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Diatoms are unicellular brown algae that likely
arose from the endocytobiosis of a red alga into a
single-celled heterotroph and that constitute an algal
class of major importance in phytoplankton commu-
nities around the globe. The first whole-genome
sequence from a diatom species, Thalassiosira pseu-
donana Hasle et Heimdal, was recently reported,
and features that are central to diatom physiology
and ecology, such as silicon and nitrogen metabo-
lism, iron uptake, and carbon concentration mecha-
nisms, were described. Following this initial study,
the basic cellular systems controlling cell signaling,
gene expression, cytoskeletal structures, and
response to stress have been cataloged in an attempt
to obtain a global view of the molecular foundations
that sustain such an ecologically successful group of
organisms. Comparative analysis with several micro-
bial, plant, and metazoan complete genome
sequences allowed the identification of putative
membrane receptors, signaling proteins, and other
components of central interest to diatom ecophysiol-
ogy and evolution. Thalassiosira pseudonana likely
perceives light through a novel phytochrome and
several cryptochrome photoreceptors; it may lack
the conserved RHO small-GTPase subfamily of cell-
polarity regulators, despite undergoing polarized
cell-wall synthesis; and it possesses an unusually
large number of heat-shock transcription factors,
which may indicate the central importance of tran-
scriptional responses to environmental stress. The
availability of the complete gene repertoire will per-
mit a detailed biochemical and genetic analysis of
how diatoms prosper in aquatic environments and

will contribute to the understanding of eukaryotic
evolution.

Key index words: apoptosis; cell cycle; compara-
tive genomics; cryptochrome; cytoskeleton; dia-
tom; flagella; genome; GTP-ase; lateral gene
transfer; myosin; oxidative stress; Phaeodactylum
tricornutum; phytochrome; secondary endosym-
biosis; Thalassiosira pseudonana; whole-genome
analysis; xanthophyll cycle

Abbreviations: AP, apurinic ⁄ apyrimidinic; BV, bili-
verdin; CDKs, cyclin-dependent kinases; CSDs,
cold-shock domains; ESTs, expressed sequence
tags; GAPs, GTPase-activating proteins; GEFs,
guanyl-nucleotide exchange factors; GPCR,
G-protein-coupled receptors; HATs, histone acetyl
transferases; HDACs, histone deacetylases; HK,
histidine kinase; Hpt, histidine phosphotransfer;
HSFs, heat-shock factors; IFT, intraflagellar trans-
port; LRR, leucine-rich repeats; PCB, phycocy-
anobilin; P/B, phytochromobilin; RCC, regulator
of chromsome condensation; RIP, repeat induced
point; RR, response regulator; SDV, silica depos-
ition vesicle; SODs, superoxide dismutases; TF,
transcription factor; VDE, violaxanthin de-epoxidase;
ZEP, zeaxanthin epoxidase

The contemporary oceans cover 70% of the sur-
face of our planet, and even though the photosyn-
thetic organisms living within them constitute only
1% of the earth’s photosynthetic biomass, marine
ecosystems are responsible for about one-half of glo-
bal primary productivity (Field et al. 1998, Irigoien
et al. 2002). Besides photosynthetic prokaryotes, the
most successful organisms are thought to be a class
of eukaryotic unicellular algae, known as diatoms.
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On a global scale, diatoms are thought to contribute
at least 20% of the annual primary productivity and
to play major roles in key biogeochemical cycles
(Smetacek 1999).

Two major groups of diatoms can be distin-
guished according to cell shape. Centric diatoms
are radially symmetrical and are thought to have
appeared �200 mya, whereas the bilaterally symmet-
rical pennate diatoms evolved from the centric dia-
toms �70 mya (Kooistra et al. 2003). A hallmark of
diatoms is their beautifully ornamented silicified cell
wall, known as the frustule. The precision of the
nanoscale pattern and architecture of the frustule
suggests that understanding diatom cell-wall
biosynthesis eventually may be exploitable in nano-
technological applications (Parkinson and Gordon
1999, Lopez et al. 2005). Although in recent years
some key components involved in silicon transport
and precipitation have been described (Hildebrand
et al. 1998, Kroger et al. 1999), and also identified
in the T. pseudonana genome (Poulsen and Kroger
2004), the mechanisms by which the siliceous mater-
ial of the frustule is laid down remain largely
unknown.

The algal groups of the Heterokontophyta
(e.g., diatoms and brown seaweeds), the Haptophyta
(e.g., coccolithophorids), and the Cryptophyta (e.g.,
Guillardia theta D. R. A. Hill et Wetherbee) are col-
lectively known as the chromist algae because of the
colors conferred by their distinct pigment composi-
tion. Together with the Alveolates (dinoflagellate
algae and apicomplexan parasites), these diverse
eukaryotic groups likely arose from a common
secondary endosymbiotic event in which a hetero-
trophic eukaryote engulfed (or was invaded by) a
red eukaryotic alga more than one billion years ago
(Patron et al. 2004, Yoon et al. 2004, Li et al. 2006).
At the initial stage of this endosymbiosis, the
complex cell likely contained at least five different
genomes: the nuclear and mitochondrial genomes
of the host cell and the nuclear, mitochondrial, and
plastid genomes of the red alga. Over evolutionary
time most of the cellular structures of the endo-
symbiont have been lost, and extant diatoms now
contain plastids surrounded by four rather than two
membranes and a nucleus and mitochondria that
are derived from the original heterotrophic host.
Diatom cells, therefore, have a number of features
that make them highly divergent from the classical
cellular structures of higher plants (e.g., a signal
peptide-mediated import of proteins into plastids
[Apt et al. 2002] or a hypothesized single-cell C4
carbon concentration mechanism [Reinfelder et al.
2000]).

The nuclear, plastid, and mitochondrial genome
sequences of the centric diatom Thalassiosira pseudo-
nana were recently reported (Armbrust et al. 2004).
The nuclear genome is 34 Mb and consists of 24
chromosomes, and the plastid and mitochondrial
genomes are 129 kb and 44 kb, respectively. A range

of novel metabolic features have been described,
such as genes encoding components for formation
of silica-based cell walls, biosynthetic enzymes for
several types of polyunsaturated fatty acids, and
enzymes for utilization of various nitrogenous com-
pounds, including a complete urea cycle (Allen
et al. 2006). The T. pseudonana genome therefore
encodes a unique combination of factors previously
thought to be restricted either to photosynthetic or
heterotrophic eukaryotes. In this study, exploration
of the T. pseudonana genome has continued to pro-
vide insights into the mechanisms used by diatoms
to regulate their cellular homeostasis. Specifically,
we have investigated the recognizable gene families
controlling cell signaling, transcription, cytoskeletal
structures, cell cycle, and stress responses.

MATERIALS AND METHODS

Source of sequence data sets. The complete predicted pro-
teome of T. pseudonana, strain CCMP 1335, is available from
the Joint Genome Institute (JGI; http://genome.jgi-psf.org/
thaps3/thaps3.download.html). In Figure 1 and Tables 1, 3,
and S1 (in the supplementary material), the predicted proteo-
mes of several organisms were analyzed along with the diatom
predicted proteome for comparison. Their sources were
http://merolae.biol.s.u-tokyo.ac.jp/download ⁄ for the unicel-
lular red alga Cyanidioschyzon merolae P. DeLuca, R. Taddei et
L. Varno (Matsuzaki et al., 2004); http://www.broad.mit.edu/
cgibin/annotation/neurospora/downloadlicense.cgi for the
fungus Neurospora crassa (Galagan et al. 2003); http://genome.
jgi-psf.org/ for the parasitic Stramenopiles Phytophthora ramo-
rum and Phytophthora sojae (Tyler et al. 2006), the green alga
Chlamydomonas reinhardtii P. A. Dang, the fungus Phanerochaete
chrysosporium, and the animals Ciona intestinalis and Xenopus
laevis; and http://www.ebi.ac.uk/proteome/index.html for
the yeast Saccharomyces cerevisiae, the plant Arabidopsis thaliana,
and Caenorhabditis elegans, Drosophila melanogaster, and Mus
musculus.

Protein domain counts. The T. pseudonana predicted prote-
ome and the proteome of six reference organisms were
compared with the Conserved Domain Database (http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?db = cdd) to identify
InterPro domains by means of the RPS-Blast algorithm as
described previously (Marchler-Bauer et al. 2003).

Analysis of intragenomic coding sequence similarity. The pro-
teomes of the diatom and six other sequenced eukaryotes, for
reference, were compared with themselves using BlastP with a
BLOSUM62 matrix (Altschul et al. 1990) and an E-value
threshold of E-20. Clusters of similar genes, loosely represent-
ing ‘‘gene families,’’ were defined as those groups of sequences
that presented > 30% identity for at least 50% of their length
to a common query. The number of genes within clusters of
similar genes was plotted as a function of gene cluster size
(Fig. 1a). The query–match pairs employed to build the gene
clusters were classified by identity percentage intervals to
visualize the level of similarity shared by the components of the
gene clusters within each genome (Fig. 1b).

Counts of putative transmembrane kinases and leucine-rich-repeat
proteins. Protein predictions that contained protein kinase
(IPR000719) or leucine-rich repeat (LRR; IPR001611)
domains were identified by means of the InterProScan output
keyword search tool (http://www.ebi.ac.uk/InterProScan)
implemented in the genome browsers of the organisms
in study, and subsequently submitted to the TMHMM algo-
rithm (Krogh et al. 2001) to detect putative transmembrane
segments.
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Phylogenetic trees. Phylogenetic trees were employed to gain
further understanding of the function and ⁄ or evolutionary
history of selected genes or gene families. Protein sequences
were aligned with BioEdit (Hall 1999), and poorly conserved
regions were eliminated. Neighbor-joining (NJ) trees (Tajima
and Nei correction) with 1000 bootstrap replicates were
subsequently derived with the Treecon package (Vandepeer
and Dewachter 1994).

RESULTS AND DISCUSSION

Comparative overview of genetic and functional rich-
ness. Similarity to known sequences: More than 11,000

protein-coding genes are predicted in the T. pseudo-
nana nuclear genome (Armbrust et al. 2004), and
gene density (one gene every 3200 bp) is similar
to that found in the comparably sized Neurospora
crassa genome. Approximately 7200 genes are sup-
ported by T. pseudonana expressed sequence tags
(ESTs), and another 1000 are supported by compar-
ison with 12,000 ESTs from the distantly related
pennate diatom Phaeodactylum tricornutum Bohlin
(Maheswari et al. 2005, Montsant et al. 2005). Of
the total predicted nuclear proteins, 5187 display
similarity to known proteins from public data bases
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Fig. 1. Clusters of similar proteins in Thalassiosira pseudonana and comparison with six unicellular and multicellular model eukaryotes.
Clusters of similar proteins within each genome were identified by means of BlastP self-comparison (see Materials and Methods). (a) Per-
centage of protein predictions within clusters sorted by cluster size; see Table S2 (in the supplementary material) for protein clusters of
size two. (b) Identity percentage profile of all the query-subject pairs identified in every genome self-BlastP, with which gene clusters were
defined (see Materials and Methods). The fraction of pairs showing 100% identity (and > 50% coverage) in each organism is indicated in
Table S2. Tp, Thalassiosira pseudonana; Nc, Neurospora crassa; Cm, Cyanidioschyzon merolae; Pf, Plasmodium falciparum; Ps, Phytophthora sojae;
Ce, Caenorhabditis elegans; At, Arabidopsis thaliana.
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(score > 200, E-value < E-20) and 6661 have recog-
nizable domains in the InterPro data base (Armbrust
et al. 2004, and data not shown). To obtain a
view of functional domain diversity within the
T. pseudonana predicted proteome relative to other
organisms, we divided these domains into five major
categories according to whether they are equally
abundant in other eukaryotes or whether they are
over- or underrepresented in the diatom (Table S1
in the supplementary material). Such a comparison
revealed a number of characteristics relevant to
biological processes involving signaling, cell cycle,
cytoskeleton, or transcription, all of which were
studied in detail by in silico analysis and manual
curation (see the following sections).

Within-genome coding sequence diversity: In studying
‘‘functional richness,’’ we further wondered how
many different sequences existed within the total
pool of predicted genes. The sequence diversity
within the T. pseudonana predicted proteome was
characterized using approaches similar to those pre-
viously employed for N. crassa (Galagan et al. 2003).
The complete predicted proteome of the diatom
was compared with itself by means of BlastP, and
protein predictions sharing at least 30% amino acid
identity over 50% of their lengths were grouped
with each other. In doing so, a ‘‘nonredundant’’ set
of genes was obtained in which most genes constitu-
ting a family or derived from recent duplications
were grouped together. Clusters of similar proteins
were defined in the same fashion within the predic-
ted proteomes of another six unicellular and multi-
cellular eukaryotes (Table S2 in the supplementary
material). When gene number was plotted as a func-
tion of gene-cluster size, a similar profile was
obtained for all the referenced microbes, with multi-
cellular organisms showing a higher proportion of
genes in clusters of large size (i.e., multicellular
organisms have more multigene families, and these

are composed of more members; Fig. 1a). The clo-
sest relative of the diatoms among the reference
organisms, the oomycete Phytophthora sojae, showed a
protein family-size profile similar to that of the mul-
ticellular organisms (Fig. 1a). However, the diatom
and the oomycete have similar numbers of singleton
genes (i.e., genes that do not belong to a gene fam-
ily) and gene clusters (Table S2 in the supplement-
ary material), indicating that the higher gene
number of P. sojae does not translate into higher
within-genome sequence diversity, possibly because
gene number increased in the oomycete through
multiplication of previously existing families.

In order to estimate the degree of similarity
among genes within gene clusters for each of the
genomes, the query–subject pairs with which clusters
were defined were sorted by % identity, and the cor-
responding histogram was plotted. As shown previ-
ously (Galagan et al. 2003), a repeat-induced-point
(RIP) mutation mechanism causes N. crassa to have
a negligible amount of query–match pairs show-
ing > 70% identity, a feature that was not detected
in the diatom or in any other reference organism
(Fig. 1b). Besides Neurospora, all eukaryotes dis-
played similar profiles, with C. elegans containing a
larger fraction of very highly conserved pairs
(> 90% identity). Up to 3% of the diatom query–
match pairs showed 100% identity (and > 50% cov-
erage), a fraction comparable to that of the flat-
worm (3.61%) and higher than in the remaining
organisms (Table S2 in the supplementary mater-
ial), some of which may correspond to very recent
gene duplication events.

Signal perception. Membrane-bound receptors: Various
types of sensing mechanisms have been discovered
and extensively studied in plants and animals in the
past decades, and a number of transmembrane
receptor families can be identified by similarity
searches. G-protein-coupled receptors (GPCR) are an
extremely important class of receptor proteins in ani-
mal cells (FANTOM Consortium & RIKEN group
2002), but Arabidopsis is known to contain only one
(Arabidopsis Genome Initiative 2000, Colucci et al.
2002). The T. pseudonana genome was found to
encode two putative GPCRs, and consistently two
putative heterotrimeric G proteins, through which
GPCRs connect with downstream signal transduc-
tion pathways, were also identified (two genes enco-
ding the a and b subunits, none encoding the c
subunit; Table S3, annotations 1–6, in the supple-
mentary material).

On the other hand, InterPro domain searches
revealed the presence of �200 gene models contain-
ing a kinase domain and �100 gene models with
LRR (Table S1 in the supplementary material), both
of which are common domains in membrane
receptors of animals and plants. However, only four
kinase-domain- and two LRR-domain-containing
protein predictions were found to include putative
transmembrane domains (Table S3, annotations

Table 1. Putative kinase or leucine-rich repeat (LRR) pro-
teins encoded in the genome of Thalassiosira pseudonana
and in other complete eukaryotic genomes, and subsets
that also contain a putative transmembrane (TM)
domain.

Total
predicted
proteins Kinase

Kinase +
TM LRR

LRR +
TM

Thalassiosira pseudonana 11,397 190 4a 92 2a

Phytophthora sojae 19,276 424 114 84 23
Phytophthora ramorum 16,066 377 99 77 22
Chlamydomonas reinhardtii 15,256 540 55 93 13
Arabidopsis thaliana 34,536 1189 481 543 297
Saccharomyces cerevisiae 7,098 119 2 11 0
Schizosaccharomyces pombe 5,010 111 1 10 0
Phanerochaete chrysosporium 10,048 172 0 16 0
Ciona intestinalis 14,526 261 37 116 19
Xenopus laevis 20,228 616 80 210 82

aSee Table S3, annotations 7–12, in the supplementary
material.
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7–12, in the supplementary material). When these
counts were obtained for a variety of other genomes
for comparison, the oomycetes P. ramorum and P.
sojae (close relatives of the diatoms) showed a sim-
ilar total number of kinase- or LRR-domain-contain-
ing proteins, but the subset of them with a
transmembrane region was found to be one to two
orders of magnitude higher (Table 1). Complete
genome sequences representative of other major
phytoplankton taxa, such as coccolithophores, dino-
flagellates, and pennate diatoms, will be necessary
to conclude whether the utilization of transmem-
brane kinases and LRR receptors in chromalveolates
is, as the parasitic oomycetes would suggest, compar-
able to that in animals, or whether it is sparse like
in the T. pseudonana predicted proteome. On the
other hand, these types of transmembrane receptors
appear to be conspicuously rare in fungi, given that
only three putative transmembrane kinases were
detected in the three fungal species examined
(Table 1).

Understanding the roles of the T. pseudonana
putative GPCRs and membrane-bound kinases and
LRR proteins, and whether these constitute the core
of diatom membrane-bound receptors, will require
further examination, but it seems likely that other
receptor classes await identification. Predicted pro-
teins that may have receptor functions are those of
unknown function containing membrane-localizing
domains (e.g., domains that define the prenylation
amino acid motif CAAX are abundant in the
T. pseudonana genome).

Photoperception: In addition to being a source of
energy, light constitutes an important sensory stimu-
lus. Terrestrial plants utilize three major classes
of photoreceptors to sense ambient light in their
environment: the red- or far-red-light-absorbing
phytochromes and the blue-light-absorbing crypto-
chromes and phototropins (Falciatore and Bowler
2005). Furthermore, some green algae contain
green-light-absorbing rhodopsins (Nagel et al. 2002,
Sineshchekov et al. 2002). Green light persists to
the greatest depths in coastal waters, but no rhodop-
sins were identified in the diatom genome. How-
ever, the diatom appears likely to use cryptochrome
photoreceptors for perception of blue light, and a
putative phytochrome was also identified (see
below).

Cryptochrome photoreceptors are widespread
throughout eukaryotes and are involved principally
in regulating circadian rhythms (Cashmore 2003,
Lin and Todo 2005). There are three major classes
of cryptochromes, all of which are derived from
DNA-repair photolyase enzymes. Plant crypto-
chromes show sequence similarity to the cyclobu-
tane pyrimidine dimer (CPD)–photolyase class
(Ahmad and Cashmore 1993), whereas animal crypt-
ochromes are similar to the 6,4-photolyase class. A
third class of cryptochrome, termed cry-DASH, was
recently identified (Brudler et al. 2003). Neighbor-

joining (NJ) segregation of the putative T. pseudo-
nana cryptochromes (denoted Cryptochrome Pho-
tolyase Family1-4, or CPF1-4) suggested that
TpCPF2, TpCPF3, and TpCPF4 belong to the cry-
DASH subfamily, whereas TpCPF1 was similar to
animal cryptochromes (Fig. 2). By contrast, no
orthologs of the typical plant cryptochromes were
identified in T. pseudonana. Experiments in progress
indeed indicate that the diatom CPF1 class encodes
a functional cryptochrome photoreceptor (S. Coesel,
M. Mangogna, A. Falciatore, and C. Bowler, unpub-
lished data).

The identification of a phytochrome photorecep-
tor is consistent with an earlier report demonstra-
ting that diatoms can perceive red ⁄ far-red light
(Leblanc et al. 1999) and contrasts with the absence
of such a photoreceptor in the red alga C. merolae.
Phytochromes were initially thought to be unique to
terrestrial plants, but they were subsequently found
in algae, cyanobacteria, and even some nonphoto-
synthetic organisms (Morand et al. 1993, Yeh et al.
1997, Falciatore and Bowler 2005). Phytochrome-
like proteins are involved in different functions,
such as pigment biosynthesis (Davis et al. 1999,
Giraud et al. 2002), control of circadian rhythms
(Schmitz et al. 2000), and phototaxis (Yoshihara
et al. 2000). Nonetheless, the role of this class
of photoreceptor in the marine environment
remains unclear, and so the presence of a putative
phytochrome in T. pseudonana provides a basis for
further investigation. In an NJ tree, the putative
T. pseudonana phytochrome appeared most similar
to phytochrome-like sequences from the diatom
P. tricornutum (M. Siaut, A. Falciatore, and C. Bowler
unpublished data) and from two brown algal viruses
(Delaroque et al. 2001), revealing a possible ‘‘brown
clade’’ of phytochromes in which virus-mediated lat-
eral transfer may have contributed to spread phyto-
chrome-like genes among heterokonts (Fig. 3).
Although such a hypothesis may sound surprising, it
is striking that the only two brown algal viruses that
have been sequenced to date both contain genes
encoding putative phytochromes, even though viral
genomes are typically highly reduced and contain
only genes that are essential for viral infection and
replication. However, the identification of putative
phytochrome genes in brown algal viruses is remi-
niscent of the photosynthesis genes of cyanobacterial
origin recently reported in the genome of marine
cyanobacterial phages, proposed to increase the
viability of the host during viral invasion (Lindell
et al. 2005). Diatoms likely inherited their putative
phytochrome-encoding gene from the heterotrophic
host rather than from the red algal endosymbiont,
as the putative brown clade appeared to be closer to
the fungal clade than to the prokaryotic or plant
orthologs (Fig. 3).

The T. pseudonana phytochrome contains an
amino-terminal chromophore-binding domain fol-
lowed by a carboxy-terminal signal-transduction
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domain related to the two-component histidine kin-
ase (HK) phosphorelay system (Fig. 4; see below),
and it may therefore function as a light-activated
kinase. The presence of several genes encoding
putative response-regulator (RR) proteins within the
T. pseudonana genome (see below) indicates that
the diatom phytochrome may transduce light signals
via typical two-component signal-transduction path-
ways. The amino-terminal chromophore-binding
domain of phytochromes is highly conserved across
taxa, with defined histidine and cysteine residues
usually being the attachment site of phytochromobi-
lin (P/B) in plants, phycocyanobilin (PCB) in
cyanobacteria, or biliverdin (BV) in heterotrophic
bacteria (Wagner et al. 2005). In the T. pseudonana
putative phytochrome, none of the known
chromophore-attachment cysteine residues are con-
served, although the histidine residue is present,
making the prediction of the chromophore difficult.
Searches in the genome for genes encoding
enzymes involved in chromophore biosynthesis left

either possibility open, because two heme oxygenases,
with which T. pseudonana can probably produce BV
from heme, and a bilin reductase-like gene, which
could mediate the production of P/B or PCB, were
identified (Table S3, annotations 13–15, in the sup-
plementary material). Clarification of the chromo-
phore that binds this gene product and its spectral
properties appears necessary to understand the
function of this gene. Nevertheless, the presence of a
phytochrome gene in the genome of T. pseudonana
is of particular interest, given the strong attenuation
of red ⁄ far-red light wavelengths in the marine
environment within the first few meters of the water
column (Kirk 1992).

Intracellular signal transduction. Protein kinases: In
eukaryotes examined to date, protein phosphoryla-
tion has emerged as a central event in signal trans-
duction. As in A. thaliana, protein-kinase-encoding
domains are the most abundant domains in the
T. pseudonana genome (Table S1 in the supplement-
ary material). However, about half of these are tyro-
sine kinases, which represent only a minor subclass
in higher plants. At least two members of the mito-
gen-activated protein (MAP)–kinase cascade
appeared to be conserved in the T. pseudonana gen-
ome (Table S3, annotations 16–17, in the supple-
mentary material) by searches for conserved
domains of the different members of the MAP-kin-
ase family (Jonak et al. 2002). We also detected a
putative signaling mechanism reminiscent of bacter-
ial two-component HK systems. The HK-based phos-
phorelay systems have been described in
prokaryotes (Mizuno 1998) and eukaryotes (Oka
et al. 2002, Stephenson and Hoch 2002). In prok-
aryotes this mechanism generally involves only two
components—an HK sensor and an RR—whereas in
eukaryotes, a third partner—a histidine phospho-
transfer (Hpt) protein—transmits the signal from
the sensor to the regulator. The diatom genome
contains at least eight predicted genes that may
encode RRs in various configurations, along with
three models containing HK domains, including the
putative phytochrome (Fig. 4). However, no predic-
ted Hpt-like proteins were found. Intriguingly, the
putative response regulator TpRR7 includes a
‘‘helix-turn-helix’’ DNA binding LuxR domain
(Fig. 4) that is most similar to that of the PhoB,
NarL, and NtrC transcriptional regulators involved
in modulating responses to phosphorus and nitro-
gen availability in bacteria (Rabin and Stewart 1993,
Maris et al. 2002), suggesting the presence of a poss-
ible prokaryotic nutrient-sensing mechanism in
T. pseudonana. Diatom genome and EST sequencing
projects have recently uncovered several metabolic
abilities of bacterial origin related to nutrient status
(Allen et al. 2006).

Second messengers: The importance of intracellular
calcium for responding to environmental signals
was demonstrated in vivo in the pennate diatom
P. tricornutum (Falciatore et al. 2000), and results

Fig. 2. Phylogenetic analysis of Thalassiosira pseudonana crypto-
chrome family sequences. Members of the cryptochrome ⁄
photolyase family from several eukaryotic and prokaryotic line-
ages were retrieved from GenBank and aligned with the T. pseudo-
nana cryptochrome-like predicted proteins, and a highly
conserved core of �435 amino acids (Fig. S1 in the supplement-
ary material) was employed to derive a neighbor-joining tree. The
GenBank accession numbers of the proteins employed (or gene
model identification for T. pseudonana sequences) are given in
Table S4 (in the supplementary material).
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supporting the utilization of cyclic nucleotides are
also available for pennate diatoms (Borowitzka and
Volcani 1977, Scala et al. 2002). The utilization of
these classical second messengers is likely to be con-
served in the centric species T. pseudonana. In addi-
tion to putative calcium-regulated proteins, the
centric diatom genome appeared to encode putative
adenylyl cyclase and guanylyl cyclase genes
(Table S3, annotations 18–31, in the supplementary
material), as well as 39 gene models containing cyc-
lic nucleotide-binding domains (Table S1 in the
supplementary material), among which were puta-
tive protein kinases and ion channels and exchang-
ers. The utilization of cAMP and cGMP by diatoms
would constitute a major difference from land
plants (Arabidopsis Genome Initiative 2000). Other
metazoan signaling pathways, such as the nuclear
steroid receptor, JAK ⁄ STAT, Wingless ⁄ Wnt, and
hedgehog pathways, were not identified in the
T. pseudonana genome.

Small GTPases: The T. pseudonana genome was
determined to encode at least 26 classical small
GTPases. These molecular switches of �200 amino
acids may have been central to the appearance of

eukaryotic cells (Jekely 2003) and are known to be
widely conserved across taxa, with five major sub-
families playing regulatory roles in a variety of cellu-
lar processes (Takai et al. 2001). Following an
approach similar to that employed previously to clas-
sify the small GTPases of Arabidopsis (Vernoud et al.
2003), an NJ tree was derived to observe the cluster-
ing of T. pseudonana sequences with well-studied
orthologs from yeast and humans. No members of
the RHO subfamily (Rho, Rac, Cdc42) could be
identified in the diatom by this procedure (Fig. 5),
as was recently found to be the case for Trypanoso-
ma bruceii (Field 2005). Moreover, no RHO-specific
guanyl-nucleotide exchange factors (GEFs) or
GTPase-activating proteins (GAPs) were found (e.g.,
there are no RhoGEF-specific Dbl domains and only
one putative RhoGAP domain, both of which are
abundant in yeast and animals). The RHO sub-
family small GTPases are widespread key regulators
of multiple phenomena that require cell polarity
(Etienne-Manneville and Hall 2002), and a Rac pro-
tein was shown to be a key regulator of cell polarity
in the brown macroalga Fucus distichus L. (Fowler
et al. 2004), suggesting that diatoms may employ

Fig. 3. Phylogenetic analysis of Thalassiosira pseudonana phytochrome. Phytochrome-like sequences from multiple species were down-
loaded from GenBank, and a highly conserved core of �430 amino acids (Fig. S2 in the supplementary material), encompassing the GAF
and histidine kinase domains, was used to build a neighbor-joining tree together with the putative T. pseudonana phytochrome (TpPhy)
and a Phaeodactylum tricornutum phytochrome-like sequence (PtPhy; M. Siaut, A. Falciatore, and C. Bowler, unpublished data). BphPs, bac-
teriophytochromes; Cphs, cyanobacterial phytochromes; Dphs, diatom phytochromes; Fphs, fungal phytochromes; Plant phys, plant phyto-
chromes. The identification numbers of the amino acid sequences employed are given under the species name. TpPhy1, gene ID 106207
on the JGI Thaps1 genome browser; PtPhy1, GenBank accession number DQ287774.
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novel mechanisms for controlling polarized proces-
ses such as phototactic movement and transport to
the silica deposition vesicle (SDV; Zurzolo and Bow-
ler 2001).

When small GTPase-encoding genes were
searched in the genomes of other model eukaryotes
and aligned and classified in the same fashion
(Figs. S4 and S5 in the supplementary material), the
apicomplexan Plasmodium falciparum was also found
to lack RHO subfamily GTPases (Table 2; Fig. S5a
in the supplementary material). However, the oomy-
cete P. sojae, more closely related to the diatoms,
appeared to have a probable Rac1 ortholog, along
with another putative member of the RHO sub-
family (Fig. S5b in supplementary material; Table 2).
The apicomplexan, in addition, lacks a Ras1-like
protein, a feature previously noted in plants
(Vernoud et al. 2003), and this was found to be the
case also for the green microalga Ostreococcus tauri
C. Courties et Chret.-Dinet, but not for the red alga
C. merolae (Fig. S5, c and d, in the supplementary
material; Table 2). Relative to the small-GTPase pro-
file of the reference organisms, the regulators of
vesicle-trafficking Rab subfamily proteins constitute
a high proportion of the total small GTPases of
T. pseudonana (Table 2). Some unicellular parasites

have recently been shown to have much larger Rab
subfamilies, possibly reflecting a functional special-
ization for their specific lifestyles (Lal et al. 2005,
Saito-Nakano et al. 2005). Two of the diatom small-
GTPases clustered clearly with all Rab proteins, but
not within any conserved subclade (Fig. 5). Such
diatom-specific Rab variants may play a role in bio-
genesis or maintenance of membrane structures
peculiar to diatoms or closely related organisms
(e.g., SDV or plastid outer membranes).

Control of gene expression. Chromatin structure: The
nuclear DNA of eukaryotes is typically organized
around nucleosomes, which contain two subunits of
each of the core histones H2A, H2B, H3, and H4.
The T. pseudonana genome contains several genes
encoding the core histones (as well as the linker his-
tone H1), which are, as frequently observed in other
organisms, organized together into gene clusters
(Fig. S6 in the supplementary material). A histone
H3.3 variant was also not clustered with other
histones, in agreement with what is typically
found in other eukaryotes (Malik and Henikoff
2003). When components regulating the epigenetic
control of gene expression by modification of nucle-
osome packaging were studied, several putative
histone acetyl transferases (HATs) of the GCN5,
MYST, and CBP ⁄ p300 superfamilies, as well as
histone deacetylases (HDACs) belonging to the
Rpd3p, HDA1p, and Sir2p families, were identified
(Table S3, annotations 32–49, in the supplementary
material). Histone methylation is known to be medi-
ated by SET domain proteins (Xiao et al. 2003), of
which up to 30 may be encoded in the T. pseudo-
nana genome (Table S3, annotations 50–55, in the
supplementary material). Methylated and acetylated
histone tails are typically recognized by chromodo-
mains and bromodomains, identified, respectively,
in 4 and 27 diatom predicted proteins. Four genes
encoding putative DNA methyl transferases were
also detected (Table S3, annotations 56–59, in the
supplementary material), consistent with previous
data showing that diatom DNA is methylated (Jarvis
et al. 1992).

Transcription factors: Genes encoding the basal
machinery for RNA polymerase I-, II-, and III-direc-
ted transcription are present within the diatom
genome. To examine T. pseudonana transcription
factor families, we searched for the InterPro (IPR)
transcription factor (TF) domains recently summari-
zed in the A. thaliana DATF data base (http://
datf.cbi.pku.edu.cn; Guo et al. 2005) and compared
the abundance of these domains with five species
comprising unicellular and multicellular photo-
synthetic and heterotrophic organisms (Table 3).
Twenty-four of the 44 TF domains identified in
A. thaliana were present in T. pseudonana. Most of
these are also present in the rest of the referenced
eukaryotic organisms, with zinc fingers being of sim-
ilar relative abundance in all six species. However,
some domains widespread in eukaryotes are under- or

Fig. 4. Schematic of two-component signaling modules within
predicted proteins identified in Thalassiosira pseudonana. GAF,
sensor domain; HK, histidine kinase domain; RR, response-
regulator receiver domain; CAAX, prenylation site (for mem-
brane localization); PAS, protein-protein interaction domain; TF,
transcription factor DNA-binding motif. Conserved histidine au-
tophosphorylation and aspartate phosphoacceptor sites are indi-
cated, where present. The depicted gene models have the
following locus IDs: TpPHY1, TPS_22848; TpHK1, TPS_262298;
TpRR1, TPS_20939; TpRR2, TPS_264268; TpRR3, TPS_263389;
TpRR4, TPS_264726; TpRR5, TPS_3877; TpRR6, TPS_11819;
TpRR7, TPS_33288.
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overrepresented in the T. pseudonana genome. The
canonical C2H2 zinc finger and bHLH domains are
infrequent in T. pseudonana when compared with
most eukaryotes, and some domains identifiable in
all reference organisms were not detected in the
diatom (e.g., the GATA-type zinc finger).

A notable observation is that the T. pseudonana
genome encodes a much larger number of putative
heat-shock factors (HSFs) than any of the remaining
reference organisms (Table 3). Although the counts
presented here refer to domains rather than
complete genes (e.g., IPR signatures may appear

Fig. 5. Classification of the small GTPases of Thalassiosira pseudonana into five major subfamilies. The 26 diatom small GTPases were
aligned with selected small GTPases from yeast (Sc), human (Hs), or plant (At) genomes, representing the five major subfamilies of small
GTPases (Arf, Rab, Rho, Ras, Ran). Upon elimination of unconserved regions, a neighbor-joining tree was derived with sequences of
�150 amino acids (Fig. S3 in the supplementary material). Plant orthologs and site of action of Rab subfamily members are as labeled in
Vernoud et al. (2003). The GenBank accession numbers of the sequences employed (or gene locus ID for T. pseudonana sequences) are
given in Table S5 (in the supplementary material).
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multiple times in the same gene), a recent report
based on complete TF-like sequences also showed
that plants and the diatom have a much larger num-
ber of HSFs than animals, fungi, or other unicellu-
lar organisms (Shiu et al. 2005). These HSFs have
been shown to drive the heat-induced transcription
of genes regulating homeostatic processes such as
cell-wall maintenance, protein turnover, and detoxi-
fication (Yamamoto, Mizukami, and Sakurai 2005).
Relative to comparably sized genomes, T. pseudo-
nana also possesses a large number of cold-shock
domains (CSDs; Table 3), initially discovered in a
small number of Escherichia coli genes that are
up-regulated upon sudden shift to lower tempera-
tures. The CSD-containing proteins were then deter-
mined to be nucleic-acid-binding peptides
conserved in prokaryotes and eukaryotes and were
also found to participate in transcriptional and pos-
transcriptional regulatory functions unrelated to
temperarure stress (Graumann and Marahiel 1998,
Gualerzi, Giuliodori, and Pon 2003). The multipli-
city of DNA binding domains related to temperature
stress in the T. pseudonana genome opens the possi-
bility of identifying expression networks of import-
ance in diatom stress responses.

On the other hand, two domains, Myb-like SHA-
QKYF class and RWP-RK, appear in the green and
red photosynthetic representatives but not in the
heterotrophs. While the former is present in the
diatom, the latter is absent. Similarly, the ethylene-
responsive TF family and the Auxin ⁄ IAA protein
family appear to be characteristic of the green lin-
eage, and the diatom genome contains the former
but lacks the latter. These observations underscore
the chimeric nature of the diatom genome, in
which features characteristic of photoautotrophs or
of heterotrophs often appear intermingled in sim-
ilar cellular processes and molecular functions
(Armbrust et al. 2004). The probable importance of
chromatin-level control of gene expression, dis-
cussed above, is reflected in the T. pseudonana IPR
domain profile, as HMG and SET domains are the
third and fifth most-important TF domains in
T. pseudonana (Table 3), and the regulator of chro-
mosome condensation (RCC) domain is also abun-

dant (Table S1 in the supplementary material). The
high abundance of proteins with DEAD box helicase
domains (Table S1 in the supplementary material)
could suggest that splicing during RNA processing
may be an additional regulatory mechanism of
importance.

Cytoskeletal structures. Microtubules and microfila-
ments: The cytoskeleton is known to be a major
organizer of cellular activities, such as cell motility,
cell division, and organelle transport in eukaryotes,
and in diatoms it is an important intermediate of sil-
ica deposition (Pickett-Heaps et al. 1990). Cellular
cytoskeletons are typically made of tubulin microtu-
bules and actin microfilaments, and in animal cells,
a third type, the intermediate filaments, has also
been described. No genes encoding intermediate
filament components could be found in the
T. pseudonana genome, but many genes encoding
components of tubulin- and actin-based cytoskele-
tons are present. The T. pseudonana genome con-
tains one gene each encoding a- and c-tubulin, and
two encoding b-tubulin, which are expected to
assemble into microtubules (Table S3, annotations
60–63, in the supplementary material). Many genes
encoding microtubule-binding proteins (e.g., EBP1
and katanin) and microtubule-based motors (e.g.,
flagellar dynein, cytoplasmic dynein, and 26 predic-
ted proteins with similarity to the motor domain of
kinesin) were also detected. On the other hand,
five genes encoding actin-like molecules were
identified (Table S3, annotations 64–68, in the
supplementary material), including conventional
actin, expected to assemble into filaments; the
centractin subunit of dynactin, involved in coupling
cytoplasmic dynein to cargo; and Arp1, another
component of the dynactin complex (Schroeder
2004). Putative orthologs of the actin-binding pro-
teins profilin and severin, along with three formin-
like peptides, which control actin rearrangements in
several polarized processes (Pruyne et al. 2004),
were identified. However, genes encoding pleck-
strin-like and calponin domains, typical of actin-
binding proteins and common in most eukaryotes,
are rare in the diatom genome (Table S1 in the
supplementary material).

Table 2. Small-GTPase subfamily composition in Thalassiosira pseudonana and other reference organisms.a

Organism RAS RHO RAN ARF ⁄ SAR1-like RAB Undefined Total small GTPases

Thalassiosira pseudonana 1 0 3 5 17 – 26
Phytophthora sojae 3 2 2 12 22 2 43
Plasmodium falciparum 0 0 1 4 11 – 16
Saccharomyces cerevisiaeb 4 5 2 7 11 – 29
Cyanidioschyzon merolae 1 2 1 5 6 1 16
Ostreococcu tauri 0 1 1 4 7 – 13
Arabidopsis thalianab 0 11 4 21 57 – 93

aThe alignments and trees derived to perform these counts are shown in Figures S4 and S5 (in the supplementary material).
bPreviously reported counts for yeast and A. thaliana (Vernoud et al. 2003) are provided for comparison.
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Myosin motors: The T. pseudonana genome
encodes at least 12 putative myosin-like motor pro-
teins, the major drivers of cargo transport along
actin filaments. The vast myosin superfamily des-
cribed so far in eukaryotic cells was classified into
17 types based on their conserved motor head
domain sequences (Sellers 2000), and recently as
many as 37 classes were discriminated by also con-
sidering domain composition of the myosin tails, a
diversity that was proposed to support a major

unikont ⁄ bikont split early in eukaryote evolution
(Richards and Cavalier-Smith 2005). The T. pseudo-
nana myosins appeared to cluster in three major
groups, termed myosin types A–C, in an NJ tree of
bikont head domains (Fig. 6a). Diatom and oomy-
cete type-A myosins are most similar to plant ortho-
logs when similarity searches in public data bases
are performed. Interestingly, four of the diatom
plant-like myosins appeared to lack a dimerization
domain, a feature in common with a monomeric

Table 3. Plant transcription factor families of Thalassiosira pseudonana.a

IPR ID Description

Tp At Cr Cm Sc Mm

no. Rank no. Rank no. Rank no. Rank no. Rank no. Rank

IPR000232 Heat-shock factor 65 1 32 26 2 23 3 13 6 12 10 23
IPR001005 Myb-related domain ⁄ Trihelix 39 2 659 2 42 2 48 1 23 3 76 12
IPR000910 High mobility group 31 3 22 31 9 14 – 10 10 112 7
IPR001965 Cys-rich zinc finger ⁄ Plant homeodomain finger 29 4 222 5 41 4 16 3 17 5 143 6
IPR001214 SET domain 28 5 72 15 42 1 7 7 2 20 76 13
IPR001356 Homeobox domain 17 6 156 8 5 17 7 6 12 7 400 3
IPR000571 RING finger protein ⁄ Zinc finger domains 15 7 95 13 19 6 6 9 7 11 84 11
IPR001092 Basic ⁄ helix-loop-helix dimerization region 13 8 264 3 41 3 14 4 – 198 5
IPR007087 Zinc-finger C2H2 domain 13 8 248 4 28 5 17 2 57 1 1138 1
IPR000047 Helix-turn-helix motif 11 10 33 24 – – 1 21 93 8
IPR004827 Basic-leucine zipper (bZIP) motif 10 11 128 11 16 7 5 10 20 4 91 9
IPR001789 HisAsp phosphorelay signaling, similar to Myb 10 11 67 16 13 11 – 5 13 –
IPR003347 Jumonji, JmjC 10 11 27 27 8 15 4 12 5 14 49 14
IPR001471 DNA-binding ⁄ ethylene-responsive

element binding proteins
9 14 202 6 15 8 – – –

IPR005172 Tesmin ⁄ TS01-like, CXC domain 8 15 16 33 3 21 2 17 – 4 24
IPR000253 Forkhead-associated domain 7 16 23 28 9 13 3 15 16 6 34 16
IPR006447 Myb like SHAQKYF class 5 17 129 10 6 16 9 5 – –
IPR002059 Cold-shock protein, DNA binding 5 17 5 >40 3 19 – – 14 21
IPR003958 CCAAT-binding factor 4 19 38 20 4 18 2 18 4 16 10 23
IPR000007 Tubby family proteins 3 20 22 29 3 19 – 11 8 205 4
IPR004022 DNA-binding homeobox and

Different Transcription factors
1 21 10 39 – 1 20 2 18 4 24

IPR003316 Transcription factor E2 F ⁄
Dimerisation Partner (TDP)

1 21 22 30 2 24 3 14 – 30 17

IPR003349 Jumonji, JmjN 1 21 13 34 3 20 1 21 3 17 13 22
IPR002100 MADS-box 1 21 183 7 1 27 1 22 4 15 16 20
IPR009057 Homeodomain-like 1 21 764 1 1 29 1 24 28 2 500 2
IPR000315 Zn-finger, B-box – 39 19 2 26 2 16 – 86 10
IPR000679 Zn-finger, GATA type – 41 18 13 10 6 8 10 9 22 19
IPR001606 AT-rich interaction domain – 12 36 2 25 4 11 2 19 27 18
IPR002910 Floricaula ⁄ leafy – 2 42 – – – –
IPR003035 Plant regulator RWP-RK – 18 32 13 9 1 23 – –
IPR003311 AUX ⁄ IAA protein family – 37 21 2 22 – – –
IPR003340 Transcription factor B3 – 123 12 – – – –
IPR003441 No apical meristem (NAM) protein – 148 9 – – – –
IPR003657 DNA-binding WRKY – 75 14 1 28 – – –
IPR003851 Zn-finger, Dof type – 37 22 – – – –
IPR004333 SBP domain – 36 23 12 12 – – –
IPR005202 GRAS transcription factor – 64 17 – – – –
IPR005333 TCP transcription factor – 32 25 – – – –
IPR006510 Putative zinc finger domain, LRP1 – 11 37 – – – –
IPR006511 LRP1, C-terminal – 10 38 – – – –
IPR006779 DNA-binding protein S1FA – 4 41 – – – –
IPR006780 YABBY protein – 12 35 – – – –
IPR006957 Ethylene insensitive 3 – 6 40 – – – –

aThe InterPro (IPR) domains characteristic of transcription factors identified in Arabidopsis thaliana (Guo et al. 2005) were
searched in the T. pseudonana predicted proteome; sequences are ranked according to their abundance in the predicted proteo-
mes of the respective reference organism (1 is the most abundant). Tp, Thalassiosira pseudonana, At, Arabidopsis thaliana; Cr,
Chlamydomonas reinhardtii; Cm, Cyanidioschyzon merolae; Sc, Saccharomyces cerevisiae, Mm, Mus musculus.
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class XIII myosin of the green alga Acetabularia
cliftonii, proposed to be involved in organelle main-
tenance (Vugrek et al. 2003). The chromalveolate
type-B and type-C myosins defined independent
clades (Fig. 6) and appeared most similar to ortho-
logs from opisthokonts and other heterotrophic
eukaryotes in multiple similarity searches. It is
therefore possible that the chromalveolate lineages
inherited type-A myosins from the red algal endo-
symbiont and types B and C from the host nucleus.
The fact that 9 out of the 12 diatom myosins are
type A (Fig. 6b), compared with only 3 out of 15 in
Phytophthora (not shown), a close relative that lost
the plastid, further supports such a view.

Flagella: Flagella are produced only during
sperm formation in centric diatoms and are unusual
in remaining assembled and functional during chro-
mosome separation and subsequent division (Man-
ton et al. 1970). As expected from their 9 + 0
axonemal structure, no central pair or radial spoke
proteins are present. Most eukaryotic cilia and
flagella assemble via translocation of large protein
complexes along microtubules in a process known
as intraflagellar transport (IFT; Rosenbaum and
Witman 2002). Genes encoding IFT complex B
subunits were found, along with genes for the
kinesin II motor that transports IFT cargo to
the ciliary tip (Table S3, annotations 69–80, in the

Fig. 6. The myosin family of Thalassiosira pseudonana. (a) A neighbor-joining tree of the T. pseudonana myosins. Myosin-like proteins
were identified in the T. pseudonana genome browser, and their conserved head domains (390 amino acids, Fig. S7 in the supplementary
material) were aligned with similar sequences from species of the green lineage, the apicomplexans, and the oomycetes. Bootstrap values
above 50% (of 1000) are shown. (b) Schematic of the myosin-like proteins of T. pseudonana. The domain content of the myosin-like pro-
tein predictions of the diatom was studied by means of the InterProScan tool. Myosin types are expressed as roman numerals after Sellers
(2000) and as arabic numbers after Richards and Cavalier-Smith (2005). The genome locus IDs or GenBank accession numbers are indica-
ted following the two-letter species code. Ac, Acetabularia cliftonii; At, Arabidopsis thaliana; Cc, Chara corallina; Cr, Chlamydomonas reinhardtii;
Os, Oryza sativa; Pf, Plasmodium falciparum; Pr, Phytophthora ramorum; Tg, Toxoplasma gondii; Tp, T. pseudonana.
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supplementary material). However, no components
of a cell-body-directed IFT motor (heavy and
light-intermediate chain of cytoplasmic dynein
2 ⁄ 1b) or IFT complex A subunits were found,
suggesting that T. pseudonana either uses a different
motor for retrograde transport or that its IFT does
not run in both directions. The lack of IFT complex
A proteins in a ciliated species is surprising and sup-
ports the idea that IFT complex A and complex B
have fundamentally different functions (Piperno
et al. 1998).

Tracking absolute and subjective time. Circadian clock:
The circadian clock allows organisms to adapt to
daily changing light conditions by anticipating the
night–day transitions and is therefore of particular
importance for photosynthetic organisms. Although
the clocks of different eukaryotic organisms consist
of different individual components, the mechanism
is generally based on a core oscillator that receives
inputs from sensors of extracellular stimuli (e.g.,
photoreceptors) and signals downstream to a
number of output pathways that control cell cycle
and production of photosynthesis-related peptides
(Salome and McClung 2004, Unsal-Kacmaz et al.
2005). Although no complete conserved circadian
oscillator was distinguished from the T. pseudonana
genome, domains common in plant core oscillators
(e.g., MYB, PAS, CCT motif, B-Box or F-Box; Somers
2001) appear in multiple predicted proteins, and a
putative ortholog of the Circadian Phase Modifier
CpmA, a member of a cyanobacterial output path-
way thought to regulate the photosystem proteins
psbAI, psbAII, and KaiA (Katayama et al. 1999), was
identified (Table S3, annotation 81, in the supple-
mentary material). Together with the aforemen-
tioned photoreceptors, likely major input sources
for the core oscillator, the fragmentary picture
obtained from the genome sequence may provide a
starting point for experimental work.

Life cycle: The basic components that control
progression through the cell cycle, such as cyclins
and cyclin-dependent kinases (CDKs), are very
highly conserved in all eukaryotes, and we found
this to be the case also in the diatom. The CDKs
can be discriminated mainly on the basis of their
cyclin-binding domain motif. According to this
criterion, we identified seven different CDKs in
T. pseudonana, three of which were observed to be
highly related to known CDKs from alveolates and
opisthokonts (Fig. 7). In addition, up to 48 cyclin-
like proteins were identified, along with several
members of the retinoblastoma pathway and a prob-
able POLO-kinase, but not a Cdc25 gene. Interest-
ingly, the T. pseudonana genome encodes an
ortholog of the Schizosaccharomyces pombe Bub1 pro-
tein, which controls the metaphase–anaphase check-
point (Bernard et al. 1998) and is absent in the
A. thaliana genome.

Although a sexual cycle has not been described
for T. pseudonana, other species within the same

genus (e.g., T. weissflogii) are known to go through
a meiotic cycle to produce male and female gametes
(Round et al. 1990). The T. pseudonana genome
encodes some meiosis-specific components, such as
the spindle checkpoint regulator Mad2, the primase
for replication initiation, the RP-A single-strand-
binding protein, and the meiotic recombination
components spo11, mre11, rad50, and rad51
(Table S3, annotations 82–87, in the supplementary
material). Although no matches were detected for
Rec8 or Spo13, known to be involved in double-
strand break repair in organisms that undergo
recombination (Lee et al. 2002, Kitajima et al.
2003), the presence of meiotic components in com-
bination with flagellar genes indicates that T. pseudo-
nana has been a sexual species in its recent past.

Stress responses. DNA repair: Genomic integrity is
subject to constant threats by mutagenizing chemi-
cals, photons, and heat, which can lead to a variety
of perturbations in normal DNA structure (e.g.,
modified bases, abasic sites, intra- and interstrand
cross-links, single- and double-strand breaks). Given
the variety of threatening agents and potential
lesions, a corresponding diversity of DNA-repair
mechanisms exists in eukaryotes. Members of major
DNA-repair systems were identified in the diatom
genome, including putative class I and class II
photolyases, nucleotide excision pathway compo-
nents, and the apurinic ⁄ apyrimidinic (AP) endonuc-
lease EXOII subfamily (Table S3, annotations
88–98, in the supplementary material). None of the
latter, however, contained the Ref1 domain
known to be involved in the DNA binding activity of
several oncoproteins (Xanthoudakis and Curran
1992, Xanthoudakis et al. 1994). In addition, the
T. pseudonana genome encodes putative components
of the Ku70–Ku80 complex (Table S3, annotations
99–100, in the supplementary material), a strong
discriminator of the paired and mispaired residues
at the 3¢ position of DNA nicks, but no other con-
served members of the nonhomologous end-joining
pathway were detected.

Oxidative stress: Like all eukaryotes, diatoms util-
ize a number of means to avoid damage from react-
ive oxygen species generated during photosynthesis
and aerobic metabolism. One of the most important
mechanisms to rapidly dissipate excessive excitation
energy in higher plants and green algae involves the
reversible conversion of violaxanthin and zeaxan-
thin, known as the xanthophyll cycle. In addition to
this cycle, diatoms possess the diadimexanthin (DD)
cycle, a second xanthophyll cycle that comprises the
interconversion of diadinoxanthin and diatoxanthin
and is thought to be responsible for the rapid and
efficient photoprotection measured in planktonic
diatoms (Lavaud et al. 2002). While green photosyn-
thetic organisms such as A. thaliana or C. reinhardtii
have one gene each encoding violaxanthin de-epoxi-
dase (VDE) and zeaxanthin epoxidase (ZEP; Lange
and Ghassemian 2003, Lohr et al. 2005), in the

598 ANTON MONTSANT ET AL.



T. pseudonana genome we found two copies of VDE
and two copies of ZEP (Table S3, annotations 101–
104, in the supplementary material), possibly reflect-
ing the presence of this second diatom-specific xan-
thophyll cycle. We also recognized components of
pathways associated with the utilization of antioxi-
dants and antioxidative enzymes such as ascorbate,
a-tocopherol, and glutathione peroxidases and
reductases (Table S3, annotations 105–116, in the
supplementary material), in agreement with the
enzyme activities measured in T. pseudonana as a
response to UV radiation (Rijstenbil 2001). A puta-

tive prokaryotic-type catalase ⁄ peroxidase was identi-
fied that may break down the H2O2 generated
during the b-oxidation of fatty acids and the glyoxy-
late cycle, which likely takes place within the perox-
isome (Armbrust et al. 2004). The T. pseudonana
genome encodes two Fe-type superoxide dismutases
(SODs) and two Mn-type SODs (at least one likely
to be localized to mitochondria) that act to convert
oxygen radicals to hydrogen peroxide (Table S3,
annotations 117–120, in the supplementary mater-
ial). Similar to P. falciparum, no obvious match was
found for a Cu ⁄ Zn-type SOD or for a Ni-containing

Fig. 7. Phylogenetic analysis of the cyclin-dependent kinase (CDK)–like proteins encoded in the Thalassiosira pseudonana genome. The
seven putative CDKs identified in the diatom genome were trimmed to a conserved core (�280 amino acids; Fig. S8 in the supplementary
material), along with CDKs from animal, protozoan, and plant species, and used to build a neighbor-joining tree. Conserved motifs are
indicated under the CDK subfamily name. In orthologs with variations of the canonical motif, the motif sequence is indicated after the
sequence name. GenBank accession numbers or protein prediction identification numbers of all sequences employed are indicated in
Table S6 (in the supplementary material).
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SOD recently discovered in marine cyanobacteria
(Eitinger 2004).

Biotic stress: In their aquatic environments, dia-
toms are exposed to a variety of predators and
pathogenic organisms (Holfeld 2000, Nagasaki
et al. 2004, Nagasaki et al. 2005). Diatom cells
damaged by copepod feeding release reactive
unsaturated aldehydes shown to have an antiprolif-
erative effect on copepod egg hatching and larval
development, although the ecological implications
of this remain controversial (Miralto et al. 1999, I-
rigoien et al. 2002, Ianora et al. 2004). Such a def-
ense mechanism has not been reported in
T. pseudonana, but its genome encodes several
putative components of oxylipin production path-
ways (e.g., phospholipases and cytochrome p450–
like predicted proteins; Table S1, in the supple-
mentary material). However, no lipoxygenase ⁄
hydroperoxide lyases, hypothesized to be required
for this pathway (Pohnert 2002), could be detec-
ted. The presence of genes with similarity to com-
ponents of the prostaglandin biosynthesis pathway
(Table S3, annotations 122–123, in the supple-
mentary material), associated with the inflamma-
tory response of the mammalian immune system,
may suggest other metabolic pathways related to
defense-signaling cascades. As pathogens threaten
to become established, higher plants commonly
activate a hypersensitive response that derives from
an oxidative burst and limits pathogen spread by
killing infected cells and activating transcription of
cell-defense proteins. The T. pseudonana genome
encodes multiple proteins with LRR motifs
(Table 1), but none contain the nucleotide-
binding or TOLL ⁄ TIR domains that additionally
define disease-defense R-proteins. However, we
identified more than 10 plantlike pathogen-
related or hypersensitive response-induced proteins;
two putative subunits of the NADPH respiratory
burst oxidase, recently found to be up-regulated
during pathogen attack in a red alga (Herve et al.
2005); and two putative nitric oxide synthases,
which may play a central role in detection of bio-
chemical signals from wounded neighboring cells
in natural bloom conditions (Vardi et al. 2006).
At least five copies of genes that encode proteins
belonging to the Multi Antimicrobial and Toxin
Extrusion (MATE) family, recently shown to
be part of a disease-resistance signal transduction
pathway in plants (Nawrath et al. 2002), were
also found (Table S3, annotations 141–145, in the
supplementary material).

Unicellular apoptosis: When oxidative stress
exceeds antioxidant capacity, apoptotic pathways
can be induced. Internally triggered cell death has
been identified in unicellular organisms (Ameisen
2002), and it may play a major role in phytoplank-
ton bloom succession and collapse (Vardi et al.
1999, Bidle and Falkowski 2004, Vardi et al. 2006).
No clear homologs of important elements of meta-

zoan apoptotic pathways, such as p53, caspases, or
the BCL2 family of apoptosis regulators, were
observed in T. pseudonana. However, we could iden-
tify at least five apoptosis-related metacaspases
(Table S3, annotations 146–150, in the supplement-
ary material), present in A. thaliana, fungi, and sev-
eral eukaryotic microbes (Koonin and Aravind 2002,
Madeo et al. 2002). Furthermore, we identified
apoptosis-associated nuclear factors E2 F and DP1,
found in metazoans and plants, but not previously
reported in unicellular organisms, as well as three
putative serpins (serine proteinase inhibitors) that
have been implicated in host defense in animals
(Irving et al. 2000; Table S3, annotations 151–165,
in the supplementary material). Interestingly, a ser-
pin for which there is abundant EST support and a
plantlike pathogenesis-related protein were recently
detected in a proteomic study of a T. pseudonana cell-
wall protein-enriched fraction, and their pattern of
expression through the cell cycle correlated with
that of cell-wall-synthesis marker genes (Frigeri et al.
2006). Although the apoptotic elements present in
T. pseudonana appear largely similar to those of
other eukaryotic microbes and plants, no homologs
were found for TIR adaptor proteins or AP-ATPases,
both of which are abundant in A. thaliana. Further
examination of these features in other chromalveo-
lates should help elucidate the origin of cell-death
pathways and their ecological role in phytoplankton
bloom termination.

CONCLUSION

This study complements the overview initiated by
Armbrust et al. (2004) of major features of diatom
biology that can be investigated from the availability
of a first whole-genome sequence for this type of
organism. In both reports, novel assortments of meta-
bolic and regulatory components have been inferred
from the genome sequence. Whereas Armbrust et al.
(2004) focused on the general features of diatom pri-
mary metabolism (e.g., carbon, nitrogen, and silica
metabolism), the current manuscript describes mech-
anisms of cell regulation and maintenance of cell
homeostasis. More specifically, we have highlighted
the basic features of signal transduction, including
receptors and canonical signaling cascades, transcrip-
tion factors and chromatin-level control, cytoskeleton,
cell cycle, and stress-response pathways. The analysis
reveals an unusual assortment of pathways and
components that have never previously been found
together in the same organism, reflecting the
unusual phylogenetic history of diatoms.

Of potential major significance is that diatoms
may possess a novel class of phytochrome that repre-
sents a ‘‘brown’’ clade, and that the T. pseudonana
genome appears to lack conventional Rho-type small
GTPases, generally considered to be essential regula-
tors of polarized processes such as localized cell-wall
synthesis and tactic movement in eukaryotes. The
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extraordinarily high number of heat-shock TFs may
be of significant interest for future work on diatom
stress responses. Finally, the putative membrane-
bound environmental sensing mechanisms des-
cribed here are also very promising experimental
targets, in view of recent studies that have revealed
sophisticated chemical-based systems for the trans-
duction of external signals in marine diatoms (Fal-
ciatore et al. 2000, Vardi et al. 2006). However, the
relative paucity of environmental sensing mecha-
nisms will be a major challenge to address experi-
mentally. Another highly successful group of
photosynthetic organisms in the marine environ-
ment, the prokaryotic prochlorophytes, were also
determined to have a poor content of classical sens-
ing mechanisms for the perception of external sig-
nals (as opposed to their freshwater counterparts),
which may suggest that the marine environment is
sufficiently uniform and unchanging that a large
number of receptor-based signaling systems is not
required (Mary and Vaulot 2003).

In summary, the results of the in silico–based
analyses described here and in Armbrust et al. pro-
vide a rather complete blueprint of T. pseudonana
biology that should serve as cornerstones for future
laboratory-based and in situ–based experimental
studies aimed at understanding diatom biology and
the position of these organisms in the eukaryotic
evolutionary tree.
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Figure 3 of main text.

Figure S3. Alignment of the small GTPase
sequences used to derive the tree shown in
Figure 5 of main text.

Figure S4. A. Alignment of the sequences used
to derive a small-GTPase tree for Plasmodium falci-
parum. B. Alignment of the sequences used to
derive a small-GTPase tree for Phytophthora sojae.
C. Alignment of the sequences used to derive a
small-GTPase tree for Ostreococcus tauri. D. Align-
ment of the sequences used to derive a small-
GTPase tree for Cyanidioschyzon merolae.

Figure S5. Neighbor-joining trees of the small
GTPases of Plasmodium falciparum (a), Phytophtho-
ra sojae (b), Ostreococcus tauri (c), and Cyanidios-
chyzon merolae (d) along with well-characterized
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Figure S6. Schematic of histone clusters identi-
fied in the Thalassiosira pseudonana genome.

Figure S7. Alignment of the myosin head
domain sequences used to derive the tree shown
in Figure 6 of main text.

Figure S8. Alignment of the CDK sequences
used to derive the tree shown in Figure 7 of
main text.
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