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Summary
Cryptomonad algae acquired their plastids by the secondary endosymbiotic uptake of a eukaryotic red alga.
Several other algal lineages acquired plastids through
such an event [1], but cryptomonads are distinguished
by the retention of a relic red algal nucleus, the nucleomorph [2]. The nucleomorph (and its absence in other
lineages) can reveal a great deal about the process and
history of endosymbiosis, but only if we know the relationship between cryptomonads and other algae, and
this has been controversial. Several recent analyses
have suggested a relationship between plastids of
cryptomonads and some or all other red alga-containing lineages [3–6], but we must also know whether
host nuclear genes mirror this relationship to determine the number of endosymbiotic events, and this
has not been demonstrated. We have carried out an
expressed sequence tag (EST) survey of the cryptomonad Guillardia theta. Phylogenetic analyses of 102
orthologous nucleus-encoded proteins (18,425 amino
acid alignment positions) show a robust sister-group
relationship between cryptomonads and the haptophyte algae, which also have a red secondary plastid.
This relationship demonstrates that loss of nucleomorphs must have taken place in haptophytes independently of any other red alga-containing lineages
and that the ancestor of both already contained a red
algal endosymbiont.
Results and Discussion
Nuclear Genes Significantly Support the Monophyly
of Cryptomonads and Haptophytes
The cryptomonad endosymbiont retains two ancestral
features that all other red algal secondary plastids
have lost: the relic nucleus, or nucleomorph, and light-
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harvesting accessory phycobiliproteins. These characteristics have singled out the cryptomonads and led to
a number of hypotheses for their ancient origin, independent of other algal groups (e.g., [7–10]). Molecular
phylogenetic analyses of nuclear genes have largely
been congruent with this notion, because cryptomonads have not consistently been allied with any other algal lineage with any support, or indeed any lineage at all
[11–15]. In contrast to this, recent analyses of plastidencoded and nucleus-encoded plastid-targeted proteins have consistently suggested that cryptomonads
are part of a large and diverse group that includes
many or all other lineages that possess red algal-derived
plastids, the so-called chromalveolates [8, 16–18]. Even
in these data there is uncertainty, however, because the
specific relationship between cryptomonads and other
chromalveolates is generally unresolved or inconsistent.
Plastid gene phylogenies have suggested a basal position [5, 6], whereas the shared presence of a laterally
transferred bacterial rpl36 in their plastid genomes has
suggested a relationship between cryptomonads and
haptophyte algae [4]. Altogether, data from plastids
are converging on the conclusion that the plastid components of cryptomonads are somehow related to the
red algal-derived plastids found in three other lineages
(alveolates, heterokonts, and haptophytes). This is an intriguing possibility, because this would suggest that the
ancestral features found in cryptomonads had been retained in this group while being lost in its close relatives.
However, until we determine whether the phylogenetic
history of these plastids is congruent with that of their
hosts, whether cryptomonad plastids arose directly
from the same endosymbiosis as other algal plastids
will remain unclear, as will the significance of the ancestral features retained by cryptomonads.
Large data sets consisting of multiple nuclear genes
are increasingly being used to examine difficult, ancient
relationships among eukaryotic lineages [19–22]. We sequenced 17,652 expressed sequence tags (ESTs) from
the model cryptomonad, Guillardia theta, resulting in
6,267 unique clusters. Genes from this survey were
added to alignments previously used to infer large-scale
phylogenetic relationships among eukaryotes [20]. We
also added data from two haptophyte EST surveys [23]
and all other chromalveolate taxa for which sufficient
sequence data were available.
The final data set included 102 protein alignments
amounting to 18,425 unambiguously aligned amino
acid positions from 38 taxa. We also analyzed a 34taxon alignment where the excavates, Giardia intestinalis, Trichomonas vaginalis, Trypanosoma brucei, and
T. cruzi, were excluded, because these have been argued previously to disrupt the analyses because of their
relatively fast-evolving nature [20]. Similarly, fast-evolving
alignment positions have been shown to bias phylogenetic estimates under the linked model conditions
[24, 25]. Accordingly, we also analyzed 34- and 38-taxon
data sets where the 1,966 fastest evolving positions
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Figure 2. Unlinked Maximum-Likelihood Analyses of 8,359 Amino
Acid Positions from 52 Proteins

Figure 1. Linked Maximum-Likelihood Analyses of 16,459 SlowEvolving Amino Acid Positions from 102 Proteins and 34 Taxa
Numbers at nodes are bootstrap values from the 34-axon analysis
(above branches) and the 38-taxon analysis including Giardia,
Trichomonas, and two trypanosomes (below branches). Filled
circles indicate bootstrap support of greater than 95% in both
34-taxon and 38-taxon analyses.

were excluded, leaving 16,459 slow-evolving positions
(trees inferred from data including fast-evolving sites
are shown in Figure S1 in the Supplemental Data available online). Data were analyzed by linked (concatenated) and unlinked (separate) maximum likelihood
(ML) models.
The linked ML tree of the 34-taxon data set (Figure 1,
support values above branches) recovered a number
of relationships observed previously; monophyletic
groups uniting heterokonts and alveolates, and opisthokonts and amoebozoa were robustly supported (BP =
100%). The union of glaucophytes, red algae, and viridiplants (Plantae) received poor support (BP = 50%),
probably because of insufficient data [20]. The newly
added data from cryptomonads and haptophytes is of
particular interest, however, because these two groups
formed a clade with robust support (BP = 100%). A
monophyletic chromalveolates was not recovered, and
instead the cryptomonad/haptophyte clade branched
with moderate support as sister to the Plantae (BP =
79%). When excavates were included, linked ML analysis of slow-evolving sites revealed no impact on the
relationship between cryptomonads and haptophytes
(Figure 1, support values below branches; Figure S2).
In contrast, the relationship between heterokonts and
alveolates was drastically changed, because excavates
robustly grouped with alveolates (BP = 95%), a result not
observed in analyses of larger data sets [20].

(A) Unrooted ML tree with unscaled branch lengths and RELL bootstrap values.
(B) Distribution of 945 trees with cryptomonad/haptophyte monophyly. All cryptomonad-haptophyte trees (open bars) are less than
6 standard errors (SE) away from the ML tree. The distribution of
the 10,395 test trees are indicated by closed bars. Note that the
vast majority of the test trees are more than 8 SE away from the
ML tree.
(C) Ninth-best tree (with chromalveolate monophly). The details are
same as (A).
(D) Distribution of 225 trees with chromalveolate monophyly. Comparing to the overall tree distribution (closed bars), no clear trend
was found for the distribution of the chromalveolate trees (open
bars).

Previously published studies consistently indicated
that linked models, which treat a multigene data set as
a single super matrix, cannot adequately describe data
sets consisting of genes evolving with different tempos
and modes, and this introduces artifacts to the tree reconstruction (e.g., [26–28]). We therefore conducted a
multigene analysis under the unlinked model, accounting for gene-specific evolution. We calculated the loglikelihood (lnL) values for all the possible relationships
among seven groups that received strong support in
linked analyses: (1) unikonts, (2) heterokonts, (3) alveolates, (4) red algae, (5) glaucophytes, (6) viridiplants, (7)
haptophytes, and the single species of cryptomonads.
Each of the eight defined groups was therefore represented by at least one species in 52 single-gene data
sets (8,359 positions). The same analysis was also performed excluding 663 fast-evolving positions, but the
results were not significantly different (not shown). The
52-gene analysis recovered the monophyly of cryptomonads and haptophytes with strong support (Figure 2A;
RELL BP = 100%). Moreover, a close examination of the
likelihood scores revealed that every tree including cryptomonad/haptophyte monophyly (945 trees in total) was
distributed in the top 10% of the 10,395 test trees
(Figure 2B), further supporting this relationship. The
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approximate unbiased (AU) test also confirmed this conclusion, because every alternative tree in which cryptomonads and haptophytes were separated was rejected
at the 1% level (see Supplemental Data).
Every analysis, both linked and unlinked, consistently
and strongly indicate that cryptomonads and haptophytes share a common ancestor. This is significant
because the ancestral features retained by the cryptomonad endosymbiont, in particular the nucleomorph
and phycobiliproteins, must have been present in that
ancestor. Therefore, regardless of whether or not the
chromalveolate hypothesis is correct, these features
must have been lost independently in the haptophyte
and heterokont/alveolate lineages. In the case of the nucleomorph, its presence has led to speculation about
why it has been retained in some lineages but lost in
many others [2, 29]. The strongly supported relationship
between cryptomonads and haptophytes (which certainly lack a nucleomorph) is the first definitive demonstration that nucleomorphs in two closely related lineages had opposite fates.
The question of nucleomorph fate is even more interesting in light of the recent discoveries of two other
lineages that are closely related to the cryptomonads:
katablephorids and picobiliphytes [30–32]. Katablephorids are heterotrophic predators that possess neither plastid nor nucleomorph [33], although in at least
one case they do take up semipermanent green algal endosymbionts [33]. They are now known to be specifically
related to cryptomonads [30, 31], so if the red algal plastid and its nucleus are ancestral cryptomonads and
haptophytes, then they must also have been present in
the ancestor of katablepharids. The same is true for
the nonphotosynthetic cryptomonad, Goniomonas, where
no evidence of a plastid or nucleomorph has been found
[34]. Picobiliphytes, on the other hand, are a group of
common, but until recently overlooked, marine picoplankton that possess plastids and appear to possess
phycobiliproteins and a DNA-contained structure that
may be a nucleomorph [31]. In molecular trees, they
branch with the cryptomonad/katablepharid clade, but
only with very weak support. Given the suite of characteristics so far reported for these little-understood cells,
it is most likely that they are more closely related to cryptomonads than to haptophytes, but an intriguing possibility yet to be rejected is that picobiliphytes are the
ancestor of both cryptomonads and haptophytes.
A Single Red-Algal Endosymbiosis?
The failure of a large collection of nuclear genes to recover a monophyletic chromalveolate clade may appear
to challenge the hypothesis that all secondary red algal
plastids derive from a single endosymbiosis. Data from
plastid-targeted proteins glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and fructose-1,6-bisphosphate aldolase (FBA) suggest a monophyletic origin of
chromalveolate plastids [3, 13, 16], although they cannot
confirm a single endosymbiotic event. The separation of
the cryptomonad/haptophyte clade from the heterokont/alveolate clade is also inconsistent with phylogenies of plastid-encoded genes, recent analyses of which
support a grouping of cryptomonads, haptophytes, and
heterokonts [5, 35], and to a lesser extent also peridinincontaining dinoflagellates [6, 36].

Once again, to definitively reconstruct the endosymbiotic history of these plastids, it is necessary to
determine whether plastid and host relationships are
congruent or not. Accordingly, we examined the nuclear
gene data more closely to determine whether our data
conclusively rejects chromalveolate monophyly. In the
unlinked phylogeny inferred from the 52-gene data set,
neither chromalveolate monophyly nor Plantae monophyly was recovered in the best, unrooted tree (Figure 2A). However, the ninth best tree, which was worse
by only 26.0 lnL units, possessed both chromalveolate
and Plantae groups (Figure 2C). There is no practical difference between these two trees, because the difference in lnL is within standard error (38.1) and the AU
test failed to reject this alternative topology (p value of
0.223; Supplemental Data). Indeed, the distribution of
the trees supporting chromalveolate monophyly among
the 10,395 test trees shows no clear trend distinguishing
them from a random sample (Figure 2D), strikingly unlike
the trees that include cryptomonad/haptophyte monophyly (Figure 2B). This distribution suggests that there
are an insufficient number of phylogenetically informative positions in the 52-gene data set to either confirm
or reject chromalveolate monophyly with confidence.
We therefore performed a second unlinked analysis
where monophyly of both cryptomonads/haptophytes
and Plantae were assumed, which allowed additional
single-gene data sets including either haptophytes or
cryptomonads and those including either glaucophytes,
red algae, or viridiplants to be included (resulting in
95 genes and 16,745 positions). Fast-evolving positions
were retained because their exclusion had no impact in
the first unlinked analysis (see above). In the 95-gene
analysis, all 15 topologies possible for five groups, (1)
unikonts, (2) cryptomonads/haptophytes, (3) alveolates,
(4) heterokonts, and (5) Plantae, were evaluated. In the
best tree, the cryptomonad/haptophyte clade was separate from an alveolate/heterokont clade, but in the second-best tree, chromalveolates were monophyletic and
the lnL was only 16.6 units lower. Similarly, the AU tests
on all 15 topologies failed to reject this tree (p = 0.318;
Supplemental Data). Including excavates did not alter
the results (Supplemental Data).
Conclusions
Both linked and unlinked analyses of large protein data
sets consistently and strongly support a close relationship between the host (nuclear) components of cryptomonads and haptophytes. This conclusion is also supported by data from their plastid genomes [4], and
together they dispel two prevailing theories about cryptomonads: they are not the earliest-diverging lineage
chromalveolates, and their plastids did not originate independently of other red algal-derived plastids. One implication of this is that the ancestral features of the cryptomonad endosymbiont, in particular the presence of
the relic nucleomorph and the light-harvesting accessory phycobiliproteins, must have been lost repeatedly
in other algae with secondary plastids of red algal origin:
once in haptophytes and at least once in the other lineages. A number of other characters that differ in these
groups (e.g., carbohydrate storage products and mitochondrial structure) will also be of interest when the
tree is fully resolved and a detailed analysis of their
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evolution can be performed. A second implication is that
there was no inherent characteristic of the red algal nucleus that led inevitably to its retention, because the
same nucleus was lost in haptophytes, katablepharids,
and Goniomonas.
All these conclusions are equally true whether or not
cryptomonads and haptophytes are part of the larger
chromalveolate group. The 102 genes analyzed here
did not support or reject this hypothesis, which is not
unexpected because the addition of taxa has been
shown to reduce support for previously robust lineages
whereas the addition of more proteins has been shown
to increase support regardless of the topology [37, 38].
Testing the monophyly of the chromalveolate host
lineage will require more data, but the present results
significantly alter any predictions about what might be
found in such an analysis. Taking plastid data together
with the results reported here, we suggest that additional analyses are most likely to show that chromalveolates are monophyletic but split into two major subgroups: cryptomonads/haptophytes and heterokonts/
alveolates.
Experimental Procedures
Construction of cDNA Libraries, Sequencing,
and Multiple Alignments
A description of the cDNA library construction and sequencing of
G. theta (CCMP 327) can be found with the Supplemental Data.
The nuclear gene data set is based on an available alignment [20].
Data from G. theta, I. galbana, P. lutheri, O. marina, and H. vermiformis were added from TBestDB, and potential paralogs were identified and removed as described [20, 39]. Only positions containing
unambiguously aligned characters were included. Details of representation of each taxon and each protein are given in the Supplemental Data.
Phylogenetic Analyses
The 34-taxon and 38-taxon data sets were first subjected to site-bysite rate estimation. The positions assigned to the fastest-evolving
category were omitted from the alignments, and 16,459 positions
were used for linked ML phylogenetic analyses. Further details are
given in the Supplemental Data.
For the unlinked analyses of the 52-gene data set, the internal
branching patterns in each group that was strongly supported to
be monophyletic in the linked analyses were constrained in advance, and the 10,395 resulting tree topologies were exhaustively
searched. The ML analyses under the unlinked model conditions
were also conducted on the 89-gene and 95-gene data sets as described above. 945 and 15 tree topologies were assessed in the
89-gene and 95-gene analyses, respectively. Further details are
given in the Supplemental Data.
Supplemental Data
Two figures, five tables, and Experimental Procedures are available at http://www.current-biology.com/cgi/content/full/17/10/887/
DC1/.
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