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Diatoms are a ubiquitous class of microalgae of extreme importance for global primary productivity and for the biogeo-
chemical cycling of minerals such as silica. However, very little is known about diatom cell biology or about their genome
structure. For diatom researchers to take advantage of genomics and post-genomics technologies, it is necessary to establish
a model diatom species. Phaeodactylum tricornutum is an obvious candidate because of its ease of culture and because it can
be genetically transformed. Therefore, we have examined its genome composition by the generation of approximately 1,000
expressed sequence tags. Although more than 60% of the sequences could not be unequivocally identified by similarity to
sequences in the databases, approximately 20% had high similarity with a range of genes defined functionally at the protein
level. It is interesting that many of these sequences are more similar to animal rather than plant counterparts. Base
composition at each codon position and GC content of the genome were compared with Arabidopsis, maize (Zea mays), and
Chlamydomonas reinhardtii. It was found that distribution of GC within the coding sequences is as homogeneous in P.
tricornutum as in Arabidopsis, but with a slightly higher GC content. Furthermore, we present evidence that the P.
tricornutum genome is likely to be small (less than 20 Mb). Therefore, this combined information supports the development
of this species as a model system for molecular-based studies of diatom biology. The nucleotide sequence data reported has
been deposited in GenBank Nucleotide Sequence Database (dbEST section) under accession nos. BI306757 through BI307753.

Diatoms are important components of marine phy-
toplankton, being particularly important for biogeo-
chemical cycling of minerals such as silica, and for
global carbon fixation (Werner, 1977; Tréguer et al.,
1995). There are well over 250 genera of living dia-
toms, with perhaps as many as 100,000 species
(Round et al., 1990). In toto, they may contribute as
much as 25% of the total primary production on earth
(Van Den Hoek et al., 1997). These figures illustrate
the quantitative significance of diatoms for the func-
tioning of “ecosystem Earth.”

The success of diatoms is not well understood,
although it is known that they are remarkably flexi-
ble in adjusting their photosynthetic reactions to al-
low maximal growth rates over a wide range of light
intensities (Falkowski and LaRoche, 1991), and that
they may perform C4 photosynthesis (Reinfelder et

! These authors contributed equally to the paper.

2 Present address: Centro de Astrobiologia, Consejo Superior de
Investigaciones Cientificas-Instituto Nacional de Tecnica Aerospa-
cial, Carretera de Torrejon a Ajalvir km4, E-28850 Torrejon de
Ardoz, Madrid, Spain.

® Present address: Department of Molecular Biology, University
of Geneva, 30, Quai Ernest Ansermet, CH-1211 Geneva 4,
Switzerland.

* Present address: Centro di Biotecnologie A. O. Cardarelli, Via
S. Giacomo Dei Capri 66, I-80131 Naples, Italy.

1 The online version of this article contains Web-only data. The
supplemental material is available at www.plantphysiol.org.

* Corresponding author; e-mail chris@alpha.szn.it; fax 39-081—
764-1355.

Article, publication date, and citation information can be found
at www.plantphysiol.org/cgi/doi/10.1104/pp.010713.

al., 2000). In spite of their enormous ecological im-
portance, only recently have they begun to attract the
attention of molecular biologists (Scala and Bowler,
2001). As a consequence, knowledge of genome size
and structure is extremely limited and only a few
genes have been isolated. In November 2001, the
sequences of less than 70 protein-encoding nuclear
genes from diatoms had been deposited in GenBank
(GenBank release 126, October 15, 2001).

Diatoms are brown algae belonging to the division
Heterokonta and are thought to have arisen from a
secondary endosymbiosis between a red alga (Rho-
dophyta) and a heterotrophic flagellate (related to
the Oomycetes) around 300 million years ago (Gibbs,
1981; Delwiche and Palmer, 1997; Medlin et al., 2000).
This can explain why diatom plastids are surrounded
by four membranes rather than two. Therefore, any
common evolution of the photosynthetic apparatus
with higher plants and other chlorophytes is limited
to the primary endosymbiotic event that gave rise to
the chloroplast, probably more than 650 million years
ago, thus, studies of diatom biology are likely to
reveal many novel aspects.

To make diatoms accessible to powerful genomics
and post-genomics technology platforms, it is impor-
tant that the diatom research community focuses re-
search efforts on a single species. Phaeodactylum tri-
cornutum 1is an attractive model because of its
apparently small genome (Darley, 1968; Veldhuis
et al., 1997), short generation time, and ease of ge-
netic transformation (Apt et al.,, 1997; Falciatore
et al., 1999). However, little information is available
about its genome and, before this study, only 21

Plant Physiology, July 2002, Vol. 129, pp. 993-1002, www.plantphysiol.org © 2002 American Society of Plant Biologists 993



Scala et al.

sequences could be retrieved from GenBank (Gen-
Bank release 126, October 15, 2001). Of these, 10
correspond to the multigene family encoding the fu-
coxanthin, chlorophyll a/c-binding proteins (FCP A-F;
Bhaya and Grossman, 1993).

A rapid method for identifying genes is by partial
sequencing of random cDNAs to produce expressed
sequence tags (ESTs). The popularity of this ap-
proach is clear from the EST database (http://www.
ncbi.nlm.nih.gov/dbEST/), which currently contains
more than five million sequences. From photosyn-
thetic eukaryotes, the Viridiplantae (green plants) are
the best represented, whereas only two EST projects
have been reported from non-green macroalgae. One
of these is from the red alga Porphyra yezoensis (Ni-
kaido et al., 2000), and the other is from the brown
alga Laminaria digitata (Crépineau et al., 2000). Before
the current study, only one EST had been reported
from a diatom (GenBank release 126 [15 October
2001]).

The generation of a cDNA catalog from P. tricornu-
tum is useful for the sake of functional and phyloge-
netic comparisons of expressed gene populations
with those of other organisms and because it will
lead to a significant increase in the very limited
amount of sequence information currently available
from diatoms. Moreover, new metabolic routes may
be discovered by means of EST cataloging. For exam-
ple, diatoms have the unique characteristic of a silica-
based rigid cell wall (Mann and Ozin, 1996; Zurzolo
and Bowler, 2001), so the generation of large num-
bers of ESTs may eventually lead to the identification
of genes encoding essential components involved in
its formation. In this paper, we summarize an anal-
ysis of a population of approximately 1,000 ESTs
from P. tricornutum and describe the compositional
properties of its genome.

RESULTS
Sequence Analysis

The cDNA library used in this study consisted of
1.8 X 10° clones. A total of 997 single-pass nucleotide
sequences were generated from the 5 ends of ran-
domly chosen cDNA clones. After deletion of vector
sequences and ambiguous bases, an average length of
303 bp was used for the database searches. Table I
shows a general summary of the BLASTX results ob-
tained when using different filters of identity/similar-

ity, sequence length, and E value. It can be seen that
although a 40% filter on similarity does not change the
number of BLASTX hits below specified E values, the
selection of identity and a filter on the amino acid
length does affect the number of sequences identified.
As a dataset for the remainder of this study, we used
the sequences obtained with the most stringent crite-
ria, i.e. 40% identity, a length of more than 50 amino
acids, and E values of less than 0.0001 (see “Materials
and Methods”). A comprehensive list of the results of
the BLASTX analysis can be found at http://193.
205.231.39/Phaeodactylum/DW1.htm.

Out of the 997 ESTs analyzed in this report, 819
represented unique or nonredundant sequences. A
redundancy of 17.8% was found in this set of se-
quences (Table II); these redundant sequences could
be transcripts of the same gene or cognate genes. We
found 194 nonredundant sequences (23.7%) that had
significant amino acid sequence similarities to se-
quences registered in protein databases (Table II).
The remainder showed similarities to other protein
sequences below our threshold criteria (69.1%) or
showed no matches at all with any sequences cur-
rently present in the databases (7.2%; Table II).

Several ESTs matched genes previously identified
in P. tricornutum or in other diatoms (see Table
III in Supplementary Information at http://www.
plantphysiol.org). For example, a total of 74 ESTs
encoded fucoxanthin, chlorophyll a,c-binding pro-
teins (FCP), the major protein components of the
light-harvesting antenna complexes of photosystems
I and II within diatom plastids (Grossman et al.,
1990), or showed similarities to the functionally
homologous light-harvesting chlorophyll a,b-binding
proteins (LHC) of green algae and higher plants (Jans-
son, 1999). Twenty-two of these sequences were non-
redundant (see Table III and Fig. 1 in Supplementary
Information at http://www.plantphysiol.org). After
the FCP/LHC-encoding cDNAs, the next most abun-
dant ESTS encoded glyceraldehyde-3-P dehydroge-
nase (13 sequences).

Another well-represented family of proteins en-
coded by our ESTs are the frustulins, important
calcium-binding glycoprotein components of the di-
atom siliceous cell wall (Kroger et al., 1994). We
found a total of 12 ESTs encoding a- or e-frustulins,
of which seven were nonredundant. Frustulins had
not been previously identified in P. tricornutum,
nor had any silicon transporters (Hildebrand et al,,

Table I. Overview of BLASTX search results with different filters

Length of Filter

Identity/Similarity on Amino Acids

No. of BLASTX Matches

E = 0.0001 E = 0.001 E = 0.01
No filter None 314 339 352
40% Similarity None 314 339 352
40% ldentity None 264 274 280
40% Similarity >50 278 295 304
40% ldentity >50 230 232 234
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Table Il. Overview of results from P. tricornutum EST program

No. %

Total ESTs sequenced 997 -
No. of unique sequences 819 82.2
Redundant sequences 178 17.8

Average length (bp) 303 -
Putatively identified genes 194 23.7¢
Unidentified genes 625 76.3%
No significant matches” 566 69.1°
No matches at all in databases 59 7.22

@ Percentages of identified and unidentified genes in the unique
sequences. b No significant matches according to our filtering
method (see “Materials and Methods”).

1997), which we also found (PTSS0913; see Table
II in Supplementary Information at http://www.
plantphysiol.org). The identification of such se-
quences reinforces the hypothesis that P. tricornutum
could be a good model species for studying the
unique aspects of diatom cell biology such as silica
metabolism and frustule cell wall formation (see
“Conclusions”).

EST programs from photosynthetic organisms nor-
mally result in the identification of numerous se-
quences encoding the small subunit of Rubisco, the
principal enzyme in carbon fixation (Hofte et al.,
1993). The reason why we have not identified this
gene in P. tricornutum is simply because it is known
to be plastid encoded in diatoms (Kowallik et al.,
1995).

All of the ESTs encoding proteins similar to known
proteins in the public databases above our pre-
defined threshold levels are listed in Table III
in Supplementary Information at http://www.
plantphysiol.org. They have been divided into 10
functional groups based on their biochemical func-
tion. Further details can be found at http://www.
szn.it/plant/PhaeodactylumEST. A comprehensive
list of the results of the BLASTX analysis can also be
found at this site. The percentage of sequences falling
into different functional groups has been summa-
rized in Figure 1. As expected, the majority of ESTs
can be classified as encoding proteins involved in
general cellular metabolism (32%) or as being local-
ized to the plastid (18%). However, from this arbi-
trary classification it is apparent that a high number
of ESTs encode proteins involved in cell signaling
(8%) or channels and transporters (6%). This lat-
ter finding presumably reflects the importance of
maintaining cellular ion homeostasis in a marine
environment.

The large number of sequences encoding cell sig-
naling components points to the importance of stim-
ulus perception and signal transduction mechanisms
for regulating diatom cell physiology. Furthermore,
from our small sample population it would appear
that diatoms contain many of the components of sig-
naling pathways found in other organisms such
as small GTP-binding proteins (e.g. PTSS0963 and
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PTSS0715), protein kinases (e.g. PTSS0457), protein
phosphatases (e.g. PTSS0311 and PTSS0103), and
calcium-regulated enzymes (e.g. PTSS0773). The im-
portance of calcium as a second messenger has al-
ready been inferred from studies of signal perception
in transgenic diatoms expressing the calcium-
sensitive photoprotein aequorin (Falciatore et al,,
2000).

However, a major surprise is that we have found
ESTs encoding the catalytic and regulatory subunits
of cAMP-dependent protein kinase (PTSS0234 and
PTSS0368). In addition, other ESTs within our collec-
tion show “Twilight Zone” similarity to adenylyl
cyclases and to cAMP response element-binding pro-
tein transcription factors (data not shown). This im-
plicates the importance of cAMP signaling in dia-
toms, a major divergence from higher plants, which
so far have not been found to contain any of these
enzymes.

Many other interesting similarities can be found
within the Twilight Zone. For example, similarities
could be found between some of the ESTs and nitric
oxide synthase, salt- and submergence-induced pro-
teins from plants, and aquaporins. Furthermore, it
was surprising that diatom ESTs could be found with
similarity to all the major components of the extracel-

ESTS ' %
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Figure 1. Functional classification of derived coding sequences from
P. tricornutum ESTs. The nonredundant BLASTX hits shown in Table
Il (see Supplementary Information at http://www.plantphysiol.org)
were classified manually into the different functional groups shown.
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Figure 2. Distribution of coding sequences of Arabidopsis (A), P. tricornutum (B), maize (C), and C. reinhardtii (D and E)
according to the GC,, GC,, GC;, and GC; levels. GC,, GC,, GC;, and GC, are the GC levels of first, second, and third codon
positions and of the whole coding sequences, respectively. For C. reinhardltii, coding sequences derived from ESTs (D) and

CDS (E) are shown. n is the size of the sequence sample.

lular matrix of mammalian cells: collagen, laminin,
elastin, fibronectin, and tenascin (data not shown).

Codon Usage

A table showing codon usage in P. tricornutum
derived from the identified diatom ESTs is shown in
Table IV (see Supplementary Information at http://
www.plantphysiol.org). Codon usage in P. tricornu-
tum is not strongly biased as it is in P. yezoensis
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(Nikaido et al., 2000) and L. digitata (Crépineau et al.,
2000), which indicates that GC content of coding
sequences in P. tricornutum is not high as it is in these
other two algae (see below).

Compositional Distribution of Genes

To study compositional distribution within diatom
open reading frames derived from the ESTs shown in
Table III (see Supplementary Information at http://

Plant Physiol. Vol. 129, 2002
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Table V. Average GC levels and cesium chloride buoyant densities in maize, Arabidopsis, C. reinhardtii, and P. tricornutum

GC levels of total DNA were obtained by calculation of GC level at the peak of the cesium chloride profiles. In the case of maize, we used
the value reported by Carels et al. (1995).

Species CDS, GC, CDS, GC,; CDS, GC, CDS, GC;4 Buoyant Density of DNA Total DNA, GC
% gem™? %
C. reinhardtii 64.3 60 40 90 1.723%,1.7218" 62.1¢,63.14
Maize 60.3 60 40 70¢ 1.7021 47.0
P. tricornuum 53.7 55 40 65 1.7075 48.5
Arabidopsis 46.4 50 40 45 1.695 35.7

? Buoyant densities from C. reinhardtii were taken from Chiang and Sueoka (1967). b Buoyant densities from C. reinhardtii were taken from
our results. ¢ Corresponding GC levels were taken from Sager and Ishida (1963). 4 Corresponding GC levels were calculated from our
measurements of the DNA buoyant density using Schildkraut’s formula (Schildkraut et al., 1962). ¢ The average GC; level is inappropriate
for comparison in maize because two classes of genes must be taken into consideration (Carels and Bernardi, 2000). The values previously
reported are 68.6% for GC-poor genes and 89% for GC-rich genes. However, the value for GC-poor genes is biased by the small size of the
sample and is more likely to be around 50% to 55% GCj (see Fig. 3).

www.plantphysiol.org), we compared GC composi-
tion at the three codon positions in the nonredundant
P. tricornutum sequences with randomly selected ESTs
from Arabidopsis, maize (Zea mays), and C. reinhardtii
(see “Materials and Methods”). To examine whether
ESTs can be used to assess the base composition of
coding sequences (CDS) at a genome level, we also
compared GC distribution within CDS and ESTs from
the same organism (C. reinhardtii). The data in Figure
2 show that estimations of GC contents within the
codons are qualitatively very similar, regardless of
whether ESTs or CDS are used (Fig. 2, D and E). This
can also be seen when comparing the data for maize
and Arabidopsis ESTs with previously published data
using a limited number of CDS (Carels et al., 1998), as
well as with a larger data set of maize and Arabidopsis
CDS (data not shown). Therefore, from these observa-
tions we conclude that EST data sets can provide
useful information for genome characterization and
that full-length coding sequences are not necessary to
generate qualitative reliable information in P. tricornu-
tum with respect to these other organisms.

Table V shows the average GC values for each
codon position. The GC profile at the third codon
position within the diatom ESTs is within the same
compositional interval as that of Arabidopsis (Fig. 2,
A and B). However, the whole distribution tends to
be shifted by around 5% toward higher GC levels,
with a slight asymmetry to the right in such a way
that the peak of the EST distribution is about 10%
higher at GC; compared with Arabidopsis.

The overall percentage of GC of the diatom coding
sequences (GC,) is 53.7%, which is 7.3% higher than
was found in the random population of Arabidopsis
sequences, and 10.6% and 6.6% lower than in the C.
reinhardtii and maize sequences, respectively (Table V).

Average Base Composition at the Whole Genome Level

In addition to examining GC content of coding
sequences, it was of interest to determine the GC
content of the whole genome of P. tricornutum. The
average GC content of a genome can be calculated

Plant Physiol. Vol. 129, 2002

from its buoyant density in cesium chloride (Thiery
etal., 1976; Cortadas et al., 1977) using the formula of
Schildkraut (Schildkraut et al., 1962). Therefore, we
performed cesium chloride gradient analyses of
genomic DNA from P. tricornutum and found a buoy-
ant density of 1.7072 g cm™°. Because the genome of
this diatom is hardly methylated (below 3%; Jarvis et
al., 1992), we can conclude that the average GC con-
tent derived from this analysis is 48.5% (Table V; Fig.
3). The cesium chloride profile of the diatom DNA
falls between the Arabidopsis and C. reinhardtii pro-
files (Fig. 3).

The C. reinhardtii genome is also not significantly
methylated in vegetative cells (Blamire et al., 1974;
Sano et al., 1980) and, in addition, is very GC rich
(62.1%; Table V; Fig. 3; Sueoka, 1960; Sager and

A. thaliana P. tricornutum C. reinhardtii

GC,%

Figure 3. Comparison of cesium chloride profiles of genomic DNA
from Arabidopsis, P. tricornutum, and C. reinhardtii. Buoyant density
data are expressed in GC level to facilitate the comparison. GC
distributions are equally homogeneous in all three organisms, except
for the tail in the Arabidopsis profile, which is derived from plastid
DNA (Barakat et al., 1998).
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Ishida, 1963). In spite of this difference, the P. tricor-
nutum and C. reinhardtii CsCl profiles are similarly
homogeneous and symmetrical (like Arabidopsis,
but not maize [Carels et al., 1995]; Fig. 3). In the case
of P. tricornutum, this was expected because of the
high homogeneity in GC distribution observed in the
codons of the EST-derived sequences. On average, P.
tricornutum ESTs are 53.7% GC, i.e. around 5% higher
than the average of the whole genome (GC = 48.5%).

Determination of Genome Size

P. tricornutum genome size was calculated by ana-
lytical ultracentrifugation of cesium chloride density
gradients (Macaya et al., 1976). The area calculated
under the peak of tr1phcate samples correspondmg
to three million cells was 0.015798 OD ¢cm ™! with an
sp * 12.0%. The maxima was close to 0.3 OD. In a
second trial on six samples of three m1111on cells, we
obtained a value of 0.011959 OD cm ™! with an sp *
17.8%. When combined, these experiments give an
average of 0.013462 OD cm ™' with an sp + 20%. In
two separate experiments, we verified that the sur-
face covered by the peak corresponding to six million
cells was double this value. In this case, the OD
peaked at around 0.6, the expected value. The peak
covered by the phage DNA reference was 0.005045
OD cm ™! with a maximal OD value of 0.2. From these
results, we can calculate that three million cells of P.
tricornutum correspond to 40 ng of DNA and, there-
fore, that one cell corresponds to an average of 0.0133
pg. Because 1 bp corresponds to approximately
1.05 X 1077 pg, one can calculate that the genome
size of P. tricornutum is about 13 Mb.

DISCUSSION
EST Analysis

Although this work represents only a pilot-scale
study of diatom ESTs, it has revealed a lot of new
information about diatom biology. For example, the
number of nonredundant sequences that could be
functionally defined (194 out of 819; 23.7%) is much
lower than was observed in P. yezoensis (33.1%; Ni-
kaido et al., 2000) and L. digitata (39% of gametophyte
ESTs and 48% of sporophyte ESTs; Crépineau et al.,
2000). By contrast, 62.3% of deduced amino acid se-
quences from the legume Lotus japonicus could be
assigned a function (Asamizu et al., 2000). Although
this reflects the more stringent criteria used to assign
protein function (see “Materials and Methods”) com-
pared with these previous studies, it also suggests
that diatoms may contain a large number of diver-
gent sequences.

Because of the high stringency used to identify sim-
ilarities, it is highly probable that the vast majority of
matches that have been assigned will be confirmed by
subsequent biochemical experiments. Although this is
clearly advantageous, it does also mean that other
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ESTs encoding proteins with similarities slightly be-
low our threshold levels are not described. Notable
examples from this study included ESTs encoding
proteins with similarity to P450 monooxygenases,
DNA helicases, ankyrins, the D1-processing protease,
and several receptor kinases, which were only ex-
cluded from Table III (see Supplementary Information
at http:/ /www.plantphysiol.org) because the regions
of similarity were slightly lower than 50 amino acids
(see http://www.szn.it/plant/PhaeodactylumEST for
a comprehensive list of BLASTX results).

We found similarities with all the major components
of the extracellular matrix of mammalian cells: colla-
gen, laminin, elastin, fibronectin, and tenascin. Such
extracellular components do not appear to be present
in higher plants. As a consequence, in addition to
revealing important clues about the proteinaceous
components of diatom cell walls, the identification of
such sequences suggests that diatoms may have more
similarities with animal cells than has been previously
appreciated. This is further supported by the fact that
similar numbers of the EST-encoded proteins reported
in Table III (see Supplementary Information at http://
www.plantphysiol.org) share similarities with meta-
zoan and plant counterparts (see http://www.szn.it/
plant/PhaeodactylumEST) and by the fact that cAMP
signaling appears to have a clear role in diatoms, as it
does in metazoans and fungi, but not in plants. These
results are likely a reflection of the different phyloge-
netic histories of diatoms and higher plants, and they
suggest that much of the repertoire of diatom genes
derive from the ancestral heterotrophic flagellate that
was the host for the secondary endosymbiosis (Van
Den Hoek et al., 1997; Medlin et al., 2000). This infor-
mation suggests that the placing of diatoms in eukary-
otic phylogenetic trees may require some revision
(Baldauf et al., 2000).

Compositional Distribution of Genes

Comparison of the genome properties of Arabidop-
sis, maize, and C. reinhardtii provides an interesting
reference for the characterization of other photosyn-
thetic eukaryotes (Figs. 2 and 3; Table V). These three
species summarize the three basic levels of composi-
tional transition in GC content that can be observed
in chlorophytes with respect to the average GC level
(36%-40%) at the root of their evolution, i.e. no com-
positional transition (Arabidopsis), partial transition
(maize), and complete transition (C. reinhardtii).

It is interesting to note that because of the deter-
mining role of the second position in protein synthe-
sis, GC, is always centered on 40%, whatever the
level of compositional transition. This observation,
which is true for CDS- and for EST-derived se-
quences (compare the current study with Carels et
al., 1998), demonstrates that the diatom ESTs are in
the correct reading frame. GC; is less restricted by
protein-coding constraints and can follow to some
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extent the trend promoted by compositional bias to-
ward higher GC values. The third codon position,
being the most degenerate, absorbs the majority of
compositional variation.

Genome Size and Average Base Composition at the
Whole-Genome Level

To our knowledge, the genome size of P. tricornu-
tum had been previously examined by two different
methods. Darley (1968) used a spectrophotometric
method and estimated a DNA content of approxi-
mately 0.12 pg of DNA per cell, which corresponds to
a genome size of 120 Mb. Veldhuis et al. (1997) sub-
sequently combined flow cytometry with DNA-
binding fluorochromes and obtained a value approx-
imately twice this amount. However, this method is
likely to overestimate DNA contents due to nonspe-
cific binding of the dyes throughout the cell. The
method that we use, based upon analytical ultracen-
trifugation of DNA derived from a fixed number of
cells (Macaya et al., 1976), generated a value around
13 Mb, which is even smaller than the previous
calculations.

The discrepancies evidenced above reflect the fact
that genome size determinations are difficult and
prone to error. Regarding our method, the various
error sources are as follows: The percentage of mor-
tality in our cell cultures was 2%, meaning that ge-
nome size determination could be underestimated by
0.2 Mb; the cell counting process may introduce an
error of up to 5%; and the measurement itself gener-
ated a value with an sp of £20%. The chloroplast
genome, which is 120 kb in the diatom Odontella
sinensis (Kowallik et al., 1995), is not a complicating
factor in P. tricornutum because each cell contains
only one plastid. Putting all sources of error together,
we can conclude that our method estimates a genome
size between 7 and 19 Mb. The haploid set of yeast
(Saccharomyces cerevisiae) chromosomes is 12 Mb and
contains 6,500 genes, the exons of which are 1 kb on
average (Rubin et al., 2000). Yeast is among the sim-
plest of eukaryotic organisms, therefore it is unlikely
that the genome of P. tricornutum is smaller because
it is an obligate phototroph. However, a value be-
tween 12 and 20 Mb for P. tricornutum has been
confirmed by Mark Hildebrand (personal communi-
cation) using a method based on flow cytometry,
thus, this value is likely to be correct. Therefore, the
higher values reported previously may reflect the
limited accuracy of the analytical techniques used
with respect to more modern methods.

The fact that the cesium chloride profile of P. tri-
cornutum DNA is homogeneous (Fig. 3) reflects the
high homogeneity in GC distribution observed in the
codons of the EST-derived sequences and indicates
that very little satellite DNA is present within the
genome. This latter finding was expected because of
the small genome size. Moreover, because of the

Plant Physiol. Vol. 129, 2002
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similar range of GC levels found within the cesium
chloride profiles of Arabidopsis, P. tricornutum, and
C. reinhardtii (Fig. 3), it can be concluded that the
heterogeneity of base composition is similar in each
organism. However, the average GC contents of
these genomes are so different that their cesium chlo-
ride profiles do not overlap. Compared with Arabi-
dopsis, which is typical of genomes that have not
changed significantly in average base composition
over the last 100 million years (see Bernardi and
Bernardi, 1990, for other examples), the cesium chlo-
ride profiles of P. tricornutum and C. reinhardtii indi-
cate that their genomes are examples of “horizontal
shift.” However, a complete compositional transition
is only observed in C. reinhardtii.

CONCLUSIONS

The small scale study of ESTs described here has
yielded the following new information about the ge-
nome of the diatom P. tricornutum: Codon usage is
not strongly biased in comparison with Arabidopsis;
many genes are more similar to animal rather than
plant counterparts; and genome size is similar to the
yeast S. cerevisiae.

These characteristics, together with its ease of cul-
ture, short generation time, and ease of genetic trans-
formation (Apt et al.,, 1997; Falciatore et al., 1999)
suggest that P. tricornutum would be an appropriate
model species for genomic research in diatoms. The
availability of a protocol for genetic transformation is
particularly important because reverse genetics ap-
proaches will be essential to elucidate new protein
functions in diatoms.

However, P. tricornutum is a rather atypical diatom
in that it is polymorphic. It exists as three different
morphotypes: oval, fusiform, and triradiate, which
are only partially silicified (Lewin, 1958; Lewin et al.,
1958; Borowitzka et al., 1977, Borowitzka and Vol-
cani, 1978). Therefore, submicrometer-scale silica
structures are limited, thus its use for studies of
bioinorganic pattern formation may not be ideal.
However, our study has revealed that the usual
diatom-specific cell wall components such as frustu-
lins are present. Furthermore, phylogenetic analysis
using 185 rRNA sequences place P. tricornutum in the
middle of the pennate diatom lineage (D. Vaulot,
personal communication). Therefore, the differences
in genome sizes between different diatoms (Veldhuis
et al.,, 1997) are more likely to be due to different
contents of noncoding “junk” DNA, as is the case in
other organisms (e.g. the genomes of some cereal
plants are more than 200 times bigger than that of
Arabidopsis, even though the number of genes is
likely to be very similar in all plant species [The
Arabidopsis Genome Initiative, 2000]). In spite of its
atypical properties, in our opinion, P. tricornutum
appears to be the most appropriate choice for a dia-
tom genome sequencing project, and its potential for
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unraveling the secrets of diatom biology can be sim-
ilar to the role played by Arabidopsis in studies of
plant biology, physiology, and ecology.

MATERIALS AND METHODS
Strains and Media

Phaeodactylum tricornutum Bohlin clone CCMP 632 was obtained from the
Provasoli-Guillard National Center for Culture of Marine Phytoplankton
(West Boothbay Harbor, ME). Cells were grown axenically in filtered sea-
water enriched with nutrients as in f/2 medium (Guillard, 1975) at 20°C in
a 12-h light/12-h dark photoperiod (150 wmol m ™2 s~ ). Light sources were
cool-white fluorescent tubes (TLD 58W/84; Philips, Eindhoven, The Neth-
erlands). Cultures were periodically tested for bacterial contamination by
culturing in the dark in medium (100% [w/v] seawater plus f/2 nutrients)
supplemented with 1 g L™! peptone (Oxoid S.p.A.).

c¢DNA Library Preparation

The cDNA library used in this study was generated from an exponen-
tially growing culture. Diatom cells were collected by centrifugation and
were frozen in liquid nitrogen. Total RNA was prepared from the cell pellet
essentially according to Verwoerd et al. (1989). Total RNA was then treated
with proteinase K and RNase-free DNase according to Monstein et al.
(1995).

Poly(A) mRNA was isolated from total RNA with Dynabeads (Dynal
Biotech, Lake Success, NY) according to the manufacturer’s recommenda-
tions. cDNA was prepared using a cDNA synthesis kit (Stratagene, La Jolla,
CA) and was directionally cloned into the Uni-ZAP vector (Stratagene). The
resulting library contained 1.8 X 10° independent phage and was amplified
to 4.9 X 10° pfu mL™! according to the manufacturer’s recommendations.

The Uni-ZAP XR vector allows in vivo excision of the pBluescript phage-
mid, allowing the insert to be characterized in a plasmid-based system. The
A phage library was converted into a plasmid library by performing a mass
in vivo excision by superinfecting with ExAssist helper phage. In the result-
ing library, the cDNAs were cloned in the pBluescript SK plasmid. Conver-
sion into a plasmid library simplified subsequent manipulation and han-
dling of the library.

Clones were randomly picked for template preparations with the idea of
generating an overall picture of the genes expressed in the diatom cells.
Clones from the oriented library were sequenced from the 5’ end to target
preferentially the coding region of cDNAs and to avoid premature sequence
termination resulting from long poly(A) sequences at the 3’ end of the
cDNAs.

Plasmid DNA from the resulting pBluescript SK-based clones was pre-
pared using a spin column miniprep kit. Automated cycle sequencing was
performed on plasmid DNA, at the 5" end of the cDNA insert, using the T3
inverse sequencing primer (5'-TTTAATTGGGAGTGATTTCCC-3'). ESTs
were produced by single passes on an automated sequencer (ABI377; Ap-
plied Biosystems, Foster City, CA) with base caller ABI200. The quality score
was between 95% and 99% accuracy per sequence, and the average percent-
age of error for all the sequences was 2%. Sequences were further edited
manually to eliminate unwanted regions of vector, poly(A) tails, and lower
quality data from the end of the sequencing run. The average length of
readable sequence was 303 bp after the deletion of vector-derived se-
quences. The reasons for such a short sequence length are because the
sequencing was done in 1999, when sequencing lengths were not as long as
they are today, and because of financial constraints.

Similarity Searches

The sequences were first checked for redundancy using the program
BLASTN (Altschul et al., 1990). We considered sequences to be redundant
when more than 90% identity was observed over sequences more than 250
nucleotides long. The nonredundant sequences were translated into three
reading frames and were then compared with the protein sequences con-
tained within SWISS PROT, SPTREMBL+REM GENPEPT, and PIR data-
bases within NAL3D and PDB databases using the BLASTX algorithm
(Altschul et al., 1990) at the Infobiogen server (see http://www.infobiogen.fr).
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We considered significant similarities to known proteins as having prob-
ability values of less than 10~%, a percentage of identity of more than 40%
and a length of the region of similarity of more than 50 amino acids. These
values were based on the following considerations.

Probability

It is difficult to come up with a measure of “biological significance.” In
general, one tries to infer biological significance from statistical significance,
and most often, an E or P value of less than 0.05 is considered to be
statistically significant. However, because the current version of BLAST
sometimes underestimates E values (S.F. Altschul, personal communica-
tion), we decided to impose smaller E values before claiming statistical
significance. As suggested by Azam et al. (1996) and P. Dessen (personal
communication), we decided to consider E values less than 0.0001 as being
of biological significance.

Percentage of Identity

The percentage of identity is the number of amino acids that are identical
within the region of similarity with respect to the length of this region. To
reduce ambiguous results, we defined a protein to be similar to another
when a percentage of identity higher than 40% was found between them.
This is just above the Twilight Zone defined by Doolittle (1987).

Region of Similarity

A length of 50 amino acids was chosen arbitrarily as the cut-off length for
a region of similarity. If more than one EST showed similarity to the same
gene, we analyzed the corresponding sequences by clustalW alignment
(Thompson et al., 1994). When the number of nucleotides within this region
exceeded 100 bases but the differences in nucleotide sequences were greater
than 10%, they were considered to be different isoforms of the same protein,
e.g. clones PTSS0141 and PTSS0701. When the sequences overlapped per-
fectly, only one EST was included in Table III (see Supplementary Informa-
tion at http:/ /www.plantphysiol.org) and the overlapping sequences were
used where possible to reconstruct a longer sequence.

Automated analyses were performed using software implemented at the
Stazione Zoologica based on Perl programming language (Wall et al., 2000).
GC level was calculated in the three codon positions using ANALSEQ
(Gautier and Jacobzone, 1989). For comparison, we analyzed coding se-
quences derived from random samples of ESTs from Arabidopsis (n =
1,000), maize (Zea mays; n = 2,000), and Chlamydomonas reinhardtii (n =
5,000) retrieved from GenBank using the ACNUC retrieval protocol (Gen-
Bank release 117 [April 2000]). The maize sample was double that of Arabi-
dopsis because of the two classes of genes in this species (Carels and Bernardi,
2000). For C. reinhardtii, 5,000 random ESTs were necessary because of the
high number of non-unique sequences in the ESTs from this alga.

Cesium Chloride Gradient Analysis of Genomic DNA

Genomic DNA from P. tricornutum and C. reinhardtii were analyzed by
sedimentation in cesium chloride as previously described (Thiery et al.,
1976; Cortadas et al., 1977). The formula of Schildkraut et al. (1962), p =
(GC X 0.098)/100 + 1.66, was used for conversion of buoyant densities (g
cm ) into GC contents (percentage). Original cesium chloride profiles from
maize (Carels et al., 1995) and Arabidopsis (Barakat et al., 1998) were used
without modification. For maize, the relationship between buoyant density
and GC level [GC = (1102 X p) — 1829.5] was taken from Carels et al. (1995).

Determination of Genome Size

Analysis of genome size was performed on log-phase cultures that had
passed through at least five successive rounds of growth in f/2 medium
(Guillard, 1975) at 20°C and in a 12-h light/12-h dark photoperiod (150
pmol m~2 s~ ). Three and six million cells were collected by centrifugation.
The cell pellets were then resuspended in 400 uL of distilled water and
frozen in liquid nitrogen. DNA extraction and cesium chloride density
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gradient analytical ultracentrifugation were performed as described in Ma-
caya et al. (1976).

In two separate experiments, we measured the surface area under the
DNA profile (above the base line) after analytical centrifugation of samples
corresponding to three and six million actively growing cells. The cesium
chloride profiles produced by the optical system of the XL-A analytical
ultracentrifuge (Beckman Coulter, Fullerton, CA) were measured by inte-
grating the optical densities (OD) obtained for each 10-um distance, which
are listed in the ASCII file produced by the instrument. The unit of surface
is expressed in OD cm™'. The quantity of DNA was determined by com-
parison with a phage 2c DNA buoyant density reference. The phage was
loaded onto the gradient to a final quantity of 15 ng. Following the deter-
mination of DNA quantity per cell, genome size was calculated on the basis
that 1 bp is equivalent to 660 D.

On the same cell cultures used for DNA extraction, the percentage of
mortality was quantified to reduce errors in genome size determination.
Viability assays were performed in triplicate on different culture dilutions
(1 X 10° and 5 X 10° cells mL™") labeled with 20 um Sytox green (Molecular
Probes, Eugene, OR). Percentage of mortality was measured using a flow
cytometer (FACSCalibur; BD Biosciences, Franklin Lakes, NJ; R. Casotti,
unpublished data).
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