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Pseudochattonella farcimen (Eikrem, Edvardsen, et Throndsen) is a unicellular alga belonging to the
Dictyochophyceae (Heterokonta). It forms recurring blooms in Scandinavian coastal waters, and has
been associated to ﬁsh mortality. Here we report the sequencing and analysis of 10,368 expressed
sequence tags (ESTs) corresponding to 8,149 unique gene models from this species. Compared to
EST libraries from other heterokonts, P. farcimen contains a high number of genes with functions
related to cell communication and signaling. We found several genes encoding proteins related to
fatty acid metabolism, including eight fatty acid desaturases and two phospholipase A2 genes. Three
desaturases are highly similar to 4-desaturases from haptophytes. P. farcimen also possesses three
putative polyketide synthases (PKSs), belonging to two different families. Some of these genes may
have been acquired via horizontal gene transfer by a common ancestor of brown algae and dictyochophytes, together with genes involved in mannitol metabolism, which are also present in P. farcimen.
Our ﬁndings may explain the unusual fatty acid proﬁle previously observed in P. farcimen, and are
discussed from an evolutionary perspective and in relation to the ichthyotoxicity of this alga.
© 2011 Elsevier GmbH. All rights reserved.
Key words: Harmful algae; heterokonts; fatty acid desaturases; polyketide synthases (PKS); mannitol
metabolism; horizontal gene transfer (HGT).

Introduction
Heterokonts (stramenopiles) constitute a major
eukaryotic lineage, which has evolved indepen1
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dently from the well-studied plant (including redand green algae) and opisthokont (including
animals and fungi) lineages (Fig. 1). Recently published genomes of heterokonts, such as diatoms
(Armbrust et al. 2004; Bowler et al. 2008), brown
algae (Cock et al. 2010), and oomycetes (Tyler
et al. 2006) have generated valuable insights into
the evolution and unique metabolic pathways of
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Figure 1. Reduced phylogenetic tree of eukaryotes according to Burki et al. (2007) and Riisberg et al. (2009),
with a focus on heterokonts. Common names or examples of genera are given in brackets after the clade name.
Circles indicate available ESTs (>1,000 sequences), squares available nuclear genome sequences according
to the NCBI and JGI databases. The grey square for Emiliania indicates that this genome has been released
but not ofﬁcially published.

several of these organisms, yet several other
classes within this sub-kingdom remain poorly covered by sequencing projects. Such studies could
greatly further our understanding of the evolution
of heterokonts.
Here, we focus on one representative of
the heterokonts: the dictyochophyte Pseudochattonella farcimen Eikrem, Edvardsen et Throndsen
(Edvardsen et al. 2007; Eikrem et al. 2009). Within
the Dictyochophyceae, available molecular data
prior to the submission of our dataset consisted
of only 157 nucleotide and 43 protein sequences,
which were almost exclusively taxonomic markers.
The most closely related species with available EST
or genome data was the pelagophyte Aureococcus anophagefferens Hargraves & Sieburth (Ben
Ali et al. 2002; Riisberg et al. 2009). Pseudochattonella farcimen is a unicellular, ichthyotoxic alga,
forming recurrent blooms in Scandinavian marine
waters, at times causing severe ﬁsh mortality (Aure
et al. 2001; Backe-Hansen et al. 2001; Edler 2006).
Skjelbred et al. (2011) demonstrated Pseudochattonella spp. cultures to adversely affect metabolism
of ﬁsh cells and to damage gills of cod fry and

salmon smolts. Despite its impact on the aquaculture industry, little is known about the biology and
toxicity of algae in the genus Pseudochattonella,
encompassing the two species P. farcimen and P.
verruculosa.
Other aspects of Pseudchattonella species that
have been examined are chemical markers and
potentially toxic or toxin-related substances such
as sterols and fatty acids (Giner et al. 2008). Two
strains of Pseudochattonella sp. were shown to produce a rare 27-nor sterol (occelasterol), for which
the biosynthetic pathway is yet unknown. In addition, both strains contained a high proportion of
polyunsaturated fatty acids (PUFAs). Two unusual
features were particularly high ratios of docosahexaenoic acid (DHA) to eicosapentaenoic acid (EPA),
as well as the presence of the rare PUFA C18:5n3. The latter fatty acid was previously also found
in a toxic species of the dinoﬂagellate genus Prorocentrum (Mansour 1999), the toxic raphidophyte
Heterosigma akashiwo (Mostaert et al. 1998), and
in several haptophytes including Emiliania huxleyi
(Viso and Marty 1993), Isochrysis galbana (Renaud
1999), and Chrysochromulina polylepis (John et al.
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Table 1. Overview of species and EST libraries analyzed in this study. Shown are the total number of ESTs
analyzed, the number of non-redundant sequences (NRSs) obtained and the mean G/C content of the coding
sequences.
Species

Class

ESTs

NRSs

G/C

Pseudochattonella farcimen
Aureococcus anophagefferens
Nannochloropsis oculata
Phaeodactylum tricornutum
Phytophthora capsici
Ectocarpus siliculosus
Isochrysis galbana

Dictyochophyceae
Pelagophyceae
Eustigmatophyceae
Bacillariophyceae
Oomycota
Phaeophyceae
Prymnesiophyceae

10,367
51,271
1,961
121,750
56,457
90,637
12,274

8,149
18,668
1,858
73,696
11,448
17,039
6,088

53.1%
68.1%
52.1%
50.7%
54.0%
55.7%
63.6%

2002). Just as for occelasterol, the molecular mechanisms underlying the synthesis of C18:5n-3 are
still unknown.
In this study, the rationale was to improve our
understanding of the biology, in particular the biochemical capacity of P. farcimen by generating and
analyzing an EST library for this dictyochophyte.
The results highlight several interesting features
about the physiology of this alga, including the presence of numerous genes involved in signaling, fatty
acid metabolism, polyketide synthesis, and mannitol metabolism. Finally, our data are also of interest
regarding recent theories on the evolution of heterokonts, as they reveal diverse origins of fatty acid
metabolism-related genes as well as polyketide
synthases.

Results and Discussion
Characterization of the EST Library
After ligation and transformation of cDNA, 10,368
clones were sequenced, and a total of 10,042
sequences remained after cleaning. A total of
1,240 tentative contigs and 6,909 singletons were
obtained during the assembly of these sequences.
Overall, the low ratio of contigs to singletons indicates that higher sequencing depth could have
led to a signiﬁcant increase in the number of
non-redundant sequences (NRSs, i.e. contigs +
singletons). The distribution of the number of
expressed sequence tags (ESTs) per NRS is available in Supplementary File S1. For each of these,
a putative open reading frame was found: the overall G/C content in these open reading frames was
53.1%, and thus similar to that found in the EST
libraries of most heterokonts excluding Aureococcus and the haptophyte I. galbana (Table 1).
Automatic GO annotations could be obtained
for 1,394 (17%) of the 8,149 NRSs (e-value cutoff 1e-10), and a total of 3,327 sequences (41%)

had homologs (e-value cutoff 1e-6) in the NCBI
nr database. An overview of GOSlim annotations
obtained for the P. farcimen library is shown in
Figure 2. In most cases, best BLAST hits were
found in Ectocarpus siliculosus (992 top hits i.e.
30%), Thalassiosira pseudonana (351 i.e. 11%),
Phaeodactylum tricornutum (313 i.e. 9%), and
Phytophthora infestans (280 i.e. 8%), followed by
Micromonas (72 i.e. 2%) (Supplementary File S2).
For 4,822 (70%) of the sequences no homolog
(e-value cutoff 1e-6) was found in the NCBI nr
database. This number is unexpectedly high, considering that, at the time of the analysis, three
genomes of heterokont algae (T. pseudonana, P.
tricornutum, and E. siliculosus) had already been
completed and in the database. The lack of homologous sequences may partially be due to the fact that
some of the predicted coding sequences (CDSs)
were incomplete (the mean NRS length was 1070
nucleotides, the mean predicted CDS length was
171 amino acids), but certainly also indicates the
large discovery potential for genes with new functions in this species.

Contigs with High EST Support are
Largely Unknown
One of the sequences of particular interest is, for
example, the predicted protein with the highest EST
support (15 reads): This CDS has no homologs in
the NCBI nr protein database (e-value > 1), but
is likely to contain a type 2 signal anchor as predicted by HECTAR (Gschlössl et al. 2008) and one
transmembrane domain, the N-terminal end of the
hypothetical protein being predicted to face towards
the inside of the cell. Manual annotations for 16
predicted proteins with the next highest number of
reads (≥6) are detailed in Table 2. In total, a putative function could only be assigned to 5 of the 17
best supported sequences (i.e. 29%).
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Figure 2. Overview of GOSlim annotations obtained for the P. farcimen EST library. The absolute number of
sequences with annotations falling into each category is given in parentheses after the name of the category.

ESTs Related to Signaling and
Multicellularity
In order to obtain a rough overview of which functional groups of genes were particularly abundant in
the P. farcimen EST collection, automatic GO annotations obtained for this species were compared
to those obtained for other public EST libraries of
related organisms (listed in Table 1), limiting the
false discovery rate to 5% using the Benjamini
and Hochberg correction (Benjamini and Hochberg
1995). An overrepresentation of certain groups of
ESTs in one library may be caused by a number of
factors including the growth condition of the algal
culture prior to RNA extraction, the method used
for normalization, the quality of the sequences, the
quality of the sequence assembly, and ﬁnally the
quality of the annotations, the latter depending both
on the length of the ESTs and the presence of
well-annotated homologues, but may also reﬂect
genomic and transcriptional differences between
different species.

We did not detect any signiﬁcant differences
between the P. farcimen and the I. galbana
EST libraries. However, compared to the other
examined species, several functional categories
were enriched in P. farcimen. Here we only
considered GO terms signiﬁcantly overrepresented compared to all ﬁve other examined
species, except I. galbana. These GO-terms fell
into three functional categories: protein binding,
signaling, and multicellular organismal process
(Table 3).
The ﬁnding of genes related to the development of multicellular organisms among the highly
represented sequences may at ﬁrst seem surprising, as both P. farcimen and I. galbana are
unicellular. However, similarly high proportions of
genes falling into this category (7.3%) have recently
also been detected in the unicellular, protozoan
parasite Perkinsus marinus (Joseph et al. 2010).
Indeed, most of the genes annotated with the
GO-term “multicellular organismal process” were
related to signaling, the most abundant sequences

Expressed Sequence Tags from Pseudochatonella farcimen 147

Table 2. Predominant transcripts in the P. farcimen EST library (≥6 reads support). Proteins were considered
“hypothetical”, if no blast hit with an e-value < 1e-10 was found in the NCBI nr database, and “conserved
unknown”, if blast hits (e-value < 1e-10) were available only with uncharacterized proteins. The features column contains information on predicted conserved domains or signal peptides obtained by InterProScan and
HECTAR.
Sequence

Reads

Annotation

Best hit

e-value

Features

FR751558
FR751561

15
7

hypothetical protein
conserved unknown
protein

Fagus sylvatica
Thalassiosira
pseudonana

2.8
1e-17

FR751562
FR751563
FR751564

7
7
7

–
–
Phytophthora
infestans

>10
>10
1e-43

FR751566

7

–

6

Ectocarpus
siliculosus
E. siliculosus

6e-23

FR751568

hypothetical protein
hypothetical protein
endoplasmic
reticulum
oxidoreduction
conserved unknown
protein
20S proteasome
subunit alpha type 1

Type II signal anchor
ZINC FINGER DHHC
DOMAIN, 3
transmembrane
domains
–
Type II signal anchor
ERO1 domain

5e-56

FR751578
FR751584

6
6

hypothetical protein
hypothetical protein

0.062
0.28

FR751572

6

Clp protease

1e-84

CLP_PROTEASE

FR751577

6

hypothetical protein

Ixodes paciﬁcus
Marivirga
tractuosa
Phaeodactylum
tricornutum
E. siliculosus

PROTEASOME
SUBUNIT, nucleophile
aminohydrolases
–
–

7e-07

FR751571

6

hypothetical protein

9e-45

FR751564

6

8e-43

ERO1 domain

FR751570

6

endoplasmic
oxidoreduction
conserved unknown
protein

Metagenome:
Mediterranean
deep chlorophyll
max.
P. infestans

ATG11
(Autophagy-related)
–

E. siliculosus

4e-29

FR751574
FR751567
FR751569

6
6
6

P. tricornutum
E. siliculosus
E. siliculosus

2e-07
3e-24
3e-11

Mitochondrial transit
peptide; CBS_pair
domain
–
Sulfatase superfamily
–

hypothetical protein
sulfatase
conserved unknown
protein

being protein kinases as well as genes related
to protein recycling (Supplementary File S3). The
importance of signaling for toxin-producing, bloomforming algae seems plausible, as several of
them are thought to regulate their toxin production
(Granéli and Flynn 2006) as well as gene expression of toxin-related genes (Freitag et al. 2011;
Wohlrab et al. 2010; Yang et al. 2011) depending on
environmental conditions and speciﬁc signals e.g.
from grazers. More importantly, toxins produced
by microalgae beneﬁt the entire bloom rather than
the individual cell (Pohnert et al. 2007), thus, to a

certain degree, resembling the behavior of cells in
multicellular organisms. The mechanisms underlying the evolution of such “altruistic behavior” are
poorly understood, but “chemical awareness” of
surrounding cells and therefore cell-cell signaling
may be important.

Polyunsaturated Fatty Acids
After having examined P. farcimen ESTs on a
global scale, we focused our attention on speciﬁc metabolic pathways. Given the very particular
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Figure 3. Putative pathways of fatty acid synthesis in P. farcimen based on Guschina and Harwood (2006),
Meyer et al. (2003), Pereira et al. (2004), Qiu et al. (2001), and Tonon et al. (2003, 2005). The percentage of
total fatty acids measured by Ginger et al. (2008) is given in parentheses after its name (“-” = not detected),
uncharacterized candidate genes in P. farcimen are listed in parentheses under the name of the enzyme, where
sequences in italics and marked with “*” grouped with haptophyte sequences in a phylogenetic analysis (see
Table 4). Fatty acids in boldface were particularly abundant. C22:5n-3 and C20:3n-6 were not examined. Dotted
arrows and question marks indicate hypothetical biosynthetic pathways that could be suggested by the PUFA
composition of P. farcimen, but have not yet been described.

1,278 (1.55%)
957 (1.16%)
46 (1.34%)
83 (2.42%)
245 (1.97%)
105 (0.84%)
62 (1.30%)
60 (1.26%)
1 (0.20%)
1 (0.20%)
29 (1.78%)
55 (3.37%)
90 (3.08%)
157 (5.37%)

82,376
4,238 (5.14%)
2,921
1,633
509
4,761
1,2445
3,436
230 (7.87%)
94 (5.76%) 15 (2.95%) 233 (4.89%)
812 (6.52%) 192 (5.59%)

Ptr
Esi
Pca
Aan
Noc
Iga
Pfa

PUFA composition of Pseudochattonella sp. (Giner
et al. 2008), as well as the possible role of certain PUFAs as toxins (Jüttner 2001; Marshall et al.
2003; Yasumoto et al. 1990) or precursors for toxins (Pohnert 2002), PUFA metabolism was one of
them. We did not ﬁnd the P. farcimen EST library
to contain any sequences coding for part of the 0
of the fatty acid elongase complex (FR752203), a
3-ketoacyl-CoA reductase with a similar sequence
(CBJ30207.1) in E. siliculosus was found. These
enzymes are normally involved in the synthesis of
saturated or monounsaturated fatty acids, which
serve as substrate for subsequent elongation and
desaturation reactions (Fig. 3). This absence may,
however, be explained by overall low expression
levels of these genes, as supported by the observation that the same genes in E. siliculosus have little
(FAS) or no EST-support despite their presence in
the genome.
An interesting feature, however, is the presence
of eight different cDNAs encoding fatty acid desaturases and six cDNAs encoding enzymes likely to
be involved in the condensation reaction during the
elongation of speciﬁc long-chain (C18, C20) fatty
acids (elongases). In several cases the exact speciﬁcity of the corresponding enzymes was difﬁcult
to deduce based merely on sequence homology,
and our EST library does not cover the complete
set of expressed genes. This may explain why certain desaturases (9, 12, and 15), were not
identiﬁed in our dataset. Moreover, the fact that
most of the sequences were incomplete also prevented us from performing one global phylogenetic
analysis of all desaturases and elongases, respectively. This underlines the need for heterologous
expression experiments and additional sequencing
to completely describe fatty acid metabolism in P.
farcimen. Nevertheless, individual phylogenies with
sets of closely related sequences were possible
with our data and are consequently described in
the following sections.

Total annotations
protein binding
GO:0005515
Signaling GO:0023052
Multicellular organismal
process GO:0032501

DHA Synthesis via 4-Desaturases

Term

Table 3. Enriched GO annotations in Pseudochattonella farcimen. The table shows the total number of annotations as well as the
number of annotations for each enriched category and their percentage with respect to the total number of annotations for each
species. Pfa = Pseudochattonella farcimen, Iga = Isochrysis galbana, Noc = Nannochloropsis oculata. Aan = Aureococcus anophagefferens,
Pca = Phytophthora capsici, Esi = Ectocarpus siliculosus, Ptr = Phaeodactylum tricornutum. The GO term Multicellular organismal process
(GO:0032501) comprises also developmental process (GO:0032502), multicellular organismal development (GO:0007275), system development (GO:0048731), organ development (GO:0048513), and anatomical structure development (GO:0048856), which were also signiﬁcantly
overrepresented in P. farcimen. All differences except those between P. farcimen and I. galbana were statistically signiﬁcant (binomial test, false
discovery rate < 5%).
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One of the prominent features of Pseudochattonella
sp. is the high ratio of DHA to EPA (Giner et
al. 2008). In mammals, DHA is synthesized from
EPA in low quantities via a pathway known as
Sprecher’s shunt (Sprecher et al. 1999), involving
the elongation of C22:5n-3, desaturation via a 6desaturase, and subsequent ␤-oxidation (Fig. 3).
In contrast, in several unicellular eukaryotes, an
alternative pathway exists, involving elongation of
EPA via a highly speciﬁc C20 elongase and subsequent desaturation at the 4-position (Meyer

A) 4-desaturase-like genes
Gloss omastix c hrysoplasta (D4Des01)

53/55

Chloroflexi (D4Des02)

91/100

Pavlova viridis (C20Elo01)*

97/100

6
88/98

97/100

Vividriplantae (D4Des05-06)

99/100

Metazoa (C20Elo04-09)

100/100 Thraustochytrium sp. (C20Elo10)*

Metazoa (D4Des07-12)

100/100

Ostreococc us sp. (C20Elo02-03)*

100/100

Fungi (D4Des03-04)*

99/100

98/100

Trypanosoma sp. (C20Elo11 -18)

95/100

Rebecc a s alina (D4Des13)*
-/79

Thraustochytrium sp. (D4Des14-15)
100/100

-/72

5

97/100

Emiliania huxleyi (C20Elo20)
68/89

Monosiga brevicolli (C20Elo21)

Emiliania huxleyi (D4Des20)
Isochrysis galbana ( D4Des21)*

100/100

Isochrysis galbana (C20Elo19)

100/100

Monosiga brevicollis (D4Des19)|
90/100

Leishmania sp. (C20Elo16-18)

95/100

-/80

Perkinsus marinus (D4Des16-18)*

77/64

150 S.M. Dittami et al.

B) putative C20-elongases

Pseudochattonella farcimen (PfarElo03)

4

Thraustochytrium sp. (C20Elo22)*

Pseudochattonella farcimen (PfarDes04)

0.2

0.2

C) acylCoA dependent 6-desaturase-like genes

D) unknown desaturases
100/100

Monosiga brevicollis (Acy l 6Des01)
Rebecc a s alina (Acy l 6Des02)

0.5

Emiliania huxleyi (Acyl 6Des03)

Echium sp. (Des5-9)*
65/65

0.2

85/100

98/100

Chlorophyta (Acyl 6Des04-08)*

67/98

Pseudochattonella farcimen (PfaDes03)

-/98

100/100

90/100

Perkinsus marinus (Acyl 6Des09-11 )
89/91

Primula sp. (Des11-14)*

6

Ribes nigrum (Des 15-17)*

Marchantia polymorpha (Des21)*
Pseudochattonella farcimen (PfarDes02)

Leishmania sp. (Acyl 6Des14-16)

100/100

Argania spinosa (Des10)

Physc omitrella patens (Des22)

Thraustochytrium sp. (Acyl 6Des12-13)
99/100

Zea mays (Des1-4)

Actinobacteria (Acyl 6Des17-21)

97/100

100/100

Isochrys is galbana (Des18)
Emiliania huxleyi (Des19)

-/72

Trichoplax adhaerens (Des20)

Figure 4. Unrooted maximum likelihood trees of four fatty acid-related enzymes from P. farcimen and similar sequences found in GenBank as
well as the E. huxleyi genome. Conﬁdence values correspond to bootstrap values (PhyML) and posterior probabilities (MrBayes), respectively.
“*” indicates branches with functionally characterized sequences. Please note that none of the P. farcimen sequences have been functionally
characterized so far. Sequence names are given in parenthesis and the corresponding accession numbers and references for the characterization
are available in Supplementary ﬁle S4. In panels A and C, horizontal lines group sequences likely to have the same speciﬁcity as the characterized
enzyme in the branch (given to the right of the line). Dotted lines indicate low conﬁdence for the functional annotation.
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Table 4. Fatty acid desaturases (PfarDes) and elongases (PfarElo) found in the Pseudochattonella farcimen
EST library, as well as their closest relative(s) determined by phylogenetic analyses (PhyML, see Methods).
IPR005804 = InterPro domain “Fatty acid desaturase, type 1”; IPR002076 InterPro domain “GNS1/SUR4 membrane protein”, ELO family; cd03506 = “Delta6 fatty acid desaturase” domain; PLN03198 = “Delta6-acyl-lipid
desaturase, provisional”.
Name

Accession

Putative
speciﬁcity

Domains

Closest relatives
found in

PfarDes01

FR738286

5, 6, or 8

diatoms

PfarDes02

FR751741

PfarDes03

FR751989

unknown,
6-like
6,
acetyl-COAdependent

IPR005804,
cd03506
IPR005804,
cd03506
IPR005804,
cd03506,
PLN03198

PfarDes04

FR739830

5, 4

PfarDes05

FR735162

11

PfarDes06

FR736683

5, 4

PfarDes07

FR743137

5, 4

PfarDes08
PfarElo01
PfarElo02
PfarElo03

FR752357
FR740265
FR735502
FR737170

unknown
unknown
unknown
C20

IPR005804,
cd03506
IPR005804,
cd03506,
PLN03198
IPR005804,
cd03506,
PLN03198
IPR005804,
cd03506,
PLN03198
IPR005804
IPR002076
IPR002076
IPR002076

PfarElo04

FR735622

unknown

IPR002076

PfarElo05
PfarElo06
PfarElo07

FR739139
FR742737
FR735397

unknown
unknown
unknown

IPR002076
IPR002076
IPR002076

et al. 2003; Pereira et al. 2004; Qiu et al. 2001;
Tonon et al. 2003). In P. farcimen homologous
sequences to both of these genes were found, and
in particular three very similar copies or splice variants, exhibiting a high percentage of identity with
4-desaturases previously characterized (Pereira
et al. 2004), were identiﬁed: PfarDes04, PfarDes06,
PfarDes07 (Table 4). This provides a plausible
explanation for the comparatively low EPA and high
DHA levels. In addition, it is interesting to note that
for all three of these potential desaturases, the closest relatives were found in haptophytes (Table 4;
Fig. 4A). Similar ﬁndings were also obtained for
the elongase PfarElo03 (Table 4), although closely

haptophytes,
Trichoplax
haptophytes,
chlorophytes,
choanoﬂagellates,
heterokonts,
alveolates
haptophytes
Thalassiosira
pseudonana
haptophytes
haptophytes
choanoﬂagellates
heterokonts
Ectocarpus
haptophytes,
choanoﬂagellates,
excavates
haptophytes,
heterokonts
Nannochloropsis
Nannochloropsis
Nannochloropsis

related sequences were also found in choanoﬂagellates and excavates (Fig. 4B).

Heterokont Acyl-CoA-Dependent
6-Desaturase and 11-Desaturase
Genes
Another interesting feature is the presence of
a putative acyl-CoA dependent 6-desaturase
(PfarDes03). Acyl-CoA dependent 6-desaturases
have been reported in green algae (Domergue
et al. 2005; Hoffmann et al. 2008) as well as mammals and fungi, but are not a common feature
(Tocher et al. 1998) in heterokonts, as illustrated
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by their absence from the genomes of E. siliculosus, P. tricornutum, and T. pseudonana. Homologs
of PfarDes03 were found in the choanoﬂagellate Monosiga brevicollis, the labyrinthulomycete
Thraustochytrium sp. (Heterokonta), the alveolate Perkinsus marinus (Alveolata), prasinophytes,
as well as haptophytes (Fig. 4C). An additional
related sequence from I. galbana (gi|106827449
and gi|106819369) was not included in the phylogenetic tree, because of the short overlap with the
available sequence from P. farcimen.
Acyl-CoA dependent desaturases are of particular interest when it comes to engineering plants
with increased PUFA contents (Graham et al.
2007). Most desaturases known in terrestrial plants
act primarily on phosphatidylcholine (PC)-bound
fatty acids. In contrast, acyl-CoA dependent desaturases have the capacity to introduce double bonds
in acyl-CoA-bound fatty acids. Since 6 elongases
usually also act on acyl-CoA-bound substrates,
acyl-CoA dependent desaturases circumvent the
transfer of fatty acids from the PC pool to the CoA
pool, which is usually the rate-limiting step in the
production of PUFAs (Hoffmann et al. 2008).
Another interesting gene with similar sequences
in other heterokonts was PfarDes05. This protein
is closely related to a 11-desaturase previously
characterized in T. pseudonana (Table 4), which
was shown to speciﬁcally produce C16:1n5 from
C16:0 (Tonon et al. 2004). 11-desaturases are
frequently found in insects, and are rare among
plants (Tonon et al. 2004), yet the presence of this
gene in P. farcimen could explain why the rare fatty
acid C16:1n5 was detected at relatively high levels
in this organism (Giner et al. 2008).

Potential Candidates for C18:5n-3
Synthesis
Generally, the similarity between the PUFA proﬁles
of Pseudochattonella and the haptophyte I. galbana
(Giner et al. 2008) is likely to be related to the presence of a highly similar set of PUFA-metabolizing
genes in both organisms, as reported above. This
may also be true for C18:5n-3, a rare PUFA with
a yet unknown biosynthetic pathway. Although it is
possible that both organisms obtained (or retained)
a biosynthetic pathway for this PUFA independently,
the simplest explanation would be that this common
feature is also related to an evolutionarily common
set of enzymes. We can envision two pathways
for the synthesis of C18:5n-3. The ﬁrst is the ßoxidation of C20:5n-3. This mechanism is employed
in mammals to synthesize DHA via the Sprecherpathway, but yields only very low quantities of

PUFAs. The second pathway is the desaturation of
C18:4n-3 by means of a 3-desaturase (Fig. 3).
As P. farcimen and I. galbana both contain high
concentrations of C18:5n-3, we focused on this latter option and searched for desaturase-like genes
conserved between P. farcimen and haptophytes,
with unknown speciﬁcity. Indeed, we found one
candidate, PfarDes02, a sequence related to 6desaturases, meeting this criterion (Fig. 4D). This
gene is an excellent candidate for heterologous
expression experiments.
The extensive set of genes related to fatty
acid metabolism found in P. farcimen may also
be, at least partially, related to its toxicity. Free
PUFAs may, for example, act directly as toxins,
as suggested for the haptophyte Chrysochromulina
polylepis and the dinophyte Gyrodinium aureolum
(Yasumoto et al. 1990), for benthic diatoms, where
they constitute a possible grazer defense mechanism (Jüttner 2001), and, in combination with
reactive oxygen species, for the raphidophyte Chattonella marina (Marshall et al. 2003). In diatoms,
PUFAs may be released from phospholipids via
the wound-activated activity of a Phospholipase A2
(PLPA2) (Pohnert 2002). Besides Ca-independent
phospholipase genes, which can be found in a
wide range of organisms, including P. tricornutum,
T. pseudonana (both generally considered nontoxic diatoms), E. huxleyi, and E. siliculosus, the
P. farcimen EST library contains two Ca-dependent
PLPA2 genes (FR734514 and FR740898) with similar sequences in other heterokonts, mainly in P.
infestans.
In diatoms, PLPA2 activity is also suggested to
be responsible for the initiation of polyunsaturated
aldehyde (PUA) production (Pohnert 2002), a class
of compounds shown to have toxic effects in several taxonomic groups including bacteria, fungi,
algae, mollusks, copepods, and human cell lines
(Adolph et al. 2004), although the concentrations
required for the observation of such effects were
high in most cases. No putative homologs for known
lipoxygenase genes were found in the sequence
data available for P. farcimen, but the presence of
several PLPA2 genes nevertheless provides a ﬁrst
indication that this alga may release free PUFAs
and possibly also PUAs. Furthermore, PLPA2 s,
together with acyltransferases (ATs), constitute key
enzymes in the Lands cycle (Lands 1960), a
metabolic pathway responsible for the remodeling
of glycerophospholipids and mainly found in mammals, but also e.g. in excavates (Das 2001). Good
candidates for ATs can indeed be found in the P.
farcimen EST library, such as a putative 1-acylsn-glycerol-3-phosphate AT (FR738784), or two
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putative lysophosphatidylcholine ATs (FR734706
and FR740991), providing an indication that the
Lands cycle may also be active in P. farcimen.

Polyketides
A class of compounds of particular interest because
of their possible implication in the toxicity of
P. farcimen, are polyketides. These secondary
metabolites are biosynthetically and evolutionarily closely related to fatty acids and have
numerous functions in nature, including chemical
defense and cell communication (Bender et al.
1999; Hopwood and Sherman 1990; Staunton
and Weissman 2001). They have previously been
related to toxicity, e.g. in Karenia brevis, Alexandrium ostenfeldii, Chrysochromulina polylepis, and
Prymnesium parvum (John et al. 2010; MacKinnon
et al. 2006; Monroe and Van Dolah 2008; Freitag
et al. 2011). Polyketides are synthesized via the
activity of polyketide synthases (PKSs). Three
types of PKS are presently known. Type I PKSs
were previously reported in several alveolate organisms and haptophytes, but not heterokonts (John
et al. 2008, Monroe and Van Dolah 2008); type II
PKSs are considered to be restricted to bacteria;
and type III PKSs have been described in members
of the green lineage, in the genome of E. siliculosus (Cock et al. 2010), and in bacteria (Gross
et al. 2006). In the P. farcimen EST library, we found
three cDNA sequences of putative PKSs, one of a
putative type I PKS and two from type III PKSs.

Type I Polyketide Synthases
The fragment of the putative type I PKS (FR752500,
termed PfarPKS1 hereafter) consists of two EST
reads that cover mainly the acyl transferase (AT)
domain. Although, except for one uncharacterized
sequence generated as part of the zebra ﬁnch
genome project, closely related sequences were
found mainly in different bacteria (proteobacteria,
verrucomicroabia, and actinobacteria, Fig. 5A), the
overall identity of PfarPKS1 with the most similar
bacterial sequence was only 28%. Direct comparison of the AT domains in randomly chosen
bacterial PKSs yielded considerably higher levels of
identity between sequences from different genera
(between 62% and 76%). Furthermore, the G/Ccontent of PfarPKS1 was 55% and thus congruent
to the average for P. farcimen. Together, this provides a strong indication that, in spite of its similarity
to bacterial sequences, PfarPKS1 does probably
not merely constitute bacterial contamination, at
least not from a bacterial phylum currently represented in public protein databases.

Interestingly, in the case of PfarPKS1, no similar
haptophyte sequences were found (e-value 4e-06
for E. huxleyi), although the presence of type I
PKS sequences in this phylum has previously been
reported (John et al. 2008). Unfortunately, our EST
data cover only 259 amino acid residues comprising
mainly the highly variable AT domain of the protein,
and strong phylogenetic signals with this potential
type I PKS were not possible to obtain. However,
the lack of similarity with type I PKS sequences
from haptophytes as well as the absence of these
genes in the genomes of T. pseudonana, P. tricornutum (John et al. 2008), and E. siliculosus (Cock
et al. 2010) could potentially point to an independent acquisition of the type I PKS in P. farcimen or
one of its ancestors.

Type III Polyketide Synthases
In addition to the putative type I PKS fragment, we identiﬁed two type III PKS fragments
(FR739730 and FR738409, named PfarPKS2 and
PfarPKS3 hereafter). In contrast to PfarPKS1,
these sequences were similar to sequences identiﬁed in the brown alga E. siliculosus and also
Sargassum muticum. Due to the high sequence
identity between PFarPKS2 and PfarPKS3 (95%),
only the longer of the two sequences (PfarPKS3)
was considered for a phylogenetic analysis
(Fig. 5B). As for the type I PKS fragment, the heterokont type III PKSs seemed to be most closely
related to bacterial sequences, in this case exclusively actinobacteria, and again these genes have
not been detected in the genomes of the diatoms P.
tricornutum or T. pseudonana. Similar observations
have recently been made in cyanobacteria and
dinoﬂagellates, where genes related to saxitoxin
A production are likely to be derived from actinobacterial, proteobacterial, or, in the latter case,
possibly cyanobacterial sources (Moustafa et al.
2009, Stüken et al. 2011). Moreover, in the brown
alga E. siliculosus, genes involved in the synthesis of mannitol, alginate, and hemicellulose also
grouped with actinobacterial sequences, and were
not found in sequenced diatom genomes. This
ﬁnding led Michel et al. (2010a, b) to propose
that these metabolic pathways were acquired via
horizontal gene transfer (HGT) after the separation of brown algae and diatoms. In this context,
and given the phylogenetic tree presented in
Figure 5, it would seem possible that type III
PKSs in P. farcimen, and possibly also type I
PKSs, could have been acquired during the same
event.

B) Putative type III PKSs

-

-

Figure 5. Unrooted maximum likelihood tree of PfarPKS1 (A), PfarPKS3 (B), and similar sequences found in GenBank. Conﬁdence values
correspond to bootstrap values (PhyML) and posterior probabilities (MrBayes) respectively. “*” indicates branches with functionally characterized
type III PKSs. Branches with only bacterial sequences are displayed in grey. Sequence names are given in parenthesis and the corresponding
accession numbers and references for the characterization are available in Supplementary ﬁle S4.
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A) Putative type I PKSs
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A Complete Set of Genes for Mannitol
Metabolism
In order to further explore the evolutionary history
of these genes, we searched the P. farcimen EST
library for genes thought to have been acquired by
brown algae during this event. We did not detect any
GDP-mannose 6-dehydrogenases or mannuronan
C5-epimerases - both enzymes that catalyze the
last steps of alginate synthesis. However, our analysis revealed several genes related to mannitol
metabolism in P. farcimen.
Mannitol is a sugar alcohol, suggested to function
as a carbon storage compound, in osmoregulation
(Dickson and Kirst 1987), and in stress response
(Dittami et al. 2011a) by scavenging of active oxygen species (Iwamoto and Shiraiwa 2005). It is
of particular importance in brown algae, where
concentrations can reach 30% of the algal dry
weight (Zubia et al. 2008), and where strong diurnal (Gravot et al. 2010) and seasonal (Iwao et al.
2008) changes have been observed. It has, however, also been detected in red algae (Karsten et al.
1992) and prasinophytes (Kirst 1975). In brown
algae, mannitol is synthesized from Fructose-6P
via the activity of a manntiol-1-phosphate dehydrogenase (M1PDH) and a mannitol-1-phosphatase
(M1Pase), and converted back into fructose via
the activity of a mannitol-2-dehydrogenase (M2DH)
(Iwamoto and Shiraiwa 2005; Rousvoal et al. 2011).
In P. farcimen, we found candidates for each
of the three enzymatic activities: a M1PDH
gene consisting of two reads (FR752741, called
PfarM1PDH hereafter), a M1Pase supported by
two reads (FR751736, PfarM1Pase hereafter),
and a M2DH (FR743166, PfarM2DH hereafter).
We also searched for hexokinases, which are
responsible for the activation of fructose to fructose1-phosphate and found one possible candidate,
FR742747. This latter sequence, however, encodes
only a short fragment of the sequence, making a
reliable annotation impossible.
Phylogenetic analyses with PfarM1PDH,
PfarM1Pase, and PfarM2DH (Fig. 6), revealed
all three sequences to be highly similar to genes
found in E. siliculosus and Micromonas, the latter
having itself acquired mannitol metabolism from
heterokonts (Michel et al. 2010b). This supports
the hypothesis that these genes may have been
acquired via HGT in a common ancestor of P.
farcimen and E. siliculosus. Since no traces of such
an event were found in diatoms, this would imply
that these genes could have been lost in the latter
lineage, or that dictyochophyes and brown algae
may be more closely related to each other than to

diatoms. Although the phylogenetic relationships
among heterokonts have not been completely
resolved (Riisberg et al. 2009), the latter hypothesis is in agreement with a recent phylogenetic
reconstruction by Brown and Sorhannus (2010).
The presence of mannitol-related genes in P.
farcimen supports our hypothesis that HGT is the
mechanism behind the origin of heterokont PKSs
(type III and possibly also type I). It also suggests
that P. farcimen may produce mannitol – a hypothesis, which was recently conﬁrmed by GC/MS
(Dittami et al. 2011b), although the detected levels
were low under standard conditions. Further studies on this topic will be required to elucidate the
physiological role of mannitol in P. farcimen.

Concluding Remarks
The analysis of the P. farcimen EST library points
to several interesting features with respect to the
evolution of heterokonts in general, as well as the
biology and possible mechanisms underlying the
toxicity of the species.
From an evolutionary point of view, our study
shows that P. farcimen has probably obtained genes
and metabolic pathways by HGT from at least two
different organisms. First, a set of genes involved
in PUFA metabolism, which is highly conserved
with haptophytes, exists parallel to a set of typical heterokont genes. One plausible explanation
for the presence of these genes in P. farcimen can
be found in recent hypotheses that postulate that,
contrary to the classical chromalveolate hypothesis
(Cavalier-Smith 1999), at least some heterokonts
may have obtained their plastids by one or more tertiary endosymbiosis events involving the uptake of
a haptophyte symbiont (Archibald 2009; SanchezPuerta and Delwiche 2008). Although molecular
evidence against the existence of a monophyletic
kingdom of chromalvelolates is increasing (Baurain
et al. 2010; Burki et al. 2007; Stiller et al. 2009),
sampling of a wider range of heterokont and haptophyte taxa will be required to resolve when and
how this set of haptophyte genes was obtained.
Our data also show traces of a HGT from
gram-positive bacteria (probably actinobacteria)
proposed by Michel et al. (2010b), notably the
presence of a complete set of genes involved in
mannitol metabolism. This HGT therefore probably predates the separation of dictyochophytes and
brown algae, supporting the idea that the latter
two classes may be more closely related to each
other than to diatoms (Brown and Sorhannus 2010),
where no traces of this event were detected. This

B) M2DHs

-

sp.
-

-

C) M1Pases

sp.
sp.

Figure 6. Unrooted maximum likelihood tree of M1PDHs (A), M2DHs (B), and MPases (C). (A) and (C) are based on phylogenies previously
published by Michel et al. (2010b). Conﬁdence values correspond to bootstrap values (PhyML) and posterior probabilities (MrBayes) respectively.
“*” indicates branches with functionally characterized type III PKSs. Branches with only bacterial sequences are displayed in grey. Sequence
names are given in parenthesis and the corresponding accession numbers and references for the characterization are available in Supplementary
ﬁle S4.
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or a similar event may also be at the origin of the
putative type I and type III PKS fragments found in
P. farcimen.
From a biological perspective, the gene content
of P. farcimen explains some of the unusual features previously observed in this species, notably its
PUFA proﬁles. Furthermore, we found genes and
pathways that could potentially be related to the
ichthyotoxic effects of P. farcimen, genes involved
in the liberation of PUFAs and two sets of PKSs.
Further experimental work will be required to determine, if free PUFAs, PUFA-derived substances
such as PUAs, or PKS-derived toxins are produced,
and if these molecules can explain the ichthyotoxic
effects of this species. Finally, we detected all genes
necessary to complete the mannitol cycle, providing a strong indication that this alga is, like brown
algae, capable of producing and metabolizing this
compound. The physiological role of mannitol in P.
farcimen, however, remains to be explored.

Methods
Cell cultures and antibiotics treatments: P. farcimen strain
UIO109 was isolated from water samples off the south coast
of Norway on March 28th 2001, as described in detail by
Edvardsen et al. (2007). Cultures of this strain were grown in
IMR1/2 medium (Eppley et al. 1967) with added selenite (10 nM
ﬁnal concentration) at a salinity of 25 PSU and were kept at 1415 ◦ C under white ﬂuorescent light with a photon ﬂux rate of
about 100 mol photons m-2 s-1 and a 12:12 h light:dark cycle.
To obtain axenic cultures, 10 g L-1 penicillin, 2.5 g L-1 streptomycin, and 2.5 g L-1 gentamicin were dissolved in molecular
grade water. Algal cultures in the exponential growth phase
were treated with 0.5%, 1%, 2%, or 4% (v/v) of this antibiotics
mixture and supplemented with one droplet IMR1/2 with added
yeast extract and tryptone. After three days, treated cultures
were used to inoculate fresh IMR1/2 medium as well as bacterial growth medium (IMR1/2 with 1 g L-1 tryptone and 0.25 g L-1
yeast extract). The latter was incubated for one week at room
temperature in the dark. Cultures without detectable bacterial
contamination were selected and the antibiotics treatment was
repeated. Finally the efﬁciency of the antibiotics treatment was
also veriﬁed by ﬂow cytometry, where a decrease in the relative abundance of small particles was observed in the treated
cultures.
RNA extraction, library construction, and sequencing:
Axenic cultures were harvested in the exponential growth phase
by gentle centrifugation (10 min) at 3,200 g and at 4 ◦ C. The
pellet was immediately frozen in liquid nitrogen, and total RNA
was isolated using the Qiagen RNeasy plant mini kit (Qiagen,
Hilden, Germany) and DNase treated with DNase I (Fermentas,
Ontario, Canada) according to the manufacturer’s recommendations.
cDNA was synthesized from total RNA using oligo-dT primer.
Normalization was achieved by one round of denaturation
and reassociation. Double-stranded cDNA was separated from
the remaining single-stranded cDNA (normalized cDNA) by
passing the mixture over a hydroxylapatite column. The EST
library was constructed and transformed into electro-competent

Escherichia coli cells by Vertis Biotechnologie AG (FreisingWeihenstephan, Germany). Colonies were picked, and the
DNA was extracted by magnetic beads on a robot platform
(Qiagen, Hilden, Germany). Plasmid inserts were sequenced
from both sides using Big Dye Chemistry (Applied Biosystems,
Darmstadt, Germany) and separated on an ABI Prism 3700
sequencing platform (Applied Biosystems).
Sequence analysis and functional annotation: Sequence
and quality information was extracted from the sequencing trace
ﬁles using Phred on the BioPortal (www.bioportal.uio.no) at the
University of Oslo (Kumar et al. 2009). Low quality sequences
as well as contaminants were removed by repeatedly running SeqClean in combination with NCBI’s generic vector
database UniVec. Cleaned EST sequences were deposited in
the EMBL Nucleotide Sequence Database under accession
numbers FR734407-FR744448 and assembled using TGICL
(Quackenbush et al. 2000) and default parameters (hsp length
≥40, frac identical ≥0.95, unmatched overhang ≤20). The
assembled sequences (contigs) were submitted to the EMBL
Transcriptome Shotgun Assembly (TSA) archive under accession numbers FR751558-FR752797. Both the contigs and the
remaining singletons were blasted (blastx) against the NCBI
nr protein database using the Bioportal (www.bioportal.uio.no,
e-value cutoff 1e-6) and the results were used for the prediction of open reading frames using OrfPredictor (Min et al. 2005).
Predicted protein sequences were automatically annotated with
Gene Ontology (GO) terms using the Blast2GO software (Götz
et al. 2008) with default parameters and an e-value cutoff of 1e10; GO terms were then mapped to GOSlim terms using the
AGBase GOSlimViewer (McCarthy et al. 2006) and the plant
GOSlim set. To assist manual annotation all sequences were
also submitted to InterProScan (Zdobnov and Apweiler 2001)
using default parameters.
This entire procedure was carried out for P. farcimen ESTs
but in parallel also for the publicly available ESTs from A.
anophagefferens (JGI, unpublished), Nannochloropsis oculata
(Shi et al. 2008), P. tricornutum (Maheswari et al. 2009), Phytophthora capsici (JGI, unpublished), E. siliculosus (Dittami
et al. 2009) and I. galbana (Patron et al. 2006) (see Table 1
for details). The composition of the different EST libraries was
compared in terms of the assigned GO annotations using the
GOLEM software (Sealfon et al. 2006) and allowing a false
discovery rate of 5%.
Phylogenetic analyses: Automatic protein alignments of
sequences considered for phylogenetic analyses were generated using COBALT (Papadopoulos and Agarwala 2007),
and manually reﬁned using Jalview (Waterhouse et al. 2009).
Poorly aligned positions and divergent regions were removed
using the Gblocks server (Talavera and Castresana 2007),
allowing smaller ﬁnal blocks and less strict ﬂanking positions.
Phylogenetic trees were reconstructed by maximum likelihood
using PhyML 3.0 (Guindon and Gascuel 2003). The LG substitution model (Le and Gascuel 2008) was selected using
ProtTest (Abascal et al. 2005), and default parameters were
used (4 substitution rate categories, estimated gamma distribution parameters). The reliability of the resulting trees was
tested by bootstrap analysis, running 500 iterations. In addition, Bayesian interference analyses were performed using the
parallel version of MrBayes 3.1 (Huelsenbeck et al. 2001).
The analysis was run for 100,000 to 1,000,000 generations
using default parameters (Poisson model, equal state frequencies), until the standard deviation of split frequencies was below
0.01. Trees were sampled every 100 generations and the ﬁrst
25% of the trees were not considered for the calculation of
Bayesian posterior probabilities (Burn-in). The resulting consensus trees were plotted using MEGA 4.0 (Kumar et al. 2008).
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Phylogenetic analyses carried out to determine the closest relatives for sequences presented in Table 4 were also carried out
as described above using PhyML, but bootstrap analyses were
replaced by approximate likelihood-ratio tests.
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