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Abstract

Kelps, brown algae of the order Laminariales, dominate rocky shores and form huge kelp beds which provide habitat and
nurseries for various marine organisms. Whereas the basic physiological and ecophysiological characteristics of kelps are
well studied, the molecular processes underlying acclimation to different light and temperature conditions are still poorly
understood. Therefore we investigated the molecular mechanisms underlying the physiological acclimation to light and
temperature stress. Sporophytes of S. latissima were exposed to combinations of light intensities and temperatures, and
microarray hybridizations were performed to determine changes in gene expression patterns. This first large-scale
transcriptomic study of a kelp species shows that S. latissima responds to temperature and light stress with a multitude of
transcriptional changes: up to 32% of genes showed an altered expression after the exposure experiments. High
temperature had stronger effects on gene expression in S. latissima than low temperature, reflected by the higher number
of temperature-responsive genes. We gained insights into underlying molecular processes of acclimation, which includes
adjustment of the primary metabolism as well as induction of several ROS scavengers and a sophisticated regulation of
Hsps. We show that S. latissima, as a cold adapted species, must make stronger efforts for acclimating to high than to low
temperatures. The strongest response was caused by the combination of high temperatures with high light intensities,
which proved most harmful for the alga.
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Introduction Primary factors responsible for the vertical zonation and
geographical distribution of kelps are light, including UV
radiation, temperature and the availability of nutrients, the latter
sometimes correlated with lower temperatures in upwelling regions
[11-14]. Current ocean temperature rises caused by global

Marine macroalgae are key components of coastal ecosystems
and play an important role as the nutritional basis in marine
communities [1-3]. Although they cover only a small percentage
of the area of the world’s ocean, they account for up to 10% of the
global oceanic primary production [4,5]. The largest biogenic
structures found in benthic marine systems are kelp beds which
mostly consist of macroalgae from the order Laminariales [3].
Kelp beds dominate rocky coastal shores of the world’s cold-water
marine habitats; they provide a unique three-dimensional habitat
for marine organisms by offering a physical structure for shelter,
protection from predators and nurseries ground as well as food for
various marine animals [2,6]. Kelps are cold-temperate water

warming and stratospheric ozone depletion thus likely will
influence zonation, distribution patterns, and the performance of
kelp in their present habitats. The perennial kelp Saccharina latissima
(= formerly Laminaria saccharina) is a common species in polar to
temperate coastal waters and is distributed circumpolar in the
northern hemisphere [15,16]. The natural growth sites of S.
latissima are clear and turbid coastal waters, it occurs from the
intertidal down to 30 m depth; as a result S. latissima is exposed to
a wide range of temperature and light conditions [17]. Both the

species; their high abundance and biomass in sub-polar and cold- wide latitudinal and vertical distribution of this species might be

temperate regions suggests that they are well adapted to low light correlated to ecotypic differentiation of populations with respect to

and low temperatures [1,7,8]. Cold adapted species developed light and temperature. Ecotypic differentiation was reported for

mechanisms, such as changes in gene expression to maintain sporophytes and gametophytes of S. latissima from Long Island

sufficient rates of enzyme-catalyzed reactions and modifications Sound (USA) and the Adantic coast from Maine (USA) [17-19] as
within the thylakoid membrane system, affecting photosynthetic well as for gametophytes from Spitsbergen (Norway) and Helgo-
electron transport, to overcome the constraints of exposure to low land (Germany) [20]; the variation in light- and temperature

temperature [9,10]. related traits is suggested to have a genetic basis.
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The effects of the abiotic factors light and temperature on the
physiology and growth of S. latissima have been studied extensively
[7,21-24], yet the molecular processes of acclimation and
adaption are still poorly understood. Gene expression data for
kelps are scarce, until now only three cDNA approaches have been
published. Crépineau et al. 2000 characterized 905 expressed
sequence tags (ESTs) of life cycle stages of Laminaria digitata [25],
Roeder et al. 2005 established a cDNA library of 1985 ESTs from
Laminaria digitata protoplasts [26]. More recently a subtractive
cDNA approach on oligoguluonate-induced transcriptional de-
fense responses was conducted [27]. For sessile organisms such as
kelps acclimation to environmental changes in order to maintain
cellular function is particularly important. In sessile plants for
example extrinsic stress resulting from changes in abiotic factors,
e.g. light and temperature, is regarded as the most important stress
agent [28]. Excessive light causes photo-oxidative stress through
an over-reduction of the photosynthetic electron transport chain;
electrons from the light reaction are transferred to oxygen, which
leads to the formation of reactive oxygen species (ROS), such as
superoxide radicals and hydrogen peroxides [29-31]. Low
temperature alter significantly plant metabolism, its physiology,
and plant productivity, given that in general enzyme activity
decreases with declining temperatures [32,33]. Reduced activity of
the Calvin cycle results in a decreased production of the final
electron acceptor NADP', which may lead to electron transfer
from reduced ferredoxin to oxygen and therefore to the formation
of ROS [34]. Heat stress on the one hand leads to the degradation
and dysfunction of proteins, on the other hand to an uncoupling of
pathways, resulting in formation of ROS, which — in turn
induces lipid peroxidation [35-38]. Although the abiotic factors
light and temperature operate through different mechanisms, both
lead to the formation of ROS. ROS cause cellular damage in
terms of denaturation of nucleic acids, proteins, polysaccharides
and lipids [39-41]. Cells are able to counteract ROS with
a sophisticated network of non-enzymatic and enzymatic systems,
which scavenge the various ROS intermediates [42—44]. The non-
enzymatic antioxidants include the major cellular redox buflers
ascorbate (Asa) and glutathione (GSH) [45,46]. Enzymatic ROS
detoxification includes the conversion of superoxide radicals into
hydrogen peroxide and oxygen by superoxide dismutase (SOD),
subsequently hydrogen peroxide is eliminated in the ascorbate—
glutathione cycle by ascorbate peroxidase (APX) and glutathione
reductase (GR) [44,47,48]. However, ROS are not only potentially
harmful, but also part of a subtle network of signaling reactions
[49]. ROS as well as the redox state of several regulatory redox-
reactive key molecules, such as thioredoxin and glutathione, are
signals which regulate expression e.g. of photosynthesis-related
genes [34,42].

This study aims to investigate the molecular mechanisms
underlying physiological acclimation to temperature and light
stress in S. latissima from the Arctic (Spitsbergen). In order to
analyze the sensitivity of this cold adapted species to either high or
low temperatures in combination with high light, sporophytes
were exposed for 24 h to 5 different combinations of light
intensities and temperatures. Photosynthetic efficiency, measured
as variable fluorescence of PS II, was determined before and at the
end of the experiment. Changes in gene expression levels were
assessed through oligonucleotide microarrays. We expected that S.
latissima, as a cold adapted species, would be more negatively
effected by high than low temperatures and that this will be
reflected in the photosynthetic fitness and the changing gene
expression profiles of the organism.
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Results

Photosynthetic efficiency

Initial mean maximum quantum yield of PS II (Fv/Fm) was
0.633%0.02. Maximum quantum yield of PS II remained stable at
low photosynthetically active radiation (PAR) under the three
tested temperature regimes (control low PAR 12°C; Fv/Fm
=0.653%x0.01). A significant decrease (p<<0.01) in efficiency of PS
II was observed in sporophytes exposed to high photosynthetically
active radiation at 2°C (Fv/Fm =0.308%+0.07) and 17°C (Fv/Fm
=0.09%0.003). Strongest photoinhibition occurred under high
photosynthetically active radiation and a temperature of 17°C

(Figure 1).

Gene expression patterns in response to light and
temperature stress

Oligonucleotide microarrays covering 26,224 transcripts were
used to determine changes in gene expression patterns at 3
temperatures (2°C/12°C/17°C) and high photosynthetically
active radiation (PAR) stress. Of these 10,915 transcripts (42%)
showed different expression patterns under at least one stress
treatment compared to the control treatment (12°C & low PAR).
The strongest effect on gene expression was observed in the high
PAR/17°C treatment when 8,334 genes (32%) were affected. The
remaining three treatments (2°C & high/low PAR, 17°C low
PAR) caused transcriptional changes for 13-19% (3,289-4,920) of
the genes (Figure 2).

Identification of temperature- and light-regulated genes

A cross comparison was performed to identify an overlap of
ESTs responsive to either high or low temperature within the
different light treatments (Figure 3).

High temperature was found to up-regulate the expression levels
of 2,028 genes and down-regulate those of 988. The effect of low
temperature was less pronounced in that 1,273 genes were found
to be up-regulated and 1,002 genes down-regulated. The cross
comparison revealed that the amount of high PAR responsive
ESTs is dependent on temperature: at high PAR and low
temperature 1,456 genes were induced whereas 1,188 genes were
repressed; at high PAR and high temperature 2,949 genes were
induced and 2,369 genes repressed.
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Figure 1. Efficiency of PS Il (Fv/fm) after 24 h exposure to
different temperature and radiation conditions. The figure
displays the maximum quantum yield of PS Il in S. latissima after 24 h
of exposure to different temperatures (2°C/17°C) and different light
conditions (low/ high PAR). Standard deviations are represented by
vertical bars (n=5). Asterisk mark significant differences in efficiency of
PS Il (two-way ANOVA with repeated measurements, n=5, p<0.01; post
hoc Tukey test HSD, p<<0.01).

doi:10.1371/journal.pone.0044342.g001
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Figure 2. Numbers of differentially up- (red bars) and down-
regulated (blue bars) genes after various stress treatments. The
figure displays the numbers of up- and down regulated genes in S.
latissima after 24 h of exposure to different temperatures (2°C/17°C)
and different light conditions (low/high PAR). Identification of regulated
ESTs is based on microarray hybridizations and evaluated with an
ANOVA against a control treatment with n=4 and p<<0.01, followed by
a post hoc Tukey test (HSD, p<<0.01).
doi:10.1371/journal.pone.0044342.9002

Gene enrichments were performed to assign biological processes
to these large groups of responsive ESTs. We analyzed whether
the abundance of certain Gene Ontology (GO) terms within the
GO root category biological process is significantly different
between the groups of the cross comparison versus the whole gene
set on the microarray. Special emphasis was given to the ratio of
biosynthetic versus catabolic processes at different treatments. In
the group of genes simultaneously up-regulated under both light
conditions at low temperature the GO term one-carbon metabolic
process (GO:0006730) was over-represented. The high PAR low
temperature up-regulated genes revealed 52 enriched GO terms of
the roots biological process (for a detailed list see Table Sl).
Among these more catabolism-related GO terms were detected
than GO terms related to biosynthesis. Among the down-regulated
genes at low temperature as well as at high PAR and low
temperature no over-represented GO terms could be found. The
set of down-regulated high temperature-responsive ESTs featured
29 over-represented GO categories, often representing catabolic as
well as biosynthetic processes of a metabolic process, e.g.
monosaccharide biosynthetic process (GO:0046364) and mono-
saccharide catabolic process (GO:0046365). The highest abun-
dance of enriched GO terms was observed among the high PAR
high temperature down-regulated genes. We detected more
catabolism-related GO terms then biosynthesis-related GO terms.
125 over-represented GO terms were identified, including several
crucial metabolism categories e.g. photosynthesis (GO:0015979),
carbohydrate metabolic process (GO:0005975), and cellular
amino acid metabolic process (GO:0006520).

Gene enrichments of single treatment conditions

Gene enrichments were performed for all significantly regulated
genes of the different stress conditions. The analyses showed that
temperature stress combined with high PAR stress led to a stronger
shift in gene expression compared to the control treatment than
temperature stress alone. We detected 50 over-represented GO
terms among the regulated genes under low temperature and high
PAR and 89 enriched GO terms within the high temperature and
high PAR regulated genes, but only 5 respectively 4 GO terms
within the regulated genes under low and high temperature stress
alone. For a detailed list see Table S2.
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Figure 3. Venn diagram of responsive ESTs after 24 h exposure
to different light and temperature conditions. Numbers of
responsive ESTs in S. latissima after exposure to different experimental
conditions. Regulated transcripts are seperated in up (1) and down
(l) regulated ESTs. The intersections display the number of ESTs
regulated in both treatments.

doi:10.1371/journal.pone.0044342.9003

The high PAR treatments showed 23 commonly enriched GO
terms, e.g. plastid (GO:0009536), and cellular component
organization (GO:0016043). The high PAR treatment at low
temperature additionally resulted in a higher abundance of GO
terms correlated to amino acid metabolism such as cellular amino
acid biosynthetic process (GO:0008652), and cellular amino acid
and derivative metabolic process (GO:0006519). High PAR
treatment at high temperature on the contrary led to an enhanced
appearance of GO terms associated with photosynthetic compo-
nents, catabolism, and biosynthetic processes, in particular cellular
nitrogen compound biosynthetic process (G0O:0044271) and
porphyrin biosynthetic process (GO:0006779). We found no
shared enriched GO terms within the low PAR treatments.

Summary of transcriptional changes based on KOGs

Distribution of differentially regulated transcripts from the
different stress treatments based on KOG categories indicate
a broad response concerning multiple cellular functions (Figure 4).
A temperature of 2°C for example yielded in stronger induction of
transcripts of the categories ‘translation, ribosomal structure and
biogenesis’ and ‘inorganic ion transport and metabolism’, further-
more to stronger repression of genes associated with the category
‘posttranslational modification, protein turnover, chaperones’. A
temperature of 17°C caused induction of a higher number of genes
correlated to the category ‘cell cycle control, cell division,
chromosome partitioning’ as well as stronger repression of
transcripts of the categories ‘coenzyme transport and metabolism’,
‘secondary metabolites biosynthesis, transport and catabolism” and
‘cell wall/membrane/envelope biogenesis’.

Classification of over-represented KEGG pathways
KOBAS analyses resulted in the identification of several

significantly enriched pathways within the different treatments

(Table 1). At low temperature under both light conditions up-
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Figure 4. KOG category distributions of differentially expressed transcripts determined by microarray hybridizations. The figure
displays the KOG category distribution of up (1) and down (| ) regulated transcripts in S. latissima after exposure to the stress treatments in
comparison to the control treatment. Color intensities reflect the amount of ESTs per group calculated in percent of total ESTs grouped into KOGs

with known or general function prediction.
doi:10.1371/journal.pone.0044342.9004

regulated genes involved in glycine, serine, and threonine
metabolism were affected. Among the up-regulated genes under
low temperature and high PAR we observed additionally an
increased regulation of alanine, aspartate, and glutamate metab-
olism, and aminoacyl-tRNA biosynthesis. Common features at
high temperature included down-regulation of transcripts involved
in carbon fixation. Furthermore the high PAR and high
temperature condition led to a significant down-regulation of
several metabolic pathways such as glycolysis/gluconeogenesis,
glutamate, fructose and mannose, nitrogen, and porphyrin and
chlorophyll metabolism as well as collecting duct acid secretion.
For the latter genes contributing to this pathway are mostly
encoding for different isoforms of the V-type proton ATPase. A
full list of genes contributing to the results of the KOBAS analysis
can be retrieved from the supplemental material (Table S3).

Manual classification of genes responsive to temperature
and oxidative stress

To investigate the mechanisms involved in the response to
temperature and high PAR mediated oxidative stress, as well as
the effects from these stressors on the state of photosynthetic
components, we examined manually transcriptional changes of
genes encoding photosynthetic components (Table 2), ROS
scavengers (Table 3), heat shock proteins (Hsps) (Table 4), and
transcripts involved in proteolysis (Table 5). A full list of the

PLOS ONE | www.plosone.org

regulated genes can be retrieved from the supplemental material
(Table S4). We observed a strong down-regulation of transcription
for most of the photosynthetic components in response to the high
PAR 17°C treatment, the strongest transcriptional changes of up
to 61.7 fold occurred in genes correlated to the light harvesting
complex (contigl5369, contig07943, contig08792). Additionally
transcripts encoding the photosystem II (e.g. photosystem II
12 kDa extrinsic protein, photosystem II cp47 chlorophyll
apoprotein, and photosystem II D2 protein), and transcripts of
thylakoid luminal proteins (contig07691, contig24607) were
significantly repressed. The 17°C low PAR treatment resulted in
significantly down-regulated transcripts coding for the fucoxanthin
chl a c lhca clade, light harvesting complex protein 4, light-harvest
protein, and photosystem I reaction center subunit XI, for them
transcriptional changes between 2.1-2.7 fold were observed. Low
temperature treatments on the contrary led to a significant
induction of photosynthetic component transcripts: some tran-
scripts showed a similar abundance within the high and low light
treatment, e.g. light harvesting complex protein and photosystem
II protein Y. Other up-regulated transcripts at low temperature
such as photosystem II biogenesis protein psp29 and thylakoid
lumenal protein exhibited higher transcriptional changes within
the high PAR treatment compared to the low PAR treatment.
We found a significant transcriptional regulation for several
genes encoding antioxidative enzymes. Transcripts encoding the
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chloroplastic alternative oxidase, glutathione reductase, and
thioredoxin reductase showed a significant up-regulation at all
stress treatments except at low light/2°C. The highest transcrip-
tional response for the chloroplastic alternative oxidase appeared
under the high PAR 17°C treatment, whereas the induction of
glutathione reductase and thioredoxin reductase was strongest at
the low temperature/high PAR condition. Transcripts of glutar-
edoxin, glutathione S-transferase, and mitochondrial superoxide
dismutase precursor were up-regulated at high temperatures and
featured the highest transcript abundances at the high tempera-

Table 1. Over-represented KEGG pathways among the significantly up- and down-regulated genes under different stress

conditions.

Treatment Regulation KEGG pathway KO Id

2°C high PAR/2°C low PAR up Glycine, serine and threonine metabolism ko00260

2°C high PAR up Alanine, aspartate and glutamate metabolism ko00250
Aminoacyl-tRNA biosynthesis ko00970

17°C high PAR/17°C low PAR  down Carbon fixation in photosynthetic organisms ko00710

17°C high PAR down Collecting duct acid secretion ko04966
Glycolysis/Gluconeogenesis ko00010
Fructose and mannose metabolism ko00051
Nitrogen metabolism ko00910
Porphyrin and chlorophyll metabolism ko00860

Enriched KEGG pathways were identified with a hypergeometric test (p<<0.01).

doi:10.1371/journal.pone.0044342.t001

ture/high PAR condition. Superoxide dismutase [Ie] in contrast
was significantly up-regulated at low PAR 17°C, whereas
transcripts coding the l-ascorbate peroxidase featured an induction
at high PAR 2°C. Additionally we observed enhanced transcript
abundance for chloroplastic thioredoxin at both high PAR
conditions. The only significant down-regulation among tran-
scripts correlated to ROS scavenging mechanism was observed for
the glutathione S-transferase at the low temperature treatments.
We were able to identify several differently expressed Hsps
genes; here we observed a diverse response of transcripts not only

PLOS ONE | www.plosone.org

Table 2. Differential regulated genes encoding photosynthetic components.
Annotation e-

Contig name Putative gene product Value Fold change

2°C low 2°C high 17°C low 17°C high

PAR PAR PAR PAR
Contig12790 Cytochrome b6-f complex 1.9e-55 -1.1 —-1.2 -13 —4.5
Contig06404 Fucoxanthin-chlorophyll a-c binding protein 1.6e-82 1.1 =11 -1.6 —8.6
Contig15369 Fucoxanthin chl a c lhca clade 6.9e-59 -1 -1.8 —-2.1 -61.7
Contig12435 Light harvesting complex protein 1.2e-52 2.1 2.9 1.1 1.2
Contig07943 Light harvesting complex protein 4 5.6e-66 -1.1 -1.5 -2.6 —-49.7
Contig08792 Light-harvest protein 6.4eE-85 —1.5 -1.7 -2.7 -16.5
Contig00811 Photosystem | reaction center subunit xi 8.9e-40 -1 1.2 -2.2 -8.9
Contig06470 Photosystem Il 12 kDa extrinsic protein 2.4e-49 =11 -1.3 —1.5 —8.9
Contig02889 Photosystem Il biogenesis protein psp29 2.1e-76 2.8 5.4 -1.1 1.1
Contig01925 Photosystem Il reaction centre protein D1/psba 0 1.7 15 1.2 -3.7
Contig02559 Photosystem Il cp47 chlorophyll apoprotein 0 14 13 -1.9 —-20.9
Contig03429 Photosystem Il D2 protein 0 13 1.9 -13 -14.4
Contig14092 Photosystem Il protein 7.5e-89 14 2.6 -1.7 -2.9
Contig13305 Photosystem Il protein y 2.6e-07 2.6 2.4 1.9 —-1.8
Contig28409 Photosystem |l stability assembly factor 5.7e-73 1.9 2.6 -13 -1.8
Contig02889 Thylakoid protein 6.4e-14 2.8 5.4 =1 =11
Contig05910 Thylakoid luminal 17.4 kDa 1.1e-24 1.5 2.2 —-14 -1.7
Contig07691 Thylakoid luminal 15 kDa protein 2.5e-36 2.7 4.7 —-14 —-2.3
Contig24607 Thylakoid luminal protein 1.1e-13 1.1 14 -1.7 -3.1
All displayed genes were differentially expressed with p<<0.01 and a fold change >2 (numbers in bold).
doi:10.1371/journal.pone.0044342.t002
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Table 3. Differentially regulated genes encoding ROS scavenging enzymes.

Transcriptomic Analysis in Saccharina latissima

Annotation e-

Contig name Putative gene product Value Fold change

2°C low 2°C high 17°C low 17°C high

PAR PAR PAR PAR
Contig09006 Chloroplastic alternative oxidase 9e-46 2 3.1 17 3.9
Contig21020 Glutaredoxin 8.6e-09 -1.6 1.8 24 2.8
Contig03562 Glutathione reductase 8.3e-112 2.8 5.1 14 2.1
Contig03637 Glutathione S-transferase 1.3e-80 —-5.6 —-2.8 5.2 9
Contig00051 L-ascorbate peroxidase 1.9e-112 1.8 2.5 1.5 1.2
Contig05892 Superoxide dismutase [Fe] 1.3e-69 -1.2 -13 2 1.9
Contig11011 Superoxide dismutase mitochondrial precursor 3.7e-88 -1 1.1 3.2 5.2
Contig14359 Thioredoxin chloroplastic 8.4e-25 1.9 2.6 1.8 29
Contig08467 Thioredoxin reductase chloroplastic 9.2e-36 6.1 9.4 1.9 3.8

doi:10.1371/journal.pone.0044342.t003

to high temperature, but also to low temperature. The strongest
induction of Hsps occurred after the exposure to high PAR at
17°C with an 34.2 fold up-regulation for the heat shock 70 kDa
protein 5, in addition we observed four chaperones, e.g. the heat
shock 70 kDa protein 5 and the mitochondrial heat shock protein
mtHSP70, exclusively up-regulated in response to this treatment.
The transcript abundances of the chaperone protein DnaJ and the
heat shock cognate 70 kDa protein 3 were significantly enhanced
after all treatments except at the high temperature low PAR
treatment, whereas chaperone protein DnaK, heat shock 70 kDa
protein 5, and heat shock-like 85 kDa protein were up-regulated at
all conditions except the low temperature low PAR condition, the
heat shock 70 kDa protein 5 and the heat shock-like 85 kDa
protein featured a stronger up-regulation at 17°C. Three Hsps,
heat shock protein 33 homolog, heat shock protein 60, and heat
shock protein 90 were significantly up-regulated in response to low

All displayed genes were differentially expressed p<<0.01 and with a fold change >2 (numbers in bold).

temperature stress at both light conditions, but with a stronger
induction at high PAR 2°C. Transcripts of the mthsp70-associated
motor and chaperone protein exhibit a significantly higher
abundance within the high temperature treatments with a stronger
expression after the high PAR 2°C treatment.

We detected a significant induction of the 26s protease
regulatory subunit 6a, 6b, and 8a at high PAR 17°C, whereas
the proteasome subunit alpha type 2 was induced in both high
temperature treatments. All genes belonging to the process of
ubiquitin mediated proteolysis, except for the ubiquitin-like
modifier-activating enzyme 1, were exclusively up-regulated at
high PAR 17°C. The ubiquitin-like modifier-activating enzyme 1
was up regulated at both high temperature treatments, but
featuring an enhanced up-regulation within the high light
condition. Transcripts annotated as an ATP-dependent protease
ATPase subunit and a cathepsin b-like cysteine proteinase 5 were

Table 4. Differentially regulated genes encoding heat shock proteins.

Annotation e-

Contig name Putative gene product Value Fold change

2°C low 2°C high 17°C low 17°C high

PAR PAR PAR PAR
Contig12085 Chaperone protein DnaJ 6.5e-56 2.2 2.6 1.9 2.2
Contig01237 Chaperone protein DnaK 5.8e-144 =13 2.1 8.8 11.2
Contig06341 Heat shock 70 kda protein 4 4.4e-34 1.2 14 1.6 3
Contig24742 Heat shock 70 kda protein 5 2.5e-37 1.9 25 4.4 34.2
Contig28226 Heat shock cognate 70 kda protein 1 4.9e-66 -1.1 1 1.8 3.4
Contig06811 Heat shock cognate 70 kda protein 3 3.6e-59 2 2.1 1.1 24
Contig13216 Heat shock factor-binding protein 1 1.5e-11 -1.1 -1.1 1.2 3.4
Contig10777 Heat shock protein 33 homolog 1.9e-33 24 3.6 —-14 -2.6
Contig10085 Heat shock protein 60 7.7e-42 25 3.7 13 14
Contig09075 Heat shock protein 90 2.5e-145 2 4 1.9 1.8
Contig11643 Heat shock protein mitochondrial mthsp70 1.5e-07 -1.3 -1 1.5 2.7
Contig09074 Heat shock-like 85 kda protein 3.3e-09 1.2 24 2 2
Contig04604 Mthsp70-associated motor and chaperone protein 1.2e-07 1.1 1.5 24 6

doi:10.1371/journal.pone.0044342.t004
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All displayed genes were differentially expressed with p<<0.01 and a fold change >2 (numbers in bold).
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induced at high PAR 17°C, whereas transcripts for the ATP-
dependent clp protease proteolytic subunit was found to be up-
regulated at high PAR 2°C. Interestingly we also detected two
transcripts belonging to the family of cysteine proteases; the
transcript abundance of a cysteine proteinase 2 was significantly
enhanced at high PAR 17°C, whereas the transcript of a papain
family cysteine protease containing protein was 2.3- fold induced
at low light 17°C and 9.2-fold induced at high light 17°C.

Discussion

This study represents the first broad scale gene expression study
of a kelp species in response to abiotic stress. Genes covering about
70% of the genome were analyzed. Our aim was to investigate
expression profile changes in Saccharina latissima after exposure to
high PAR and temperature stress. We observed a multitude of
transcriptional changes: Up to 30% of genes showed an altered
expression after the exposure experiments. Similarly, in Chondrus
enispus 25% of the studied genes exhibited transcriptional changes
after exposure to different abiotic stressors [50]. In Ectocarpus
stliculosus, almost 70% of the expressed genes featured significant
changes in transcript abundance in response to stress [51]. We
found that more genes were differently up-regulated than down-
regulated, additionally more genes were regulated at high than at
low PAR conditions; the largest amount of transcriptional changes
was observed at high PAR and 17°C.

Photosynthesis

Sporophytes exposed to high photosynthetically active radiation
conditions showed a significant decrease in the maximum
quantum vyield of PS II. The combination of high PAR and
a temperature of 17°C resulted in the highest degree of
photoinhibition, showing 90% reduced Fv/Fm as compared to
the control after 24 h of exposure. This was reflected by strong
down-regulation (up to 60-fold) of transcripts responsible for
photosynthetic components, e.g. encoding light harvesting com-
plex proteins, photosystem II related proteins, porphyrin and
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Table 5. Differentially regulated genes encoding proteins involved in proteolysis.
Annotation e-

Contig name Putative gene product Value Fold change

2°C low 2°C high 17°C low 17°C high

PAR PAR PAR PAR
Contig07342 265 protease regulatory subunit 6a homolog 2e-156 -1.2 13 1.9 3.3
Contig11906 265 protease regulatory subunit 6b homolog 8.7e-174 =1 —-13 1.6 2.1
Contig14531 265 protease regulatory subunit 8 a 1.6e-164 -1.1 -1.9 1.8 2.1
Contig21902 ATP-dependent clp protease proteolytic subunit 3.2e-36 13 2.2 1 1.5
Contig09850 ATP-dependent protease atpase subunit 8.9e-117 1.1 1.1 14 4.7
Contig02945 Cathepsin b-like cysteine proteinase 5 8.4e-31 =1 —1.1 —1.1 3.1
Contig17610 Cysteine proteinase 2 3.6e-12 —-14 1.4 13 2.5
Contig00569 Papain family cysteine protease containing protein 2.6e-56 =11 —1.2 2.3 9.2
Contig03402 Proteasome subunit alpha type 2 2.1e-119 -13 -13 2.2 2.6
Contig13292 Ubiquitin 1.1e-55 =11 1.5 1.2 3.1
Contig12782 Ubiquitin conjugation factor 7.7e-162 -13 —14 1.6 24
Contig07882 Ubiquitin specific protease 39 and scrap assembly 1.5e-112 1.1 -1.1 13 2.6
Contig13903 Ubiquitin-conjugating enzyme 2.5e-53 —-14 -1.3 1.2 4.4
Contig02894 Ubiquitin-like modifier-activating enzyme 1 5.8e-119 15 -12 2.1 4.3
All displayed genes were differentially expressed with p<<0.01 and a fold change >2 (numbers in bold).
doi:10.1371/journal.pone.0044342.t005

chlorophyll metabolism proteins, and carbon fixation enzymes.
Fluorescence measurements as well as gene expression studies
indicate a breakdown of photosynthesis. Thus we suggest that S.
latissima from the Arctic is particular susceptible to chronic
photoinhibition at high PAR high temperature conditions. Pre-
liminary experiments demonstrated that thalli exposed to high
PAR and a temperature of 17°C for extended periods did not
recover during a 6 h dark period of a 18 h light: 6 h dark cycle.
This treatment seems to lead to irreversible damage. However, to
confirm the hypothesis of chronic photoinhibition of an Arctic
ecotype of S. latissima additional studies with temperate popula-
tions are required.

High PAR at 2°C caused a decrease in maximum quantum
yield between 40-50% compared to the control, on the
transcriptional level we observed an up-regulation between 2-5
fold of photosystem II, thylakoid, and light harvesting complex
protein correlated transcripts. The low PAR treatments on the
contrary induced no significant changes in maximum quantum
yield of photosystem II, nevertheless light harvesting complex
transcripts as well as some of the photosystem II transcripts were
up-regulated at 2°C and down-regulated at 17°C with a fold
change of about 2. Our results are in agreement with physiological
studies showing that Saccharina latissima is well adapted to low
temperature and low light conditions [13,18,52-54]. The observed
effect of high PAR stress on the photosynthesis of S. latissima might
be due to the shade adaption of the species, which is expressed in
a low compensation point, high absorbance and photosynthetic
efficiency (o) especially in shade grown plants [55,56], a physio-
logical constitution favoring strong photoinhibition when exposed
to high PAR [57]. Low light adapted subtidal algae are more
sensitive to high PAR stress than high irradiance adapted algae
[58]. Another study revealed that high temperatures can enhance
photodamaging effects of high PAR in plants [59]. In Saccharina
latissima  photosynthetic efficiency decreases with increasing
temperatures [7]. However, hyper-optimal temperatures of up to
22°C did not influence photoinhibition in . latissima [60]. These
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contradicting results might be due to ecotypic differentiation
within the species, in turn explaining the huge capacity for climatic
adaption and therefore its wide geographic distribution.

The observed regulation of transcripts encoding the light
harvesting complex (LHC) in all our experimental conditions
leads to the suggestion, that the regulation of LHC proteins is
a prominent part of the photoacclimatory mechanism in S.
latissima. This agrees with former studies, showing that changes in
light availability and temperature, as well as the age of the thalli,
influenced the pigment content and composition in S. latissima
[7,21,22]. The expression of the nuclear encoded LHC genes is
regulated by chloroplast redox signals, including the redox state of
electron transport components [34] as well as chlorophyll
biosynthetic intermediates [61]. The abundance of transcripts
correlated to photosystem II varied within the stress treatments,
with a trend towards up-regulation at low temperatures and down-
regulation at high temperatures. The photosystem II biogenesis
protein psp29 was up-regulated at both low temperature
conditions with higher transcript abundance at high PAR.
Disruption of this gene results in an impairment of PS II function
under high irradiance confirming the involvement of psp29 in PS
II biogenesis and disintegration following photodamage [62].
Hence the up-regulation of this gene at low temperatures might be
due to a cold shock photoinhibition effect, as temperature leads to
an increase of photo-oxidative stress, partly because of the reduced
activity of the Calvin cycle [34,63].

Furthermore we detected specific transcriptional changes for
those treatments causing decreased maximum quantum yield:
photosystem II D2 protein was up-regulated at high PAR 2°C,
whereas photosystem II reaction center protein D1/psbA was
strongly down-regulated at high PAR 17°C. Photoinhibition is
a state of physiological stress that appears when excessive light is
absorbed by the photosynthetic apparatus; chronic photoinhibi-
tion occurs when the rate of damage exceeds the capacity of the
PSII repair and is associated with the inactivation and degradation
of PS II reactions centers [21,64-66]. The recovery mechanisms of
photosystem II include the removal of damaged D1 proteins and
replacement by newly synthesized molecules for the PSII [67].
Recent studies by [68] revealed that photodamage of PS 1II is not
only associated with damage within the PSII reaction center, but
also with a depressed repair rate caused by inhibition of the
synthesis of the D1 protein at the step of protein translation. Our
finding of strongly lowered maximum quantum yield and reduced
transcript abundance of D1 therefore suggest that the severe
damage to PS caused by the 17°/high PAR treatment could not be
overcome by transcriptional regulation in S. latissima.

General stress response characteristics

S. latissima exhibited significant changes in gene expression after
the exposure to different temperatures, even though no influence
on the maximum quantum yield of photosynthesis was observed.
The higher number of high temperature-responsive genes
indicates that high temperature had stronger effects on the gene
expression in S. latissima than low temperature. This implies that
high temperatures are more harmful for S. latissima than low
temperatures, resulting in stronger efforts to overcome the
negative effects. Gene enrichment analysis showed down-regula-
tion of carbohydrate biosynthetic and catabolic processes after
exposure to high temperature, as well as repression of transcripts
correlated to photosynthesis and carbon fixation. A possible
explanation might be the increasing reaction rate of enzymes at
elevated temperatures. In many cellular processes the reaction rate
tends to increase with a Q¢ of about 2 [69]. Furthermore, a down-
regulation of transcripts can partially be caused by energetic and
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mass limitations of the full transcriptome, favoring transcripts of
acute and chronic stress response.

At 2°C we detected up-regulation of genes correlated with the
metabolism of glycine, serine, and threonine. An increase in the
amino acid content during cold acclimation was also demonstrated
for the green algae Alebsormidium flaccidum [70]. Only few studies
were conducted on the amino acid metabolism of macroalgae
[71,72] and until now no data are available on the influence of
cold acclimation on the amino acid metabolism of macroalgae.
Serine is involved in the final step of cysteine biosynthesis, which
includes incorporating of a sulfide moiety and an amino acid
moiety from serine through O-acetyl-L serine [73]. The amino
acids cysteine, glycine, and glutamate are essential for synthesis of
Glutathione (GSH), a reducing co-factor for several enzymes
mnvolved in ROS detoxification [49,74]. Furthermore it was
observed that GSH levels respond to the availability of cysteine
and glycine, an elevated capacity for GSH synthesis in the
chloroplast can influence metabolic upstream events for satisfying
the increased substrate demand [75]. The up-regulation of glycine,
serine, and threonine metabolism in S. latissima at low temperature
thus might be reflecting the higher demand of GSH due to an
increase of photooxidative stress. However, although mRNA levels
often indicate active metabolic patterns, in some cases it is not
possible to extrapolate the enzymatic activity from the transcrip-
tional level. Future investigations should therefore combine
transcriptional studies with measurements of particular down-
stream components.

The interactive effects of temperature and light stress on
photosynthesis in S. latissima were also observed at the transcrip-
tional level; the amount of high PAR responsive ESTs doubled at
high temperature. In general high PAR caused an up-regulation of
catabolic processes for energy supply as well as for genes with
antioxidant functions. The combination of light and low temper-
ature stress led on the one hand to an induction of lipid catabolism
and carbohydrate metabolism, on the other hand to an increased
number of induced gene activities in cellular amino acid bio-
synthesis, cellular nitrogen compound biosynthesis and nucleobase
biosynthesis. Furthermore we observed enhanced up-regulation of
the aminoacyl-tRNA metabolism. These results suggest that
energy was generated for removal and replacement of damaged
proteins as well as for the synthesis of stress related proteins, e.g.
Hsps and ROS scavenging enzymes. Cells are able to balance
finely the expression of stress related and growth related genes.
Stress results in an induction of genes with energy generating, heat
shock and antioxidant functions, whereas growth related genes are
mostly repressed [76]. Few studies focused on molecular stress
response patterns in other macroalgae. [77] Collén et al. 2006
examined the gene expression profiles of Chondrus crispus after
exposure to methyl jasmonate that resulted in a repression of genes
involved in energy conversion and general metabolism and to an
induction of stress-related genes, e.g. glutathione S-transferase and
Hsp-20. In another study Collén et al. 2007 investigated the
response of the transcriptome of Chondrus crispus to high light, high
temperature and osmotic stress. At these conditions decreased
expression of energy- and protein synthesis and increased
expression of stress genes was observed, suggesting that available
resources were rather used for reducing potential damage and
repair of structure than for growth related processes [50]. A recent
study of global gene expression in Ectocarpus siliculosus in response
to abiotic stress gave similar results, namely repression of genes
related to growth and primary metabolism and induction of
energy generation and production of protectants [51].

Excessive light at high temperature was the most destructive
stress condition for S. latissima, resulting in a strong down-
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regulation of several metabolic processes, e.g. photosynthesis,
carbohydrate metabolism, and amino acid metabolism. We
detected enhanced expression of ROS scavengers as well as a high
abundance of Hsp transcripts. A striking feature of the high PAR/
high temperature treatment was the significant induction of several
genes involved in proteolysis, e.g. protease regulatory subunits and
components of the ubiquitin-mediated proteolysis, which did not
occur in any other of our stress treatments. Our data suggest that
this treatment caused the highest degree of protein dysfunction.
The 26S proteasome is an essential part of the ATP-dependent
proteolysis in eukaryotes, consisting of two functionally different
sub-complexes, the 20S core protease and a 19S regulatory
particle [78,79]. It is responsible for the degradation of various
cellular proteins, including also critical regulatory proteins (e.g.
cyclins) as well as transcription factors; hence it is involved in
various cellular processes, for instance apoptosis, metabolic
regulation and signal transduction [80,81]. Interestingly the
induction of two genes annotated as different cysteine proteases,
cysteine proteinase 2 and papain family cysteine protease contain-
ing protein was observed in S. latissima under excessive light and
high temperature. Cysteine proteases are involved in intracellular
protein degradation, they respond to different internal and
external stimuli and are able to provide up to 90% of the
proteolytic activity [82,83]. Moreover, several studies showed that
cysteine protease activity is a key event in programmed cell death
or apoptosis in plants and different phytoplankton species [84-87].
Taken all together, our data indicate that S. latissima is not able to
adapt to excessive light in connection with high temperatures.
Further studies are needed to distinguish between apoptosis versus
necrosis as the major process in S. latissima at high temperatures
and under high light.

ROS scavenging enzymes

We detected significant induction of several transcripts corre-
lated with reactive oxygen species (ROS) scavenging mechanisms.
Transcripts coding for superoxide dismutase (SOD) [Fe] were
induced at low PAR 17°C, whereas transcripts encoding the
mitochondrial SOD precursor were up-regulated in both light
conditions at 17°C. ROS species such as superoxide and hydrogen
peroxide are involved in response to biotic and abiotic stress in
macroalgae [39,88-90]. SOD catalyzes the reaction from super-
oxide anion to hydrogen peroxide and oxygen [29,91,92]. A
couple of studies focused on the SOD enzyme activity in response
to abiotic stresses in macroalgae. Bischof et al. (2003) detected an
increased enzyme activity of SOD in Ulva after exposure to PAR
and UV irradiance [29], the same was shown for Chaetomorpha
lnum after exposure to UV radiation [93]. An increased SOD
activity was also observed in Ulva fasciata in response to salinity
stress [94]. Gene expression analysis of Chondrus crispus indicated an
up-regulation of SOD transcripts after exposure to methyl
jasmonate [77]. Since the generation of ROS increases at low
temperature [43] the observed up-regulation of SOD at high
temperature in our experiments seems to be counterintuitive at
first sight. However, our results agree with other investigations:
Vyas & Kumar (2005) analyzed the activity of SOD from tea
(Camellia sinensis) over a wide temperature range and detected
increased activity of SOD at decreasing temperatures with an
optimum at 0°C. This peculiarity was also shown for several
phytoplankton species by Perelman et al. (2006), which suggested
that the benefit of this low temperature activation provides a faster
protection than de novo enzyme synthesis alone [32].

We observed significant induction of genes coding for enzymes
of the ascorbate-glutathione cycle. Ascorbate peroxidase (APX)
was induced after exposure to high PAR at 2°C, whereas the
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glutathione reductase (GR) was up-regulated in all treatments
except low PAR at 17°C, with the strongest induction after
exposure to high PAR at 2°C. Additionally, a higher number of
transcripts coding for glutaredoxin was found in response to high
temperature. The ascorbate-glutathione cycle is considered to play
an important role in ROS scavenging [46]. In this pathway
reduced glutathione (GSH) is required for the reduction of
dehydroascorbate, which is generated via monodehydroascorbate
by APX activity [95]. Glutaredoxins are small heat-stable
disulphide oxidoreductases, which catalyze glutathione-dependent
reactions and are suggested to protect cells against oxidative
damage [96,97]. However, plants contain various glutaredoxins
whose functions are still unknown [98]. Some glutaredoxins were
shown to be up-regulated by heat stress [99], furthermore there is
evidence that glutaredoxins interact with Hsps and antioxidant
enzymes [100,101].

In macroalgae the activity of ROS scavenging enzymes has
been studied extensively. Macroalgae exhibit increased activity of
GR and APX after exposure to various abiotic factors such as low
temperature [102], UV-radiation [48,90], copper concentration
[39,47] and desiccation [95]. Only a few projects focused on gene
expression in macroalgae during stress. Collén et al. 2007 observed
the over expression of APX transcripts in Chrondrus crispus after
exposure to high light conditions [50]. The green alga Ulva fasciata
showed enhanced up-regulation of APX and GR genes in response
to copper stress [47]. Dittami et al. (2009) detected enhanced
expression of glutaredoxin and glutathione peroxidase in Fctocarpus
sthiculosus after exposure to oxidative and hyper saline stress,
respectively [51]. Owur results conform to previous studies,
demonstrating that the ascorbate-glutathione cycle is an important
anti-oxidant mechanism in macroalgae.

Two genes of the chloroplastic thioredoxin system were detected
among the significantly up-regulated ones. Transcripts for
chloroplastic thioredoxin showed enhanced abundance at high
PAR conditions, whereas thioredoxin reductase was induced after
all treatments, except for low PAR at 17°C, with highest fold
change detected after exposure to high PAR at 2°C. Thioredoxins
(Trx) are low molecular weight thiol-disulphide oxidoreductases
and involved in redox homeostasis [103,104]. Thioredoxin
reductase is an abundant thiol based peroxidase, which catalyzes
the reduction of thioredoxin [105]. Two isoforms of thioredoxin
reductase are present in the chloroplast, which use either
ferredoxin or NADPH as an electron donor [103]. Plastidic
thioredoxins are induced in response to high light intensities,
indicating a function in redox balancing related to photosynthesis
[106]. They regulate photosynthetic enzymes by light via
ferredoxin-thioredxin reductase, and are critical for redox
regulation of protein function and signaling via thio redox control
[107]. Furthermore studies by Michelet et al. [108] suggest
a complex interaction between Trx, glutaredoxins and glutathi-
one, which are key components of the cellular redox-signaling
network. Taken together it can be concluded that S. latissima
possesses strong protection mechanisms against oxidative damage.
ROS scavenging mechanisms showed the strongest induction after
exposure to high light at 2°C, suggesting that the highest amount
of ROS is generated under excessive light in combination with low
temperature.

Heat shock proteins

We observed differential up-regulation of various heat shock
proteins (Hsps). Members of the Hsp 70 family were most strongly
expressed after the high PAR 17°C treatment. Interestingly three
Hsps, Hsp 33, Hsp 60, and Hsp 90, respectively, were exclusively
induced at low temperatures. Another four transcripts (Heat shock
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70 kda protein 4, Heat shock cognate 70 kda protein 1, Heat
shock factor-binding protein 1, mitochondrial heat shock protein
mthsp70) were solely up-regulated in response to high temperature
in combination with high PAR. Hsps are highly conserved
proteins, which are not only important for a broad array of normal
cellular processes, but more so play a crucial role in response to
stress by re-establishing functional protein conformation and thus
cellular homeostasis [109-111]. We detected members of four
families, small heat shock proteins (sHsps), Hsp 60, Hsp 70, and
Hsp90, among up-regulated genes. Until now, little is known
about the function of Hsps in macroalgae in response to stress.
Most studies focused on the expression of Hsp 70, which was
shown to be heat shock induced in the red alga Plocamum
cartilagineum [112], the brown alga Laminaria japonica [111] and the
green alga Ulva pertusa [113]. Collén et al. 2007 detected in the red
algae Chrondrus crispus an enhanced transcript abundance of Hsp 70
in response to high light and high temperature, furthermore a high
light dependent induction of the Hsp 90 was observed [50]. One
study investigated the survival under heat stress in intertidal
embryos of Fucus spp.; here the Hsp 60 showed a higher expression
level at elevated temperatures [114]. It was recently shown by
Pearson et al. (2010) that temperature stress led to an enhanced
expression of several different Hsps in Fucus, including the Hsp 18,
Hsp 70, Hsp 83 as well as the Hsp STI [115]. Our data suggests
that the sophisticated regulation of Hsps i S. latissima is
a prominent part of acclimation not only to temperature but also
to combined environmental stresses like high PAR in combination
with high temperature.

Conclusions

Our study shows that S. latissima from the Arctic (Spitsbergen)
responds to high temperature and light stress with a multitude of
transcriptional changes, and that high temperature (17°C) had
stronger effects on the gene expression in S. latissima than low
temperature (2°C). We conclude that S. latissima, as a cold adapted
species, requires a larger degree of metabolic reorganization for
acclimating to high temperatures than to low temperatures. For all
parameters measured, the combination of high temperatures with
high light intensities caused the strongest response and proved
most harmful for the alga; even leading to an up-regulation of
programmed cell death related genes. The combination of the
stress factors light and temperature led to interactive effects on
photosynthesis and gene expression profiles. Thus simultaneous
influence of several stress factors can elevate their damaging
effects, and might lead to an increase of susceptibility to additional
stresses [116,117]. Possible consequences of this reduced resilience
for kelps include local extinctions of population near the southern
distribution limit as well as a shift in its distribution towards the
Arctic [118]. Future studies should therefore combine more and
additional factors, e.g. enhanced COy concentrations, changing
salinity, or enhanced UV-radiation. With respect to the ecotypic
differentiation within this species, similar studies on gene
expression under abiotic stresses should be conducted with S.
latissima populations of the southern distribution boundary, to gain
further insights into variability and acclimation potential among
spatially separated populations.

Materials and Methods

Culture conditions and stress treatments

Saccharina latissima (Lane) sporophytes were raised from game-
tophyte cultures, which were established from spores of fertile
sporophytes collected by SCUBA diving in Kongsfjorden, (79°N;
11°E; Svalbard, Norway; AWI culture numbers: 3123, 3124).
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Male and female gametophytes were fragmented together, trans-
ferred to petri dishes filled with Provasoli enriched Seawater (PES)
[119] and cultured at 10£1°C and 30 pmol photons m* s~
photosynthetically active radiation (PAR) at 18 h light:6 h dark
period. After 2 weeks developing sporophytes were transferred to
aerated 5] culture bottles and grown in PES until they reached
a size of 5-7 cm. The medium was changed twice per week.

Young sporophytes were exposed for 24 h in environmentally
controlled rooms set to 2, 12, and 17°C*1°C to high photosyn-
thetically active radiation (107.8%=5 umol photons m”s~ ') and low
photosynthetically active radiation (23.8%3.1 umol photons m?
s~ 1). For determining the light intensities of the stress treatments
preliminary experiments with different irradiances were con-
ducted. All experiments were conducted with five biological
replicates. Photosynthetically active radiation (PAR) was provided
by Osram daylight fluorescent tubes (Biolux, 36W; Osram,
Germany), and was determined by using a LI- 250 light meter
(LI-COR, Lincoln; USA).

Fluorescence measurements

Photosynthetic efficiency was measured to determine the extent
of photoinhibition in response to photosynthetically active
radiation (PAR) and temperature stress. The maximum quantum
yield of PS II (#+// Fm) was determined in the beginning and at the
end of the experiment by use of an Imaging PAM (Pulse
Amplitude Fluorometer, Walz, Effeltrich, Germany). Sporophytes
were dark-adapted for 5 min prior to the measurements. After the
fluorescence measurements the sporophytes were frozen in liquid
nitrogen and stored at —80°C until further use.

Iv/Fm values of sporophytes obtained under the different
conditions were analyzed using a two-way ANOVA with repeated
measurements (p<<0.01). Significant differences and interaction of
means were compared with the post hoc Tukey test (HSD,
p<<0.01). All statistical analyses were done using SPSS software
version 19 (IBM, USA).

RNA Extraction

Frozen sporophytes were ground in liquid nitrogen and
transferred to 2.0 ml Eppendorf tubes. 1 ml extraction buffer
(2% CTAB, 1 M NaCl, 100 mM Tris pH 8, 50 mM EDTA,
pH 8) and 20 pl DTT 2M were added and mixed well. The
mixture was incubated at 45°C for 10 min. One volume of
chloroform: isoamylalcohol (24:1) was added and mixed vigorously
for 10 min. The tubes were centrifuged for 20 min at 20°C and
12 000 g. 750 pl of the aqueous phase were transferred into a new
tube. 0.3 volumes of EtOH 100% were added and mixed gently
by inverting the tube. One volume of chloroform: isoamylalcohol
(24:1) was added and a second chloroform extraction followed.
500 pl of the supernatant were transferred to a new cup and total
RNA was extracted using a Quiagen Plant Mini Kit (Qiagen,
Hildesheim; Germany) according to manufactures protocol for
RNA Extraction including on-column DNA-digestion. Quantity
and purity of the extracted RNA was determined by a NanoDrop
ND-1000 spectrometer (PeqLab, Erlangen, Germany). integrity of
the RNA was verified by Nano Chip Assay with the 2100
Bioanalyzer device (Agilent Technologies, Boblingen, Germany).

Microarray design and hybridization

2x105 k microarrays slides were designed with Agilent’s eArray
online application tool containing 60mer oligonucleotides probes,
which were designed from a Saccharina latisssma ¢cDNA library,
thereby 26,224 transcripts were represented by 3 individual
probes. The cDNA library, featuring functional genome coverage
of approximately 70%, was established from RNA sampled under
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various light and temperature regimes [120]. Original sequencing
files of the cDNA library were uploaded at the NCBI Sequence
Read Archive (http://www.ncbi.nlm.nih.gov/sra; accession num-
ber SRR305166). Transcripts of the cDNA library were annotated
with Blast2GO [121] and blasted against NCBI non-redundant
protein database (http://blast.ncbi.nlm.nih.gov/Blast.cgi, NCBI-
nr) and the Swiss-Prot protein knowledgebase (http://www.
uniprot.org/) (release 2010_7) using the BLASTX algorithm with
an e-value cut-off of 1077, KOG categories for the cDNA library
were determined within the KOG/euNOG sets of orthologies
taken from eggNOG (Version 3.0 [122]) by trpsblastn [123] with
an e-value cut-off of 107 .

Total RNA of stress treatments (low PAR 2° and 17°C, high
PAR 2° and 17°C) was hybridized against the control treatment
(low PAR 12°C), consisting of pooled RNA of 4 individuals.
Hybridizations were carried out in 4 biological replicates, each
hybridized on a single microarray. For total RNA labeling the
Agilent two-color low RNA Input Linear Amplification kit (Agilent
Technologies, Waldbronn, Germany) was used. RNA from
control treatments was labeled by fluorescent complementary
RNA (cRNA) synthesis with cyanine-3-C'TP, stress treatment
RNA was labeled with cyanine5-C'TP.

Prior to the labeling, the Agilent RNA Spike-In Mix (Agilent)
was added to 700 ng of total RNA. Due the extensive length of 3
untranslated regions (UTRs) occurring in brown algae cDNA
synthesis was performed using a blend of T7 promoter primer and
T7 nonamer primer used in equal molarity. cRNA synthesis and
purification of labeled RNA was performed following the Agilent
Low RNA Input Linear Amplification Kit protocol (Agilent).
cRNA yield and specific activity of cyanine-3 and cyanine-5 was
determined using the NanoDrop ND-1000 spectrometer (PeqLab,
Erlangen, Germany).

Hybridizations were performed with 825 ng of cyanine-3 and
cyanine-5 labeled cRNA for 17 h at 65°C. Afterwards microarray
disassembly and wash procedure followed according to manufac-
turer’s instructions (Agilent). Microarrays were scanned with the
Agilent G2565AA scanner. Raw data processing was carried out
with the Agilent Feature Extraction Software version 9.1.3.1 (FE),
for quality monitoring of the microarrays the Agilent QC Tool
(v1.0) with the metric set GE2_QCMT_Feb07 was used.
Normalization was conducted with the Agilent Feature Extraction
Software version 9.1.3.1 (FE), which employs a linear normaliza-
tion correction and the Lowess algorithm.

The microarray design, raw data and normalized data as well as
the detailed experimental design are MIAME compliant and
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deposited in a MIAME compliant database (ArrayExpress at the
EBI; http://www.ebi.ac.uk/microarray-as/ae/; ID: E-MEXP-
3450).

Statistical analysis of microarray data
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