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Here we use phylogenomics with expressed sequence tag (EST) data from the ecologically important coccolithophore-
forming alga Emiliania huxleyi and the plastid-lacking cryptophyte Goniomonas cf. pacifica to establish their
phylogenetic positions in the eukaryotic tree. Haptophytes and cryptophytes are members of the putative eukaryotic
supergroup Chromalveolata (chromists [cryptophytes, haptophytes, stramenopiles] and alveolates [apicomplexans,
ciliates, and dinoflagellates]). The chromalveolates are postulated to be monophyletic on the basis of plastid
pigmentation in photosynthetic members, plastid gene and genome relationships, nuclear ‘‘host’’ phylogenies of some
chromalveolate lineages, unique gene duplication and replacements shared by these taxa, and the evolutionary
history of components of the plastid import and translocation systems. However the phylogenetic position of
cryptophytes and haptophytes and the monophyly of chromalveolates as a whole remain to be substantiated. Here we
assess chromalveolate monophyly using a multigene dataset of nuclear genes that includes members of all 6
eukaryotic supergroups. An automated phylogenomics pipeline followed by targeted database searches was used to
assemble a 16-protein dataset (6,735 aa) from 46 taxa for tree inference. Maximum likelihood and Bayesian analyses
of these data support the monophyly of haptophytes and cryptophytes. This relationship is consistent with a gene
replacement via horizontal gene transfer of plastid-encoded rpl36 that is uniquely shared by these taxa. The
haptophytes þ cryptophytes are sister to a clade that includes all other chromalveolates and, surprisingly, two
members of the Rhizaria, Reticulomyxa filosa and Bigelowiella natans. The association of the two Rhizaria with
chromalveolates is supported by the approximately unbiased (AU)-test and when the fastest evolving amino acid
sites are removed from the 16-protein alignment.

Introduction

Multigene phylogenetics and the availability of ge-
nome data from protist lineages have provided a major im-
petus to resolving the eukaryotic tree of life (e.g., Simpson
and Roger 2004; Bhattacharya and Katz 2005; Parfrey et al.
2006), leading recently to the hypothesis that eukaryotes
comprise 6 putative supergroups (reviewed by Adl et al.
2005; Keeling et al. 2005; Parfrey et al. 2006). These
are the protistan roots of all multicellular eukaryotes and
comprise the Opisthokonta (e.g., animals, fungi, choanofla-
gellates), Amoebozoa (e.g., lobose amoebae, slime molds),
Archaeplastida or Plantae (red, green [including land
plants], and glaucophyte algae), Chromalveolata (e.g., api-
complexans, ciliates, giant kelps), Rhizaria (e.g., cercomo-
nads, foraminifera), and Excavata (e.g., diplomonads,
parabasalids). Although within supergroup phylogeny
and membership are presently unsettled, in particular for
excavatesandchromalveolates (Parfreyet al.2006;Simpson,
Inagaki, and Roger 2006), the 6 lineages are a useful tool-
for testing hypotheses about eukaryote phylogeny and bio-
diversity. The future addition to phylogenies of uncultured
environmental samples or poorly studied organisms such
as amoebae or heterotrophic flagellates may expand the
number of eukaryotic supergroups or alter their interrela-

tionships. In this study, we generated extensive (6,488 un-
igenes) expressed sequence tag (EST) data from Emiliania
huxleyi (Haptophyta) and 496 unique ESTs from the early
diverging plastid-lacking Goniomonas cf. pacifica (Cryp-
tophyta) (Hoef-Emden, Marin, and Melkonian 2002), both
of which are chromalveolate protists. E. huxleyi is of tre-
mendous importance worldwide because of its dominance
in oceanic open waters (Brown and Yoder 1994), its role
in cloud production through dimethylsulfide (DMS) release,
the effect of E. huxleyi ‘‘algal blooms’’ on the optical qual-
ity and temperature of oceanic waters, and its role as a major
carbon sink in our planet (Buitenhuis et al. 1996).

Studying E. huxleyi and G. pacifica also advances our
understanding of the chromalveolates, a controversial su-
pergroup whose constituent members are yet to be shown
to comprise a monophyletic lineage in host (i.e., nuclear)
phylogenies. The chromalveolate hypothesis was proposed
by Cavalier-Smith (1999) to unite all chlorophyll c–con-
taining algae and their nonphotosynthetic sister groups.
The chromalveolates originally comprised the chromist
(cryptophytes, haptophytes, and stramenopiles; Cavalier-
Smith 1986) and alveolate (dinoflagellates, ciliates, and
apicomplexans; e.g., Van de Peer and De Wachter 1997)
protists. Recent phylogenetic analyses, however, identify
two more groups with chromalveolate affinities. The first
is the plastid-lacking katablepharid protists that appear as
sister to cryptophytes in an analysis of small subunit rDNA
(Okamoto and Inouye 2005). The second are telonemids.
Analysis of a concatenated dataset of Hsp90 and small sub-
unit rDNA positioned with significant Bayesian support Te-
lonemia spp. as sister to cryptophytes in a clade that also
included haptophytes (Shalchian-Tabrizi et al. 2006a). Te-
lonemids are widely distributed marine heterotrophic pro-
tists that are morphologically distinct from katablepharids.
These taxa share characters with different chromalveolates
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including tubularmitochondrial cristae commonwith alveo-
lates and some chromists and flagellar hairs common with
haptophytes and stramenopiles. However cortical alveoli,
which are shared not only with alveolates and some strame-
nopiles but also with glaucophytes in the Plantae, are also
found in T. antarcticum (Shalchian-Tabrizi et al. 2006a).

The key feature for originally merging chromalveo-
lates is their photosynthetic organelle (plastid [when pres-
ent]) that is believed to have arisen from a single secondary
(red algal) endosymbiosis. Under this hypothesis, some
time after its split from other members of the Plantae
a red alga was engulfed by the nonphotosynthetic ancestor
of the chromalveolates (Bhattacharya, Yoon, and Hackett
2004) and reduced to a 4-membrane-bound plastid that
uniquely contained chlorophyll c. In chromists, the 4-
membrane-bound plastid was retained in all groups except
presumably katablepharids and telonemids (Okamoto and
Inouye 2005; Shalchian-Tabrizi et al. 2006a). In the alveo-
lates, the dinoflagellates lost one plastid membrane, the api-
complexans lost photosynthesis and retain a remnant
organelle (apicoplast) used for other plastid functions such
as fatty acid and heme synthesis (Foth and McFadden
2003), and ciliates have apparently lost the plastid. Support
for the chromalveolate hypothesis comes from nuclear gene
trees that unite stramenopiles and alveolates (Gajadhar et al.
1991; Baldauf et al. 2000; McEwan and Keeling 2004;
Nozaki et al. 2004), plastid characters (e.g., storage products)
and gene and genome data from this organelle (Yoon et al.
2002, 2004, 2005, 2006a; Bachvaroff, Sanchez Puerta,
and Delwiche 2005), the evolutionary history of host-
derived plastid-targeted translocators (Weber, Linka, and
Bhattacharya 2006), and unique gene duplication and re-
placement events shared by these taxa (Fast et al. 2001;
Harper and Keeling 2003; Patron, Rogers, and Keeling
2004).Allchromalveolatesexceptcryptophytescontainami-
tochondrionwith tubular cristae. Cryptophytes were thought
tobeancestralwithin thechromists,due to thepresenceof two
distinguishing characters, flattened mitochondrial cristae
and the remnant red algal nucleus (the nucleomorph;
Greenwood 1974) that is found between the second and third
plastid membranes Cavalier-Smith 1999). The sister-group
relationship of katablepharids and/or telonemids to crypto-
phytes leaves unclear the ancestral set of chromist characters.

Despite many attempts, the phylogenetic position of
cryptophytes and haptophytes remains unresolved. Previ-
ous analyses of nuclear genes (often with extensive taxon
sampling) show haptophytes to be unaffiliated with any
other eukaryotic lineage (e.g., rDNA [Bhattacharya et al.
1995; Van de Peer and De Wachter 1997; Van de Peer
et al. 2000], actin [Stibitz, Keeling, and Bhattacharya
2000], HSP90 [Stechmann and Cavalier-Smith 2003]). In
contrast, rDNA trees provide moderate support for the
grouping of cryptophyte with glaucophyte algae (e.g.,
Bhattacharya et al. 1995; Van de Peer and De Wachter
1997). The sister-group relationship of cryptophytes and
glaucophytes is supported by the presence of flattened
cristae in both groups. However a recent analysis using
a 143-protein data set supported robustly the monophyly
of Plantae and a specific relationship between glaucophytes
and green algae/land plants (Rodriguez-Ezpeleta et al.
2005; see also Petersen et al. 2006; Hackett et al. 2007),

although haptophytes and cryptophytes were missing from
this data set. These results place glaucophytes clearly within
Plantae but do not address the position of cryptophytes in
the eukaryotic tree. Another phylogenetic treatment
(Harper, Waanders, and Keeling 2005) used a HSP90 data
set and a concatenated alignment of 6 proteins (actin, alpha-
and beta-tubulin, eEF-1alpha, HSP70, and HSP90) to test
chromalveolate monophyly. The single-protein HSP90 and
4-protein (actin, alpha- and beta-tubulin, and HSP90) data
sets provided weak to moderate bootstrap support for the
monophyly of cryptophytes and haptophytes using a variety
of phylogenetic approaches. However, bootstrap support
for this clade was markedly lowered with the use of the
6-protein data set, and none of the analyses provided evi-
dence for the union of all chromalveolates, suggesting pol-
yphyly of this group (Harper, Waanders, and Keeling
2005). And finally, a recent analysis of plastid genes aimed
at determining the extent of horizontal gene transfer (HGT)
within the plastid genome uncovered a ribosomal protein
gene (rpl36) of foreign (likely eubacterial) origin that is
uniquely shared by cryptophytes and haptophytes, provid-
ing strong evidence for the monophyly of these taxa (Rice
and Palmer 2006). Here we assessed the phylogenetic po-
sition of haptophytes and cryptophytes using phylogenom-
ics with the EST sequences from E. huxleyi and G. pacifica.
These analyses included complete genome or EST data
from other eukaryotes and prokaryotes available in public
databases. Phylogenetic analyses of a concatenated 16-
protein data set support the monophyly of cryptophytes
and haptophytes and their sister-group relationship to a well
supported assemblage that includes other chromalveolates
and two members of the Rhizaria.

Materials and Methods
Construction of cDNA Libraries and Annotation of
ESTs

Construction of the Emilania huxleyi (CCMP 371)
cDNA library is described in Li et al. (2006). For this paper,
we added EST data from the sequencing of a subtracted li-
brary from this species that was not presented in Li et al.
(2006). The EST sequences from this species are deposited
in the dbEST database of GenBank. Total RNA from Go-
niomonas cf. pacifica (CCMP 1869) was prepared as in Li
et al. (2006), and the cDNA library was constructed using
the Stratagene pBluescript II XR cDNA library construc-
tion kit (Stratagene), which contains XhoI and EcoRI di-
gested pBluescript II SK (þ) vector. Because the
nonphotosynthetic G. pacifica was mass cultured (8 L) with
bacteria and rice, algal growth (despite the large culture vol-
ume) was extremely slow and likely compromised by bac-
terial competition. For this reason, we initiated library
construction with several nanograms of poly(Aþ) mRNA
rather than the 5 lg prescribed by the Stratagene protocol.
The low yield of RNA also made difficult efficient size se-
lection for the libraries. However using the available start-
ing material, a starter library was constructed and
normalized as described above. The ESTs were sequenced
on an ABI 3730 96-channel capillary DNA sequencer (The
Roy J. Carver Center for Comparative Genomics,
University of Iowa). All ESTs were processed using Phred
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FIG. 2.—Maximum likelihood (RAxML) tree of eukaryotes after the removal of the most divergent class of amino acid sites from the 16-protein data set. (A) Phylogeny inferred using the 46-
taxon data. (B) Phylogeny inferred using the 44-taxon data set after exclusion of the long-branched G. lamblia and T. vaginalis sequences. The results of bootstrap analyses using PHYML are
shown above the branches in these trees. Only bootstrap values .60% are recorded. The branch lengths in the trees are proportional to the number of substitutions per site (see scales in figure).
AMOEBO. is Amoebozoa; RHIZ. is Rhizaria; and EXC. Is Excavata.
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trees of significantly lower probability. This pattern may be
interpreted in at least 3 ways. Under the first scenario, it is
possible that the Plantae association is specific to our anal-
ysis. Although potentially true, it is a surprising result,
given that virtually all other nodes in our tree are highly
supported, and that the only alternate nonrejected associa-
tions detected by the AU-test are with one clade, the Plan-
tae. Under a second scenario, our results may reflect
undetected EGT (either complete or partial, ancient gene
replacements) from a Plantae endosymbiont or HGT from
these algae that is not evident in any single-protein PHYML
bootstrap analysis (except for EF2, which is a long protein

[783 aa in our final alignment] with significant phylogenetic
signal). A surprising result in this regard is the nature of the
Plantae association. Under the chromalveolate hypothesis,
the source of EGT is expected to be from the red algal sec-
ondary endosymbiont. However, the AU-test strongly
rejects the sister-group relationship of cryptophytes,
haptophytes, or cryptophytes þ haptophytes with red algae
(P , 0.01). This suggests that, as evident in the EF2 tree
(fig. S1) and analyses of nuclear-encoded plastid-targeted
proteins in chromalveolates (e.g., Nosenko et al. 2006),
nonred sources may also have provided genes to the nu-
cleus of some or all chromalveolates. If this latter hypoth-
esis is correct, then it may explain the great difficulties that
are evident when reconstructing chromalveolate interrela-
tionships, in spite of extensive multigene data or a broad
taxon sampling (e.g., Harper Waanders, and Keeling
2005; Burki and Pawlowski 2006). Chromalveolate ge-
nomes may carry two distinct, conflicting phylogenetic his-
tories, one of their hosts and one of their history of
endosymbiotic gene replacements and HGT events, provid-
ing a potentially large impediment to multigene analyses of
this group. A final possibility is that the cryptophytes and/or
haptophyte host cells may be related to the Plantae, as has
been suggested by rDNA trees that often support crypto-
phyte þ glaucophyte monophyly (Bhattacharya et al.
1995; Van de Peer and De Wachter 1997; Okamoto and
Inouye 2005), which is supported by the presence of flat-
tened mitochondrial cristae in these taxa.

Conclusions

Although it is obvious that much more careful work
needs to be done with chromalveolates and Rhizaria to elu-
cidate their phylogeny, our analyses do provide some im-
portant insights. First, it is essential that in multigene
analyses of chromalveolates each gene is analyzed individ-
ually with a broad taxon sample to identify potential cases
of EGT or HGT. In the case of EGT, an obvious alternate
position is expected with the Plantae. Second, despite the
conflict evident within our data set, the overall phylogenetic
signal favors two main findings: (1) the association of Rhi-
zaria with chromalveolates, and (2) the monophyly of
cryptophytes þ haptophytes (see also Patron, Inagaki,
and Keeling 2007). This latter result is supported by the
independent plastid genome HGT data of Rice and Palmer
(2006). One further consideration with regard to the posi-
tion of the cryptophytes is that the AU-test does not sig-
nificantly reject the ancestral position of this lineage
relative to all other chromalveolates and Rhizaria
(P 5 0.383). This supports the notion of a single loss
of the nucleomorph after the cryptophyte divergence, as
has been suggested by plastid gene data (e.g., Yoon
et al. 2002), but complicates interpretation of the rpl36
gene replacement. If the cryptophytes are indeed the early
divergence in the chromalveolate þ Rhizaria clade, then it
is possible two copies of rpl36 may have existed in their
common ancestor with independent, differential losses in
the cryptophytes and haptophytes (cyanobacterial gene
loss) versus other chromalveolates (eubacterial gene loss).
Alternatively, and less parsimoniously, there were two

Table 1
Results of the AU-Test for Alternative Tree Topologies
Using the 46-Taxon Phylogeny Shown in Fig. 1.

Clade Moved

Rhizaria Rank DlnL
AU

Probability

Best tree 1 -14.0 0.962
Base alveolates 2 14.0 0.108
Base stramenopiles 3 18.3 0.048*
Base chromalveolates 5 26.0 0.007**
Base eugl.þ diplo.þparabas.þjakobids 11 63.3 0.002**
Base Euglenozoa 25 92.3 6e-007**
Base diplo.þparabas.þjakobids 21 86.8 2e-004**
Base malawimonads 19 83.5 7e-005**

Cryptophytes þ Haptophytes Rank DlnL
AU

Probability

Best tree 1 -9.9 0.863
Base Plantae 2 9.9 0.389
Base greenþglaucophytes 6 27.6 0.167
Base glaucophytes 8 45.5 0.051
Base reds 7 45.0 6e-005**
Base Plantaeþchromalveolates 5 25.8 0.013*
Base Amoebozoa 27 185.2 2e-004**
Base Euglenozoa 20 131.5 1e-077**
Base Opisthokonta 24 171.1 2e-005**

Cryptophytes Rank DlnL
AU

Probability

Best tree 1 -8.1 0.892
Base chromalveolatesþRhizaria 2 8.1 0.383
Base Plantae 4 24.2 0.118
Base Plantaeþchromalveolates 5 25.2 0.067
Base reds 10 46.6 0.006**
Base Amoebozoa 27 122.6 1e-032**
Base Euglenozoa 20 89.6 8e-009**
Base Opisthokonta 24 117.2 2e-075**

Haptophytes Rank DlnL
AU

Probability

Best tree 1 -8.1 0.888
Base alveolatesþStramen.þ Rhizaria 2 8.1 0.375
Base Plantae 4 24.5 0.106
Base greensþglaucophytes 7 29.4 0.166
Base greens 8 30.8 0.219
Base glaucophytes 10 37.6 0.079
Base reds 11 50.7 2e-005**
Base Plantaeþchromalveolates 9 37.5 0.014*
Base Amoebozoa 30 159.3 4e-004**
Base Euglenozoa 24 123.3 4e-009**
Base Opisthokonta 28 146.8 2e-006**

NOTE.—Significantly rejected trees are marked with * when P , 0.05 and with

** when P , 0.01. Diplo. is diplomonad, eugl. is Euglenozoa, and parabas. is

parabasalids.
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independent rpl36 gene replacements in cryptophytes and
haptophytes. Given these uncertainties, we stress that our
results are a working hypothesis that is constrained by the
inherent difficulties in inferring ‘‘deep’’ phylogeny due to
differences in divergence rates among lineages, covarion
substitution processes (e.g., Philippe et al. 2004; Rodri-
guez-Ezpeleta et al. 2005; Shalchian-Tabrizi et al.
2006b), and potentially confounding EGT. However these
results can be tested through the analysis of more sequence
data from existing cultured taxa than found in our tree (see
EuTree; http://www.biology.uiowa.edu/eu_tree/) and the
addition of novel taxa such as katablepharids and telone-
mids when these turn up in environmental surveys (e.g.,
picobiliphytes; Not et al. 2007).

Supplementary Material

Supplementary tables and figures are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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