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EFL (EF-like protein) is a member of the GTPase superfamily that includes several translation factors.
Because it has only been found in a few eukaryotic lineages and its presence correlates with the
absence of the related core translation factor EF-1a, its distribution is hypothesized to be the result of
lateral gene transfer and replacement of EF-1a. In one supergroup of eukaryotes, the chromalveo-
lates, two major lineages were found to contain EFL (dinoflagellates and haptophytes), while the
others encode EF-1a (apicomplexans, ciliates, heterokonts and cryptomonads). For each of these
groups, this distribution was deduced from whole genome sequence or expressed sequence tag (EST)
data from several species, with the exception of cryptomonads from which only a single EF-1a PCR
product from one species was known. By sequencing ESTs from two cryptomonads, Guillardia theta
and Rhodomonas salina, and searching for all GTPase translation factors, we revealed that EFL is
present in both species, but, contrary to expectations, we found EF-1a in neither. On balance, we
suggest the previously reported EF-1a from Rhodomonas salina is likely an artefact of contamination.
We also identified EFL in EST data from two members of the dinoflagellate lineage, Karlodinium
micrum and Oxyrrhis marina, and from an ongoing genomic sequence project from a third, Perkinsus
marinus. Karlodinium micrum is a symbiotic pairing of two lineages that would have both had EFL
(a dinoflagellate and a haptophyte), but only the dinoflagellate gene remains. Oxyrrhis marina and
Perkinsus marinus are early diverging sister-groups to dinoflagellates, and together show that EFL
originated early in this lineage. Phylogenetic analysis confirmed that these genes are all EFL
homologues, and showed that cryptomonad genes are not detectably related to EFL from other
chromalveolates, which collectively form several distinct groups. The known distribution of EFL now
includes a third group of chromalveolates, cryptomonads. Of the six major subgroups of
chromalveolates, EFL is found in half and EF-1a in the other half, and none as yet unambiguously
possess both genes. Phylogenetic analysis indicates EFL likely arose early within each subgroup
where it is found, but suggests it may have originated multiple times within chromalveolates as a
whole.
& 2006 Elsevier GmbH. All rights reserved.
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Introduction

Translation elongation factor-1a (EF-1a) plays an
integral role in cellular information flow by bringing
charged tRNAs to the ribosome during peptide
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elongation. It is a highly conserved protein found
across the three domains of life (called EF-Tu in
bacteria). Because of its core role in translation
and many interactions with other proteins, it is
considered essential and unlikely to be moved
from genome to genome by lateral gene transfer,
and it has been used in many analyses of
phylogeny and molecular evolution (Baldauf and
Doolittle 1997; Baldauf and Palmer 1993; Gaucher
et al. 2001; Inagaki et al. 2004). However, a recent
investigation found that several eukaryotic gen-
omes lack any evidence of an EF-1a gene, and
instead encode a distantly related paralogue
called EF-like, or EFL (Keeling and Inagaki 2004).
EFL is only found in a few lineages scattered
across the tree of eukaryotes, and nearly all of
these have close relatives that encode EF-1a but
not EFL. These relationships suggest that EFL has
spread by eukaryote-to-eukaryote lateral gene
transfer, functionally replacing EF-1a several times
independently despite its crucial role in translation
(Keeling and Inagaki 2004).

One lineage where EFL has been found is the
hypothetical ‘supergroup’, chromalveolates. The
chromalveolate hypothesis states that the chro-
mists (cryptomonads, haptophytes, and hetero-
konts) and alveolates (ciliates, dinoflagellates and
apicomplexans) share a common ancestor and
that this ancestor acquired a secondary red algal
plastid (Cavalier-Smith 1999). Although no single
gene unites all chromalveolates at once, several
host and endosymbiont-derived genes support
this hypothesis (Fast et al. 2001; Harper and
Keeling 2003; Harper et al. 2005; Patron et al.
2004; Yoon et al. 2002). Within the chromalveo-
lates, two major lineages were found to contain
EFL (dinoflagellates and haptophytes), while the
other four were found to contain EF-1a (apicom-
plexans, ciliates, heterokonts and cryptomonads)
(Keeling and Inagaki 2004). In the cases of
dinoflagellates and haptophytes, this was based
on multiple expressed sequence tag (EST) sequen-
cing projects, from which no EF-1a was evident.
Similarly, whole genomes and EST projects from
apicomplexans, ciliates, and heterokonts bore no
evidence of EFL. Only cryptomonads lack data
from genome-wide surveys, and here the evidence
for EF-1a came from a single gene amplified by
PCR (Harper et al. 2005).

We have used EST sequence data to clarify our
understanding of EFL’s distribution in chromalveo-
lates. Previous sampling from haptophytes repre-
sents the entire range of known diversity (because
it includes the earliest known lineage, Pavlova),
but the distribution of EFL in dinoflagellates was
less clear because it included no early branching
lineages. We accordingly sought EFL and EF-1a in
two of the most ancient groups in the dinoflagel-
late lineage, the parasite Perkinsus marinus and
the predator Oxyrrhis marina (Goggin and Barker
1993; Leander and Keeling 2004; Reece et al.
1997; Saldarriaga et al. 2003). In addition, we have
sampled a dinoflagellate that has a haptophyte
endosymbiont, Karlodinium micrum (Patron et al.
2006; Tengs et al. 2000), to see which EFL was
retained from a partnership that involved two EFL-
containing organisms. Most importantly, we used
EST sequences from two cryptomonads, Guillar-
dia theta and Rhodomonas salina, to reassess the
presence and absence of EFL and EF-1a in this
group. In both taxa, EFL was found but EF-1a was
not present in our sampling. This refines our
understanding of several aspects of the distribu-
tion of EFL in chromalveolates: in groups where
EFL is found, it appears to be common to all
members of that group; of the six major lineages
of chromalveolates, half have EFL and half have
EF-1a; and within this supergroup the lineages
with EFL are not related to one another to the
exclusion of those lineages with EF-1a. Phyloge-
netic analyses suggest that the ancestor of all
chromalveolates had EF-1a, but the phylogeny of
EFL is not consistent with a common origin of EFL
in chromalveolates. At face value this suggests
multiple origins of EFL within the supergroup.
Results and Discussion

An Expressed Gene for EFL in
Cryptomonads

Members of the translation factor GTPase family
were sought from ongoing cryptomonad EST
projects using known EFL and EF-1a sequences
to search 14,080 G. theta sequences comprising
6267 clusters and 2848 R. salina sequences
comprising 1773 clusters. In both cases se-
quences corresponding to EFL were found, but
EF-1a was not found in our sampling from either
species. The R. salina EFL was represented by
three non-overlapping clusters of ESTs: one with 9
ESTs spanning the 30 end of the gene, one single
ESTat the 50 end, and one single EST in the middle
of the gene. A single, truncated EST spanning the
30 end of the gene represented EFL from G. theta.
The level of representation seen in R. salina is
characteristic of EFL from other EST samples
(Keeling and Inagaki 2004), but the single EST
from 14,080 sequences in G. theta is unusual.
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Representation does not necessarily relate to
expression levels, so we suspect the single
sequence is most likely an indication of under-
representation in the library. However, the se-
quence did not contain sites for the restriction
enzyme used in library construction (NotI), so there
is no obvious reason for its under-representation. In
neither case did the EST clusters cover the entire
gene sequence, so a large fragment of the gene
was amplified by RT-PCR, and 14 and 12 individual
clones were sequenced from R. salina and G. theta
respectively. In G. theta, only 6 synonymous
variations were found among all sequences, and
the RT-PCR fragments correspond exactly to the
EST fragment in the region of overlap. In R. salina,
two slightly different copies of the gene were found
several times each in both RT-PCR and EST
sequences (one copy was found in all three EST
clusters and the second only in the 30 cluster). The
sequences varied only at synonymous positions,
but they shared no 30 UTR sequence similarity,
confirming they are different loci. One full-length
R. salina EFL had a 13 bp 50 UTR and 38 bp 30 UTR,
while the second copy lacked sequence for the
extreme 50 end and had a 53 bp 30 UTR. The
G. theta sequence is slightly truncated at the 50 end
(approximately the first 8 codons are missing) and
there is a 45 bp 30 UTR. We compared these
sequences to an independent collection of G. theta
ESTs recently released to public databases (Gould
et al. 2006) and found two short, identical
fragments (see accession AM183813).

Rhodomonas salina is the only cryptomonad
previously reported to contain EF-1a (Harper et al.
2005). We specifically searched for this sequence
in our databases of R. salina and G. theta ESTs,
and found no evidence for its presence in either
collection. The identity of this sequence is there-
fore open to question. Cryptomonads retain the
genome of their red algal endosymbiont (Douglas
et al. 2001), so it is possible this gene is derived
from that endosymbiont, but since this gene was
not demonstrably related to red algal EF-1a
(Harper et al. 2005), this seems unlikely. If R.
salina contains both cytosolic EFL and cytosolic
EF-1a, it is of great importance, since the genes
are nearly always mutually exclusive (one possible
case in the fungus Basidiobolus has been reported
but not yet confirmed: DQ282610 and DQ275340).
However, the acquisition of R. salina EF-1a by RT-
PCR has not been repeated, and it was part of a
large survey that attempted to sequence EF-1a
from many cryptomonads and failed. PCR from
genomic DNA also failed to recover this gene
(Harper et al. 2005). Altogether, we believe this
sequence is most likely an artefact of contamina-
tion, but if further evidence confirms it does exist
in R. salina, its origin is of great interest.
EFL from Karlodinium, Oxyrrhis and
Perkinsus

EFL has previously been reported from only a few
dinoflagellates, namely a full-length mRNA from
Heterocapsa triquetra and fragments from Amphi-
dinium carterae and Lingulodinium polyedrum
(Bachvaroff et al. 2004; Hackett et al. 2004; Keeling
and Inagaki 2004). To determine whether EFL
originated with the lineage or predated the dino-
flagellate radiation, we identified EFL in two deep-
branching lineages that are sister-groups to true
dinoflagellates, O. marina and Perkinsus marinus.
Both are non photosynthetic [O. marina is a predator
and P. marinus is a parasite (Azevedo 1989; Droop
1953)] and molecular phylogenetic data show that
both diverged early in dinoflagellate evolution, with
P. marinus branching prior to O. marina (Goggin and
Barker 1993; Leander and Keeling 2004; Reece et
al. 1997; Saldarriaga et al. 2003). The genome-
sequencing project of P. marinus (http://www.tigr.
org/tdb/e2k1/pmg/) and EST data from O. marina
(40 individual ESTs from a total of 18,012) both
contained multiple copies of EFL but no copy of EF-
1a. This suggests that EFL originated before the
radiation of extant dinoflagellate lineages.

In contrast to P. marinus and O. marina,
K. micrum diverged relatively recently within
dinoflagellates, but it is of interest because it,
and the closely related genus Karenia, has lost its
original dinoflagellate plastid and replaced it with
an endosymbiotic haptophyte (Tengs et al. 2000).
It is therefore a symbiotic partnership between
two organisms, both of which would have en-
coded EFL. The nucleus of the haptophyte has
since been lost, but the K. micrum nuclear
genome contains many genes for plastid-targeted
proteins derived from this genome (Ishida and
Green 2002; Patron et al. 2006; Yoon et al. 2005).
Several distinct EFL genes were identified from 47
ESTs from K. micrum, but all ESTs were extremely
similar to one another and to homologues from
other dinoflagellates (supported by phylogeny
—see below). We found no evidence of an EFL
gene of haptophyte origin in this genome.
Phylogeny of EFL

Phylogenetic trees of all full-length EFL sequences
were inferred using a variety of methods, all of

http://www.tigr.org/tdb/e2k1/pmg/
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which yielded a topology similar to that shown in
Figure 1. This unrooted maximum likelihood (ML)
tree has Bigelowiella natans as the outgroup
because this sequence is always the earliest
branch of EFL when analysed with related
GTPases (Keeling and Inagaki 2004). The
B. natans sequence is highly divergent, however,
so the root of the EFL tree must be taken with
extreme caution, and all analyses were repeated
excluding this sequence, which had no major
effect on the tree or support levels (not shown).
Most nodes are relatively strongly supported by
ML and distance bootstrap methods, as well as by
Bayesian posterior probabilities (which were all
close to 1.0 except the node uniting chytrid fungi
and cryptomonads which was 0.725, not shown).
Most irrefutably supported lineages are recovered
(i.e., green algae, haptophytes, chytrid fungi,
Figure 1. Protein maximum likelihood phylogeny of full-
named to the right. New cryptomonad sequences are in
bootstrap support from ML (top) and distance (bottom
alternative topologies were tested, the results of whic
excluding the divergent Bigelowiella natans sequence, b
support were observed (data not shown).
dinoflagellates, and cryptomonads), with the ex-
ception of the clade uniting dinoflagellates and
Perkinsus (see below). Oxyrrhis marina branches
with the dinoflagellates and is basal to H. triquetra
and K. micrum, as expected given its position in
phylogenies inferred from other proteins (Leander
and Keeling 2004; Saldarriaga et al. 2003). The
K. micrum EFL branches with dinoflagellates and
not haptophytes, confirming its host origin.
Evolution of EFL in Chromalveolates

Two connected features of EFL evolution specifi-
cally relating to chromalveolates stand out as
unusual. First, why do so many chromalveolates
contain EFL rather than EF-1a, and conversely,
why are so many of the EFL-containing lineages
length EFL proteins. Major groups are bracketed and
dicated by a box. Numbers at nodes correspond to
). Letters at nodes correspond to positions where

h are shown in Table 1. All analyses were repeated
ut no major differences in either the tree topology or
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chromalveolates? Second, why do the chromal-
veolate EFL genes not form a single clade?

EFL is very rare in eukaryotes: it has been
described in only seven lineages to date, and now
nearly half of these are chromalveolates. On the
other side of the same coin, half the major
lineages of chromalveolates contain EFL, meaning
it is more abundant in this supergroup than in any
other (Fig. 2). Unlike many other protist groups,
there is relatively deep sampling of molecular data
from a broad diversity of chromalveolates. Noting
that EFL has almost exclusively been found
through genome-wide analyses (genome se-
quences or ESTs), it is possible that the high
frequency of EFL in chromalveolates is simply due
to the fact that this level of sampling is not widely
available in protists. This suggests that improved
sampling of protists as a whole may reveal
many more lineages with EFL. Alternatively, EFL-
Figure 2. Schematic of relationships between the
six chromalveolate groups based on a variety of
molecular and morphological data. Groups with
names in black text possess EF-1a while groups
with names in white text on black backgrounds
possess EFL. Highly-supported relationships are
shown as solid lines while hypothetical ones are
shown as dotted lines. The alveolates (ciliates,
dinoflagellates and apicomplexans) are strongly
supported by virtually all known molecular and
morphological data. There are also molecular data
supporting a relationship between alveolates and
heterokonts (see text for references), whereas the
positions of haptophytes and cryptomonads are not
well understood. Numbers indicate three possible
scenarios to explain the current distribution of EFL
and EF-1a. (1) There was a single origin of EFL with
several losses of either EFL or EF-1a. (2) There were
two independent origins of EFL if haptophytes and
cryptomonads are sister groups. (3) Lastly, three
origins of EFL are possible if all known lineages
acquired EFL independently.
containing chromalveolates may simply be more
common than other eukaryotes, raising the ques-
tion, did the EFL-containing chromalveolate
lineages acquire EFL several times independently,
or was it present in their common ancestor? To
distinguish between these possibilities we need to
consider the known evolutionary relationships
among the chromalveolate lineages as well as
the phylogenies of EFL and EF-1a.

In chromalveolate phylogeny (Fig. 2), the mono-
phyly of alveolates and branching order between
them (ciliates first, then apicomplexans and
dinoflagellates) are well established (Fast et al.
2002; Gajadhar et al. 1991; Van de Peer et al.
1996; Wolters 1991). The branching order among
chromists, whether they are holophyletic or para-
phyletic, and whether all three chromist groups
are actually related to alveolates are all less clear,
although many genes support a sister relationship
between heterokonts and alveolates (Baldauf et al.
2000; Harper et al. 2005; Van de Peer et al. 1996).
Regardless of those aspects of the phylogeny we
do not yet know, there is no simple explanation for
the distribution of EFL in chromalveolates. Dino-
flagellates are certainly more closely related to
other alveolates with EF-1a (ciliates and apicom-
plexans), and probably also more closely related
to the EF-1a-containing heterokonts, than they are
to EFL-containing haptophytes and cryptomo-
nads. To arrive at the present distribution, there-
fore, EFL must have either been acquired by
chromalveolates more than once, or co-existed
with EF-1a for a long period of time, with different
lineages subsequently losing one gene or the
other. Even if EFL replaced the core translation
role of EF-1a, EF-1a has several other functions in
the cell and it is therefore likely that a complete
loss of EF-1a would take more than just the
appearance of EFL. Accordingly, we expect that
the co-existence of both genes would be essential
for some period of time, perhaps indefinitely under
certain circumstances. It is therefore conceivable
that EF-1a could ‘recapture’ its role in translation,
making an early origin with subsequent lineage
sorting a viable explanation (Scheme 1 in Fig. 2).
On the other hand, EFL appears to have been
acquired by several eukaryotic groups indepen-
dently (Keeling and Inagaki 2004), so it may have
originated in all three chromalveolate lineages
independently (scheme 3 in Fig. 2). Moreover, if we
consider the possibility that cryptomonads and
haptophytes are sister groups, then only two
independent origins in chromalveolates would
be needed to explain the distribution (Scheme 2
in Fig. 2).
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If EFL originated once in chromalveolates,
however, then chromalveolates should be mono-
phyletic in phylogenies of both EF-1a and EFL.
EF-1a phylogeny has been studied extensively
[e.g. (Baldauf 1999; Baldauf et al. 2000; Harper
et al. 2005; Inagaki et al. 2002, 2004; Saldarriaga
et al. 2003)] and it has been shown that ciliate EF-
1a genes are subject to a different mode of
evolution and are therefore difficult to interpret
(Moreira et al. 2002), but the apicomplexan and
heterokont homologues are related to one another
with modest support in most analyses (Baldauf
et al. 2000; Harper et al. 2005; Steenkamp et al.
2006). This suggests that EF-1a was present in the
last common ancestor of at least heterokonts and
alveolates.

In EFL phylogeny, on the other hand, the
chromalveolates do not form a clade. In fact,
despite their unusually frequent occurrence, no
two EFL-encoding chromalveolate lineages clus-
ter together: Perkinsus, dinoflagellates, and hap-
tophytes emerge in a paraphyletic way and
cryptomonads branch separately. This is not
consistent with a single origin of EFL, and it is
not simply due to a poorly resolved tree since
most nodes are well supported. We specifically
tested three of the more unusual aspects of this
tree using Approximately Unbiased (AU) tests.
First, the cryptomonads are never observed to
branch with any other chromalveolate group, so
we tested alternative trees where cryptomonads
are moved to all internal nodes (A—K in Fig. 1).
Table 1. Summary of AU tests comparing alternative ph
chromalveolate EFL genes.

Position Cryptomonads

A 0.001
B 0.001
C 0
D 0.003
E 0.022
F 0.004
G 0.014
H 0.049
I 0.154
J 0.651
K 0.653
L NA
M NA

Position corresponds to the label on Figure 1. At eac
column 1, Perkinsus column 2 and all chromalveolates c
numbers are P-values from AU tests for that topology. N
positions in that test.
With the exception of node J, where cryptomo-
nads are sister to green algae, and I, where
cryptomonads are sister to a clade of chytrid fungi
plus green algae (the topology found in the
distance tree), all these alternatives are rejected
at the 5% level, including all positions with other
chromalveolates (Table 1). It is noteworthy, how-
ever, that the tree placing cryptomonads with
haptophytes is only rejected at 0.049, very close
to the 5% level. Second, the position of P. marinus
is unexpected because it is known to be a close
relative of dinoflagellates (Goggin and Barker
1993; Leander and Keeling 2004; Reece et al.
1997; Saldarriaga et al. 2003), so we also tested
all alternative positions of the three P. marinus
sequences. In this case, all of the alternatives
were rejected, including the expected position as
sister to dinoflagellates (Table 1). Lastly, we forced
all chromalveolates to be monophyletic. All four of
these topologies were rejected regardless of the
position of chromalveolates (Table 1). The same
topologies were rejected at similar levels when
B. natans was excluded from the analysis (data
not shown).

These results appear to reject the conclusion
that chromalveolate EFL genes are monophyletic,
but it is important to note that this tree is unrooted:
one could interpret it as a clade of chromalveo-
lates with other EFL-encoding groups deriving
from within (e.g., fungal and green algal genes
coming from a cryptomonad or related source). In
addition, we find the rejection of the monophyly of
ylogenetic positions of cryptomonad, Perkinsus and

Perkinsus Chromalveolates

0.045 0
0.044 0
0.982 0
NA NA
NA NA
0.002 NA
0.018 NA
0.001 NA
0.001 NA
0 0
0 NA
0 0
0 NA

h position, the group being tested (cryptomonads
onstrained as a group in column 3) was grafted and

A indicates the position is identical to one of the other
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two closely related groups such as P. marinus and
dinoflagellates highly suspicious, and therefore
interpret the tree with caution regardless of the
statistical support. The phylogeny may indicate
multiple origins of chromalveolate EFL genes, but
independent transfers to closely related groups
like P. marinus and dinoflagellates would require
exceptionally strong evidence, and the paraphy-
letic relationship found here is not very compel-
ling. Continued sampling of EFL diversity may well
show that the tree is not as well supported as it
appears with the current sampling.

Regardless of how many times the chromalveo-
lates acquired EFL, its distribution in this group
raises many interesting questions about its evolu-
tion. If it did arise more than once in chromalveo-
lates or if it transferred from chromalveolates to
other eukaryotes, this underscores the apparent
mobility of this gene. If, on the other hand, it was
acquired once in an ancestral chromalveolate,
then several lineages must have subsequently lost
it (at least ciliates and apicomplexans and
probably also heterokonts), raising interesting
questions about its functional relationship to
EF-1a.
Methods

Identification and characterization of crypto-
monad and dinoflagellate EFL genes: Homo-
logues of EFL were identified in expressed
sequence tag (EST) projects from two cryptomo-
nads, Guillardia theta (CCMP 327) and Rhodomo-
nas salina (CCMP 1319), the dinoflagellate
Karlodinium micrum (CCMP 415) and the non-
photosynthetic sister to dinoflagellates, Oxyrrhis
marina (CCMP 1788). Databases containing these
EST sequencing projects (http://www.bch.umon-
treal.ca/pepdb/pep.html) were searched using
tBLASTx for orthologues of both EF-1a and EFL.
In some cases multiple copies of the gene were
found, but in all such cases they were identical or
nearly identical at the amino acid level, so one
full-length EST was chosen to represent them
and the clone was completely sequenced on
both strands. Perkinsus marinus sequences
were identified using tBLASTx searches from
the genome-sequencing project (http://www.
tigr.org/tdb/e2k1/pmg/). Three EFL sequences,
named 1099751674524, 1099751674136, and
1099751675083 at the time of writing, were
conceptually translated and added to the align-
ment for phylogenetic analyses. For G. theta and
R. salina, EFL was also amplified from total RNA
using a degenerate EFL primer designed for the 50

end of the gene (CTGTCGATCGTCATHTGYGGN-
CAYGTNGA) and a species-specific primer
(CTTCTTAGCACCACCATCATCGCGAGCAAC for
G. theta and CGCTTGTGGTGCATCTCCACGGT-
GAAGATC for R. salina) for the 30 end, using the
Superscript III RT-PCR kit (Invitrogen). Products of
the expected size were cloned using TOPO-TA
cloning (Invitrogen) and several clones were
sequenced on both strands. K. micrum ESTs were
described in Patron et al. (2006), and G. theta,
R. salina, and O. marina EST projects are currently
onging. All new EFL sequences were deposited in
GenBank under accession numbers DQ659242—
DQ659245 and DQ666284.

Phylogenetic analysis: New sequences were
added to an existing amino acid alignment of EFL
and EF-1a (Keeling and Inagaki 2004) and
phylogenetic trees were inferred using maximum
likelihood (ML), distance, and Bayesian methods.
Trees were inferred using both genes, which
confirmed the new sequences were EFL (not
shown). All other analyses were restricted to full-
length or near full-length EFL sequences alone,
from which 438 unambiguously aligned positions
from 19 taxa were analysed. ML trees were
inferred using PhyML 2.4.4 (Guindon and Gascuel
2003) with input trees generated by BIONJ,
the JTT model of amino acids substitution, the
proportion of variable rates estimated from the
data, and 8 variable categories of substitution
rates and invariable sites. One thousand bootstrap
trees were inferred with PhyML using the same
parameters from the original tree. For distance
analyses, gamma corrected distances were cal-
culated by TREE-PUZZLE 5.2 (Strimmer and von
Haeseler 1996) using the WAG substitution matrix
with 8 variable rate categories and invariable sites.
Trees were inferred by weighted neighbour-joining
using WEIGHBOR 1.0.1a (Bruno et al. 2000). One
thousand bootstrap resampling replicates were
performed in batches of 250 using PUZZLEBOOT
(shell script by A. Roger and M. Holder, http://
www.tree-puzzle.de) with rates and frequencies
estimated using TREE-PUZZLE 5.2. MRBAYES
3.0 (Ronquist and Huelsenbeck 2003) was used to
perform Bayesian analysis using the JTT substitu-
tion model with rates assigned by four equally
probable categories approximating a gamma
distribution. One cold and three heated chains
were run for one million generations, sampling one
tree every thousand generations. After 4000
generations, log likelihood values stabilized, and
subsequent trees were used to compute the 50%
majority-rule consensus tree.

http://www.bch.umontreal.ca/pepdb/pep.html
http://www.bch.umontreal.ca/pepdb/pep.html
http://www.tigr.org/tdb/e2k1/pmg/
http://www.tigr.org/tdb/e2k1/pmg/
http://www.tree-puzzle.de
http://www.tree-puzzle.de
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Approximately Unbiased (AU) tests (Shimodaira
and Hasegawa 2001) were carried out to examine
alternate positions of cryptomonads and Perkin-
sus marinus and the monophyly of chromalveo-
lates. For cryptomonads, ML trees excluding
G. theta and R. salina were optimized as de-
scribed above, which gave the same topology of
the remaining taxa as found in the trees with
cryptomonads included. Cryptomonads were
added to this optimized tree as sister to all major
groups and at all other inter-group nodes, result-
ing in the ML tree and 10 alternatives. Site-
likelihoods for these trees and 100 bootstrap trees
were calculated by TREE-PUZZLE 5.1 using
the—wsl option with the parameters used for the
ML tree, and AU tests were performed using
CONSEL 1.19 (Shimodaira 2002). The position of
Perkinsus marinus and the monophyly of chro-
malveolates were tested using the same proce-
dure. The entire analysis was repeated with the
highly divergent sequence of Bigelowiella natans
removed from the alignment.
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