et al. [1] have
compared a range of features in several species of Phaeophyceae and concluded that Ectocarpus siliculosus was the
best candidate to consider for such developments.
Recently, the genome of this alga has been sequenced,
offering a unique opportunity to survey the expression of
gene families in brown algae (Genoscope, J.M. Cock,
unpublished data). E. siliculosus is a small filamentous
alga, extensively studied over the last two centuries for its
complex life cycle and its physiological features (reviewed
in [2]). The genome is currently being annotated, allowing the initiation of both large scale and targeted surveys
of the Ectocarpus genes, such as microarrays or real-time
RT-PCR respectively.
Compared to high-throughput microarray techniques,
real-time quantitative RT-PCR only allows assays of gene
expression to be carried out at relatively low throughput
(10–20 genes in 10–50 samples). Nonetheless, this technique has been adopted by a large community as a standard method for gene expression studies, because of its
high reliability, and its rapidity of execution [3,4]. This
technique is now widely used for a large number of animal and plant organisms, as well as for bacteria and
viruses.
A few years after the emergence of this technique, a need
for a reliable normalisation method became insistent. Different methods of identifying normalisation genes, such
as geNorm [5], NormFinder [6] and BestKeeper [7], were
then developed. This was followed by a wave of reports on
the identification of the best normalisation genes from a
broad range of species and specific tissues. These biological materials included human tissues [8-10] and viruses
[11], as well as tissues from a variety of animals such as
cow [12], pig [13], horse [14], dolphin [15], fishes
[16,17], worm [18] and others. In parallel, a similar extension of the use of this technique was observed in plant
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research, for rice [19], poplar [20], potato [21], grapevine
[22], and for plant pathogens [23].
In the brown alga E. siliculosus, the expression level of 20
genes specific to the two generations in the life-cycle of
this alga was recently reported in a mutant impaired in
development [24]. Additional developmental and physiological studies are underway, including studies aimed at
assessing the resistance of this alga to environmental
changes. Hence, the availability of a set of housekeeping
genes for normalising the expression levels of genes of
interest is a pre-requisite to any valuable conclusion, especially since this organism lives in a frequently changing
environment.
In this paper, we propose optimal normalisation genes for
expression analyses in E. siliculosus. Thirteen housekeeping genes that have been reported to be good potential
candidates in the previously cited literature, were chosen
for this task. Their expression was examined by Q-RT-PCR
in a diversity of algal samples corresponding to growth
kinetic series, osmotic stress experiments, and chemical
treatments. Namely, the candidate genes are involved in
the synthesis and the dynamics of the cytoskeleton, in the
synthesis, folding and degradation of proteins, and in the
metabolism of carbon, all of these processes being known
to be only moderately affected by the fluctuation of
growth conditions.

Results
Treatments applied to E. siliculosus and choice of
housekeeping genes
Several different stresses were tested in this study. Chemical agents tested included H2O2, a reactive oxygen species
produced by many organisms, including seaweeds, under
conditions of abiotic and biotic stresses [25]. We also
tested heavy metals such as copper, which are among the
most significant pollution actors in marine environments
worldwide. Diuron and atrazine are herbicides that
inhibit photosynthesis by blocking the d1 protein of photosystem II [26,27]. Diuron is also an additive of antifouling paints, which prevent growth of organisms on ships'
hulls. In addition pathogen or grazer attacks were mimicked by wounding E. siliculosus tissues with a razor blade.
We also tested the effect of oxylipins. These are oxygenated derivatives of polyunsaturated fatty acids which play
a major role in inflammatory processes, allergies, and, in
a wide sense, defensive stress responses to infection,
drugs, and xenobiotics [28]. In land plants, C18 derived
jasmonates play a pivotal role in defense induced mechanisms [29]. In mammals, oxidation of the C20 arachidonic acid produces derivatives such as leukotriens and
prostaglandins. As brown algae are able to produce oxylipins typical of both land plants and animals [30], their
putative action on the induction of stress signalling path-
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ways is of particular interest. Finally, as the metabolism
and the physiology of brown algae are regulated to a large
extent by diurnal rhythms, a time series of samples taken
over a single day was also analysed.
RNA was extracted from biological triplicates of algae that
had received the above treatments resulting in a total of 63
samples for 21 different treatments (see Table 1, and
Methods for details on concentration and timing). Single
strand cDNA was synthesised simultaneously from each
of the 63 extracts in order to minimize any variation during this step of the process. The abundance of the transcripts of 13 potential housekeeping genes was then
assayed on these cDNAs. The genes tested included commonly used genes such as a ribosomal protein and translation initiation or elongation factors (eIF2A, eIF4E, EF1a,
26S ribosomal protein), cytoskeleton proteins (tubulin
alpha, actin and actin-related proteins), and proteins
involved in the protein degradation process (ubiquitin
and ubiquitin-conjugating enzyme). In addition, cyclophylin, two actin-related proteins, a tubulin molecular
motor (dynein) and an enzyme involved in the pentose
phosphate pathway (glucose 6-phosphate dehydrogenase) were included in this study. The genes tested are
listed in Table 2.

Table 1: Culture conditions and duration.

Type of treatment

Final concentration

Diurnal cycle
Diurnal cycle
Diurnal cycle
Diurnal cycle
Diurnal cycle

Duration
0h
6h
12 h
18 h
24 h

ASW
DMSO
H 2O 2
CuSO4
Atrazine
13-HOtrE
15-HEPE
ASW
Ethanol
CuSO4
Diuron
Wounding

450 mM NaCl
1% (V:V)
10 mM
10 μM
55 μg. L-1
5 μM
5 μM
450 mM NaCl
0.2% (V:V)
10 μM
42 μg.L-1

3h
3h
3h
3h
3h
3h
3h
6h
6h
6h
6h
6h

ASW
Hyposaline
Hypersaline
H 2O 2

450 mM NaCl
60 mM
1,5 M
1 mM

6h
6h
6h
6h

Treatments were applied under light (see Material and Methods for
details). ASW: artificial sea water; DMSO: dimethyl sulfoxide; 13HOTrE: 13-hydroxyoctadecatrienoic acid; 15(S)-HEPE: 15hydroxyeicosapentaenoic acid.

Quantification and data analysis
In order to assess whether the transcripts of these 13 genes
remained at comparable levels in the different samples
tested, we calculated the variation in the Ct value for each
gene. Figure 1A shows that the transcripts of these genes
exhibited different levels of abundance, with CYC being
expressed at the lowest level, and UBQ being expressed
the most strongly. Variation in transcript accumulation
across the 21 culture conditions was not the same for all
the genes tested. EF1a showed the weakest variation,
while G6PD expression seemed to be strongly influenced
by the treatments, its range of expression level exceeding
10 Ct (Figure 1B).

In order to test the robustness of these data, we performed
the geNorm pairwise analysis, which was first described
by Vandesompele et al. [5], and has since been widely
used to evaluate the stability of expression of genes from
many organisms. The results of this analysis (Figure 2)
were slightly different from those obtained with the Ct
value calculation. The two calculation methods identified
the same least and most stably expressed genes (G6PD
and CYC were the least stable, and TUA, EF1a and Dyn
were the most stable), but the intermediate genes were
ordered differently. This was particularly striking for
ARP2.1 and UBCE, which the geNorm analysis indicated
were the most stably expressed genes, and which the Ct
value analysis indicated to be among the least stably
expressed. In order to test whether averaging the biological triplicates had an effect on the final result, we performed the geNorm analysis using the transcript
abundances measured in the 63 individual cDNA samples, as previously described [31]. This analysis identified
the same genes as having either highly variable (CYC,
G6PD and ACT) or very stable (ARP2.1, UBCE, TUA, EF1a
and Dyn) transcript abundances, but the order of the six
remaining genes was again different (data not shown).
Thus, averaging the biological replicates modified the
results of the analysis for the intermediate genes, but not
for the most and the least stable genes. A one-way ANOVA
test showed that for most of the genes considered individually, the variance between the different culture conditions is significantly higher than the variance between the
biological replicates for a given condition (see Additional
file 1). Therefore, averaging on the three biological replicates should not introduce any significant distortion.
NormFinder is another approach that has been used to
assess the stability of expression of housekeeping genes
[6]. When NormFinder was applied to the data obtained
in this study, it indicated that the genes with the most stable levels of transcript abundance were TUA, ARP2.1,
EF1a and Dyn (Table 3). These were almost the same
genes as the ones identified by geNorm, with the exception that Dyn performed better than UBCE. Therefore,
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Table 2: Candidate housekeeping genes tested in this study.
Gene
symbol

Homologous to

Description of trace
archive

Accession
number

Oligonucleotides – Forward – Reverse

E (%)

R2

Tm
product

PCR
product
length (bp)

Actin

KY0AIB94YO18AHM1

1927036313

91

1.000

87.80

119

p34-arc subunit of the
actin-related protein
complex ARP2/3
ARP2 subunit of the
actin-related protein
complex ARP2/3
Cyclophilin

KY0AFIPA38YJ23RM1

1927195696

CCCAGATCATGTTCGAGACGTT
CACGCCGTCACCCGAGTC
GAAGGAGTTCTGCCGGGAAG
ACAAAGCAGCAACGCAGAGA

98

0.994

84.50

121

KY0AIB269YJ02AHM1

1929831232

GAAGAAGTTCAAGCTCAACATCGA
CCGCACCCCCAATGAAA

104

0.998

80.90

68

KY0ADB29YF06FM1

1291599781

92

0.997

84.80

101

KY0AEB344YP09RM1

1306215256

100

0.999

81.20

65

KY0AEC342YI10RM1

1291335619

92

0.997

81.50

160

KY0AEF243YN02RM1

1299896231

90

0.996

84.50

101

KY0AIB251YB11AHM1

1918199315

94

0.991

84.80

101

KY0ADA42YE14FM1

1291478318

100

0.991

82.40

71

R26S

Dynein light chain
protein
Translation elongation
factor 1 alpha
Glucose 6 phosphate
dehydrogenase
Translation initiation
factor eIF2 alpha
Translation intiation
factor eIF4E
Ribosomal protein 26S

KY0AEC624YL15RM1

1300144654

93

0.995

85.40

101

TUA

Alpha tubulin

KY0AEC614YE14RM1

1299935912

92

0.999

83

140

UBCE

KY0AFIPA87YJ24RM1

1917772478

95

0.997

84.50

101

UBQ

Ubiquitin conjugating
enzyme
Ubiquitin C

KY0AEC576YH18FM1

1306241438

100

0.997

82.70

101

mN

Intron amplification

KY0AEF302YN21FM1

1306150449

AGACGGCGGTGCAAGTAGG
GTGAGTCACGGCTGCTTTTATG
GGAACAAAGCATGGTGACAACA
CGCGTGCCTATCCAAGCT
GCAAGGGCCTCAGCTCTG
ACAAGCCGTCTGGGTATATGTTAGC
GTGAGGATGTTCAGGTCCCAG
GTGGAAGACCCGGTGAGGT
GCGGTACGTGATGGACACC
CCCCCGACTCGATGATCTTT
TCGCGATTCGAGGTTTGAGTA
CAAACGCTGCGGCAGC
GCTAGGCTTGCGTTTGTGTG
GGCGAGACAGAAAGATTCCG
TTTGAGGAGTTTCGTCGGAGAT
CACACAGCGCAAAACGGC
AACAATGGCCTTTGCGAAAA
GCGTACGTCTTGAAGCCCAG
CAACGCCCATGATTGTTCAC
GATTATTCCCATCCACGGCA
TCATTTTTCATGTGGAGGTCTCTG
GCCAAACAAACAACAACCCTC

83

0.981

84.80

93

ACT
ARP2.1
ARP2.2
CYC
Dyn
EF1alpha
G6PD
IF2A
IF4E

The identity of the sequences (gene name, function) is indicated in the left part of the table. The trace corresponds to trace archive at NCBI http://
www.ncbi.nlm.nih.gov/Traces/trace.cgi?cmd=retrieve&val=species_code%3D%22ECTOCARPUS+SILICULOSUS%22. Parameters on the corresponding amplified
product (oligonucleotides, amplicon Tm and size, reaction efficiency and reliability) are indicated in the right part.

there was a very good correlation between the results
obtained from geNorm and NormFinder, despite the fact
that the methods of calculation are fundamentally different.
In order to test whether the normalisation genes identified above were also the best choices for specific conditions, we performed expression stability measurements
on distinct series of treatments i.e. osmotic stresses, chemical treatments and diurnal rhythm. Figure 3 shows that
with both the geNorm and NormFinder calculation methods (A and B) the optimal choice of normalisation gene
depended on the type of experiments. Thus, although
EF1a remained among the most stable genes, variations in
the identity of the other very stable genes were observed
depending on the treatment. This was particularly striking
for the ACT gene, the abundance of its transcript showing
a high level of variability following all the treatments
except osmotic stresses. The transcript of the TUA gene
varied significantly in abundance in the diurnal sample
series (see Additional file 2), but remained at a stable level
in the abiotic stress treatments. Note that CYC and G6PD,
which showed the greatest variability in transcript abundance in the global analyses, were also highly variable in
each of the different classes of experiment.

To calculate the number of normalisation genes necessary
to obtain the normalisation factor we determined, using
geNorm, the pairwise variation between sets of normalisation factors obtained when using two, three or more genes
for normalisation. Figure 4 shows that the normalisation
factors are only modified slightly when a third (or more)
gene is added (pairwise variation of 0.13 for 3 genes).
Vandesompele et al. [5] recommended that additional
normalisation genes be included if the pairwise variation
between the normalisation factors is higher than 0.15.
According to geNorm, measuring the expression levels of
ARP2.1 and UBCE is sufficient to normalise the expression of genes of interest in these samples.

Discussion
In this study, the three methods used to identify the best
normalisation genes were concordant, as previously
reported in other studies [10]. Comparison of the three
methods indicates that EF1a is the most reliable gene to
normalise gene expression in experiments aiming at
quantitatively measuring the transcriptional response to
abiotic stresses and chemical treatments. The V pairwise
analysis shows that two genes are sufficient for a proper
expression normalisation. The choice of the second gene,
however, will depend on the type of experiment that is
being carried out. For osmotic stresses and chemical treat-
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Table 3: Normfinder analysis of the expression stability of the 13
genes.
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Stability value

TUA
ARP2.1
EF1a
Dyn
UBCE
UBQ
IF4E
IF2A
ARP 2.2
R26S
ACT
G6PD
CYC

0.099
0.182
0.220
0.227
0.240
0.401
0.403
0.406
0.422
0.479
0.558
0.655
1.964

The stability of expression of the 13 genes was calculated using the
Normfinder method designed by Andersen et al.[6]
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Figure 1 level of 13 housekeeping genes
Expression
Expression level of 13 housekeeping genes. A: The
range of the expression level of the 13 genes over the 21 culture conditions is expressed in Ct values. The black diamond
represents the arithmetic mean. B: Variations observed in
the range of Ct values.

ments, TUA can be used reliably, while for the diurnal
cycle ARP2.2 is more relevant.
As a brown alga, E. siliculosus is member of the kingdom
of the Heterokonta, which is phylogenetically very distant
from animals and land plants [32]. Interestingly, and
1.2
1
0.8
0.6
0.4
0.2

despite this evolutionary distance, a consensus seems to
emerge from similar analyses performed in organisms
belonging to distant lineages. The gene coding for the
elongation factor of protein translation EF1a was shown
to be the best reference genes in salmon [17] and in several plants such as in rice [19], grapevine [22] and potato
[21]. The alpha tubulin encoding gene was also reported
to be one of the best reference genes for horse tissues [13]
and in poplar [19]. On the other hand, actin genes have
been very often reported as exhibiting highly variable levels of expression in both human and animals tissues
[10,12,16-18], and in plants [19]. In this study, we have
shown that this is also true for E. siliculosus.
Despite the fact that ubiquitin and related enzymes
(UBCE) are not commonly used as normalisation genes,
in this study, they were found to be quite suitable. Interestingly, Czechowski et al. [31] showed, using microarray
analysis, that genes of the ubiquitin complex, comprising
an ubiquitin conjugating enzyme such as UBCE, and several E3-ubiquitin protein ligases, were very stably
expressed. They also pointed out that genes with fairly low
levels of expression such as UBCE may be of particular
interest for normalising expression levels of genes that are
expressed at moderate to low levels, such as transcription
factors. This latter example illustrates how microarray
analyses may be useful to find additional normalisation
genes, which can be then tested by Q-PCR for their suitability.

A

TU
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2.
1/
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Average expression stability M

Gene name

32

analysisranking
Global
Figure
2
of the 13 housekeeping genes using geNorm
Global ranking of the 13 housekeeping genes using
geNorm analysis. The M value was calculated with the
geNorm software [5]. Low values of M indicate that a gene is
expressed very stably.

Conclusion
E. siliculosus is recognised as the genomic and genetic
model of brown macroalgae [1,2]. As the genome
sequence is currently in the phase of expert annotation,
the community interested in E. siliculosus is likely to grow
in the near future. The results presented in this paper pave
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Figure 3of the 13 housekeeping genes over the three different series of culture conditions
Ranking
Ranking of the 13 housekeeping genes over the three different series of culture conditions. Both geNorm (A) and
Normfinder (B) were used to order the housekeeping genes according to three axes, corresponding to the three series of culture conditions/treatments. The position of each gene in the 3-D graph indicates its suitability as a reference gene. The front
bottom position corresponds to the most stable gene, the far top position to the most regulated gene. Note the different
scales on the axes.

the way for further studies on different aspects of E. siliculosus biology including development/morphogenesis and
abiotic/biotic stress responses. In addition, they will be
helpful for comparison with results from microarray
hybridizations, which are currently in progress.

Methods
Culture conditions and treatments
E. siliculosus (Ectocarpales, Phaeophyceae) unialgal strain
32 (CCAP accession 1310/4, origin san Juna de Marcona,
Peru) was cultivated in 10 L plastic flasks in a culture
room at 14°C using filtered and autoclaved natural seawater enriched in Provasoli nutrients [33]. Light was provided by Philips daylight fluorescence tubes with a
photon flux density of 40 μmol. m-2 .s-1 for 14 hours per
day. Cultures were bubbled with filtered (0.22 μm) compressed air to avoid CO2 depletion. To conduct the chemical treatment experiments, algal tissues were transferred
into Petri dishes containing artificial seawater enriched
with Provasoli (ASW) for at least 18 h before treatments in
order to acclimatize the cultures to the change of growth
conditions. They were then treated with different chemi-

cals for 3 and/or 6 h (see Table 1) during the light phase.
The treatments were 10 mM H2O2 (final concentration),
42 μg.L-1 Diuron, 55 μg.L-1 atrazine, 5 μM 13-HOTrE and
15(S)-HEPE. Algae were also incubated in 10 μM CuSO4
for 3 and 6 h. An equal volume of solvent (ASW or DMSO
1%) was used in each corresponding control treatment.
Wounding was carried out by damaging the tissues with a
razor blade. To perform saline stress and an additional
H2O2 treatment, tissues were transferred to ASW for one
week before applying the stress. The NaCl concentration
in control ASW was 450 mM, while it was 60 mM and 1.5
M in ASW used to submit the alga to hyposaline and
hypersaline conditions respectively. In addition, H2O2
was added at 1 mM final concentration to the control
ASW for generating oxidative stress. Treatments were
applied for 6 h before harvesting the tissues for RNA
extraction. To collect samples through the diurnal cycle,
algae were incubated in ASW and tissue harvested every 6
h during one day. The first sample was taken 30 min after
the beginning of the light period. The summary of the culture conditions is presented in Table 1.
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4
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Determination of the optimal number of control
genes for normalisation. The pairwise variation V of the
normalisation factors was calculated for the 21 different culture conditions for the 13 housekeeping genes with the
geNorm software [5].

Three biological replicates were obtained for each treatment and these were used for total RNA extraction.
RNA extraction
The protocol used for RNA extraction was based on the
method developed by Apt et al. [34] with some modifications. Frozen tissue was ground in liquid nitrogen and
immediately incubated in the presence of extraction
buffer (100 mM Tris-HCl pH 7.5, 2% CTAB, 1.5 M NaCl,
50 mM EDTA, 50 mM DTT). The sample was shaken at
room temperature for 30 min, then one volume of chlorophorm:isoamylic alcohol (24:1, V/V) was added and
the sample shaken again for 25 min. After centrifugation,
the upper phase was transferred to a new tube and mixed
with 0.3 V of absolute ethanol to precipitate the polysaccharides, and extracted with 1 V of chlorophorm. After
centrifugation the upper phase was transferred to a fresh
tube and RNA was precipitated by addition of 0.25 V of 12
M LiCl and β-mercapto-ethanol to 1% final concentration, overnight at -20°C. After centrifugation, the pellet
was resuspended for DNAse treatment by an RNAse-free
DNAse I (Turbo DNAse, Ambion) according to the manufacturer's instructions, in order to eliminate any residual
genomic DNA from the preparation. An extraction was
then carried out by adding Phenol-Chlorophorm (1:1, V/
V). After centrifugation the upper phase was transferred to
a fresh tube, and extracted with 1 V of chlorophorm:isoamylic alcohol (24:1, V/V) and centrifuged again. The
upper phase was precipitated with 0.3 M NaAc pH 5.5 and
75% ice cold ethanol by incubating overnight at 20°C.
After centrifugation, the supernatant was removed, and
the pellet washed with 80% ethanol. After centrifugation
and drying on ice, the pellet was resuspended in an appropriate volume of RNAse-free water.

Quantification of RNAs and cDNA synthesis
Nucleic acid concentrations were measured by the absorbance at OD260 using a NanoDrop ND-1000 spectrophotometer. The purity of the RNA samples was assessed by
measuring the ratio OD260/OD280 and OD230/OD260 (see
Additional file 3). RNA integrity was then verified on
1.5% agarose gel stained with ethidium bromide (see
Additional file 4). From each RNA sample, 1.4 μg was
reverse transcribed to cDNA using oligo(dT)12–18 and the
Superscript™ First Strand synthesis for RT-PCR (Invitrogen) according to the manufacturer's instructions, and
subsequently diluted with nuclease free water to 1 ng.μl-1
cDNA.
Protocol for DNA extraction
Frozen tissue was ground in liquid nitrogen and then in a
wheaton potter with 15 ml of extraction buffer (100 mM
Tris-HCl pH7.5; 1.5 M NaCl; 2% CTAB; 50 mM EDTA; 50
mM DTT) per g of wet tissue. The suspension was then
mixed vigorously at room temperature for at least 30 min.
Proteins were degraded with 25 units of proteinase K for
2 h at 55°C, and then extracted with chlorophorm/isoamyl alcohol for several minutes. Polysaccharides were
precipitated with progressive addition of 0.2 – 0.3 V of
ethanol, and then extracted with 1 V of chloroform after
spinning at 10,000 g and 20°C for 20 min. Nucleic acids
were recovered from the upper phase by addition of 0.25
V of 12 M LiCl and 1% of β-mercaptoethanol, incubation
at -20°C overnight and spinning at 10,000 g and 4°C for
1 h. The supernatant was precipitated with 0.6 V isopropanol, 0.3 M NaAc pH 5.2, left at 4°C for 30 min, and then
spun down for 30 min at 13,000 g. The pellet was then
dissolved in 400 μl H2O, and precipitated again with ethanol and NaAc. DNA was dissolved in 500 μl of TE (10
mM Tris-HCl pH 8.0; 1 mM EDTA), 5.4 M CsCl (density
1.66) and 250 μg.mL-1 of ethidium bromide. Spinning at
90,000 g for 24 h at room temperature allowed the recovery of a band containing ultrapure genomic DNA under
UV. Ethidium bromide was extracted 4–5 times with TEsaturated butanol and CsCl eliminated by successive ethanol precipitations.
Real-time PCR
All the genes were quantified on the same lot of cDNAs, to
minimize experimental variation that could be due to
cDNA synthesis. For each gene, a pair of oligonucleotide
sequences was designed in the 3' UTR of the genes when
the sequence was known, or in the 3'coding sequence
using Primer Express TM1.0 (PE Applied Biosystems, Foster City, CA, USA) (Table 2). The Q-PCR reactions were
performed in a 96-well thermocycler (Biorad, Opticon)
with SYBRgreen reaction mix from ABgene (AB-1162/B),
for 15 min at 95°C, followed by 41 runs of 15 sec at 95°C
and 1 min at 60°C. Each sample was technically duplicated. E. siliculosus genomic DNA was used as a quantifica-
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tion reference. A dilution series ranging from 37 to 48671
copies of the E. siliculosus genome was prepared and tested
for each gene. The amplification efficiency was tested
using this dilution series (Table 2). The specificity of
amplification was checked with a dissociation curve
obtained by heating the samples from 65°C to 95°C
(Table 2). In addition to the DNAse-I treatments of RNAs,
the absence of a genomic DNA contaminants was
checked, by amplifying an intron sequence on the cDNAs.
The number of copies of contaminant gDNA was subtracted from all other values, prior to any further analyses.

Abbreviations
13-HOTrE: 13-hydroxyoctadecatrienoic acid; 15(S)HEPE: 15-hydroxyeicosapentaenoic acid; ACT: actin;
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CYC: cyclophilin; DMSO: dimethyl sulfoxide Dyn:
dynein; EF1a: translation elongation factor alpha; G6PD:
glucose 6-phosphate dehydrogenase; IF2A: translation
initiation factor 2 A; IF4E: translation initiation factor 4E;
R26S: ribososomal protein 26S; TUA: tubulin alpha;
UBCE: ubiquitin conjugating enzyme; UBQ: ubiquitin.
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Additional file 4
RNA extracts considered in this study. From the 83 RNAs run on the gel,
the ones used for the cDNA synthesis are labelled in red. Between 400 to
900 ng of RNA were loaded on the gel.
Click here for file
[http://www.biomedcentral.com/content/supplementary/14712199-9-75-S4.pdf]
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Summary - Résumé
Abiotic stress response in Ectocarpus siliculosus: a global approach
Brown algae are an important component of the coastal ecosystem and have
developed unique mechanisms enabling them to inhabit the intertidal zone, an
environment with high levels of abiotic stress. The primary objective of this thesis
was to study the mechanisms underlying the abiotic stress tolerance of brown algae in
the new genetic and genomic model Ectocarpus siliculosus. To reach this objective,
efforts were concentrated on three sub-tasks: The study of primary metabolism in
Ectocarpus, of the short term response to saline and oxidative stress, and of the long
term adaptation in a strain isolated from freshwater. Each of these sub-tasks was
addressed by a combination of several approaches, including physiological
measurements, metabolite- and transcriptional profiling, and genome annotation. The
results presented illustrate great transcriptomic and metabolic plasticity of E.
siliculosus, and highlight several interesting features, such as the probable absence of
an efficient organic carbon concentrating mechanism, the stress induced production of
the neurotransmitter and plant stress hormone gamma-aminobutyric acid (in spite of
the absence of its primary biosynthetic pathway, i.e. the GABA shunt), the presence
of a family of stress responsive fucoxanthin chlorophyll a/c binding proteins, and the
use of NaCl as primary osmolyte during salt stress.
La réponse au stress abiotique chez Ectocarpus siliculosus : une approche globale
Les algues brunes représentent une composante importante de l'écosystème côtier, au
sein duquel elles ont développé des mécanismes uniques leur permettant de vivre dans
la zone intertidale, habitat caractérisé par des fluctuations fréquentes des conditions
environnementales (stress biotique et abiotique). L’objectif de cette thèse était
l’exploration des mécanismes permettant l’acclimatation et l’adaptation des algues
brunes à certains stress abiotiques, en utilisant le modèle génétique et génomique
Ectocarpus siliculosus. Dans ce but, trois axes de recherche ont été suivis: le
métabolisme primaire chez Ectocarpus, la réponse à court terme à des stress salins et
oxydatif, et l’adaptation à long terme d'une souche isolée dans de l'eau douce. Ils ont
été abordés en combinant plusieurs approches : la détermination de paramètres
physiologiques, des expériences de profilage métabolique et transcriptomique, et
l'annotation du génome d’Ectocarpus. Les résultats obtenus démontrent une grande
plasticité transcriptomique et métabolique chez E. siliculosus, et mettent en évidence
plusieurs caractéristiques intéressantes: l'absence probable d'un mécanisme classique
de concentration du carbone, l’induction de la production de l’acide gammaaminobutyrique (un neurotransmetteur chez les animaux et une hormone de stress
chez les plantes) en conditions de stress (malgré l’absence des enzymes du GABA
shunt, sa voie principale de synthèse), la présence d’un groupe de FCP
(Fucoxanthin/Chlorophyll a/c Binding Protein) induit par les stress, et l'utilisation de
NaCl comme osmolyte primaire dans les conditions de stress salins.

