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Choanoflagellates are single-celled aquatic flagellates with a unique
morphology consisting of a cell with a single flagellum surrounded by
a ‘‘collar’’ of microvilli. They have long interested evolutionary biologists because of their striking resemblance to the collared cells
(choanocytes) of sponges. Molecular phylogeny has confirmed a close
relationship between choanoflagellates and Metazoa, and the first
choanoflagellate genome sequence has recently been published.
However, molecular phylogenetic studies within choanoflagellates
are still extremely limited. Thus, little is known about choanoflagellate evolution or the exact nature of the relationship between
choanoflagellates and Metazoa. We have sequenced four genes from
a broad sampling of the morphological diversity of choanoflagellates
including most species currently available in culture. Phylogenetic
analyses of these sequences, alone and in combination, reject much
of the traditional taxonomy of the group. The molecular data also
strongly support choanoflagellate monophyly rejecting proposals
that Metazoa were derived from a true choanoflagellate ancestor.
Mapping of a complementary matrix of morphological and ecological
traits onto the phylogeny allows a reinterpretation of choanoflagellate character evolution and predicts the nature of their last common
ancestor.
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hoanof lagellates are a major group of heterotrophic
nanoflagellates, ubiquitously distributed in aquatic environments (1). These single-celled organisms were first described by
James-Clark in 1866, who was also the first to note the strong
resemblance between the choanoflagellate cell morphology and
that of the collared cells (choanocytes) of sponges (Porifera) (2).
Based on these similarities, a close relationship between choanoflagellates and Metazoa was long postulated and has now been
confirmed (3–9). However, there is still very little molecular data
from more than two or three choanoflagellate species. Thus, we
have a limited understanding of choanoflagellate phylogeny or how
to interpret evolutionary trends within the group. Most importantly,
without knowing whether choanoflagellates constitute a monophyletic group, it is difficult to know the relevance of such trends to the
early evolution of Metazoa.
Choanoflagellates are characterized by a distinctive and remarkably uniform cell body (protoplast) morphology. This comprises a spherical to ovoid cell with a single anterior flagellum
surrounded by a collar of narrow actin-based microvilli (Fig. 1A)
(10). In contrast to the uniformity of the choanoflagellate cell,
the morphology of the external covering (periplast) is varied and
sometimes striking, ranging from simple organic sheaths to
complex silica ‘‘cages’’ up to a 100 m or more in length.
Periplast morphology has formed the basis of the conventional
classification of choanoflagellates into three families (11). Members
of the Codonosigidae family (Kent 1880) (Fig. 1 A) have a thin
fibrillar coat, the glycocalyx. This surrounds the cell and may extend
posteriorly to join a substantial stalk composed of carbohydrate
microfibrils (12). Species of the Salpingoecidae family (Kent 1880)
possess a substantial microfibril-based theca. This may be flask(Fig. 1B), cup- (Fig. 1C) or tube-shaped and is attached to the
substratum by a stalk similar to that found in the Codonosigidae
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0801667105

family. Members of the Acanthoecidae family (Norris 1965) are
characterized by the most distinct periplast morphology. This
consists of a complex basket-like lorica constructed in a precise and
highly reproducible manner from ribs (costae) composed of rodshaped silica strips (Fig. 1 E and F) (13). The Acanthoecidae family
is further subdivided into nudiform (Fig. 1E) and tectiform (Fig. 1F)
species, based on the morphology of the lorica, the stage in the cell
cycle when the silica strips are produced, the location at which the
strips are stored, and the mode of cell division [supporting information (SI) Text] (14).
Speculation on a possible close evolutionary relationship between choanoflagellates and Metazoa was strengthened early on by
the discovery of a colonial choanoflagellate, Proterospongia haeckeli, by Saville-Kent in 1880. This taxon superficially resembles a
poriferan larva in that it appears to consist of flagellated cells
protruding from a matrix bearing internal amoeboid-like cells (11).
Although subsequent sightings of this species have not been authenticated, and its original description is somewhat enigmatic,
numerous other colonial forms are now known. Thus, choanoflagellates have long been treated in introductory biology texts
as a classic example of stepwise evolution of complexity leading to
the true multicellularity of Metazoa.
Most molecular phylogenetic trees that include multiple choanoflagellate species have been based on nuclear small subunit,
ribosomal gene (SSU rDNA) sequences. These studies have mostly
recovered choanoflagellate monophyly but have been hampered by
a small sampling of species and some species misidentification (4–5,
7–9). Therefore, to examine major trends in choanoflagellate
evolution, we have constructed a taxonomically broad, multigene
phylogeny of the group and a complementary matrix of morphological and ecological traits. Phylogenetic analyses of a concatenated four-gene dataset show that the traditional taxonomy of
choanoflagellates is flawed, and the evolution of some of their most
notable morphological traits is more complex than initially thought.
Results
Molecular Phylogeny of Choanoflagellates. Large fragments of the
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genes were amplified by PCR from total genomic DNA for 16
choanoflagellate species (Table S1). SSU rDNA was sequenced
directly from PCR products for all species, from which no evidence
of polymorphism was detected. LSU rRNA and both protein genes
were amplified in multiple overlapping fragments, all of which
matched completely in overlapping regions. Thus, there is no
evidence for the existence of paralogs for any of these genes in any
of the examined species.
Phylogenetic analyses of each of the four genes independently
show similar results for each gene and no strongly supported
(bootstrap support ⬎70%) conflicts among them (SI Text and Fig.
S1). Therefore, the four genes were combined (concatenated) into
a single dataset, along with sequences from representatives of all
major opisthokont lineages for which an equivalent combination of
sequences was available. These are Fungi, Nucleariida, Ichthyosporea, and Metazoa (7), as well as two holozoan lineages of
uncertain affinity, Corallochytrium limacisporum and Capsaspora
owczarzaki (7, 9). A close relationship between Opisthokonta and
Apusozoa has been well established (15). Therefore, sequences
from two apusozoans, Apusomonas proboscidea and Ancyromonas
sigmoides, were used to root the opisthokonts in the multigene tree.
Additional analyses were also conducted with Corallochytrium
limacisporum and Nuclearia simplex deleted, because these were
found to form particularly long and unstable branches with these
data, and such long branches tend to adversely effect support values,
especially for deeper nodes in the tree (Fig. 2) (16).
Phylogenetic analysis of 6,415 aligned positions produces a
well-resolved tree with strong support for nearly all branches based
on Bayesian Inference posterior probabilities (biPP) and maximum
likelihood bootstrap percentages (mlBP) (Fig. 2). The tree divides
the choanoflagellates into three strongly supported major clades
(1.00 biPP, 79–100% mlBP) (Fig. 2). Clades 1 and 2 consist of
mixtures of species attributable to the Codonosigidae and Salpingoecidae, whereas Clade 3 corresponds to the traditional Acanthoecidae. The taxonomic mixture of Clades 1 and 2 is highlighted by
the fact that the genus Monosiga, including the model organisms
Monosiga brevicollis and Monosiga ovata, is split between them
16642 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0801667105

Fig. 1. Morphological variation within choanoflagellates. Shadowcast whole mounts of
cells or thecae viewed with transmission electron microscopy. (A) Monosiga ovata. (c) collar; f, flagellum. Bar ⫽ 2 m. (B) Salpingoeca
urceolata. Empty flask-shaped theca is
shown. Arrow denotes inner flange that connects cell (absent) to theca. (Scale bar, 1 m.)
(C) Salpingoeca infusionum. Empty cupshaped organic theca is shown. (p) peduncle
(stalk). (Scale bar, 1 m.) (D) Salpingoeca amphoridium. Colonial ‘‘proterospongia’’ stage
is shown. Note six regularly placed cells held
together by fine posterior threads. (Scale bar,
5 m.) (E) Acanthoeca spectabilis. Immediately after division (nudiform) showing two
cells, each with a forwardly directed flagellum (arrows in F) is shown. The juvenile (j) is
above the cell remaining in the parent lorica.
(Scale bar, 2 m.) (F) Stephanoeca diplocostata. Tectiform division showing inverted
juvenile cell (j) being pushed into an accumulation of costal stripsis shown. Arrows denote
transverse (ring) costae. (Scale bar, 2 m.)

(assigned to Clades 1 and 2, respectively). Within Clade 3, the two
major morphological types of acanthoeicids, nudiform, and tectiform, are both recovered as strongly supported monophyletic
subgroups (1.00 biPP, 89–100% mlBP) (Fig. 2). This is particularly
significant with respect to the morphologically disparate nudiform
species for it demonstrates that they are an evolutionarily coherent
assemblage.
Two colony-forming Proterospongia species are found in Clade 1,
although they do not group together, whereas a third colonyforming species, Salpingoeca amphoridium (Fig. 1D), is found in
Clade 2. Thus, the potential for developing the colonial ‘‘proterospongia’’ habit is either an ancestral trait of Clades 1 and 2,
possibly of choanoflagellates as a whole, or this trait has arisen
multiple times independently in the group. This indicates that
‘‘Proterospongia’’ is not a valid taxon. Instead, it is a morphology
that probably corresponds to a stage in the life-cycles of sedentary
choanoflagellates, as suggested (17). Thus, Proterospongia choanojuncta is simply the colonial phase of Choanoeca perplexa, both
species of which have identical sequences for all genes examined
(Fig. S1 A) (18), and Proterospongia sp. ATCC 50818 is the colonial
stage of an unnamed species of Salpingoeca (B.S.C.L., unpublished
data).
Both choanoflagellates and Metazoa are strongly supported as
monophyletic in the combined gene tree (1.00 biPP, 100% mlBP)
(Fig. 2). Thus, there is no indication of either group being paraphyletic with respect to the other, that is, for choanoflagellates having
been derived from Metazoa or vice versa. The multigene phylogeny
also unites these two groups as sister taxa to the exclusion of all
other examined Holozoa (1.00 biPP, ⬍50–69% mlBP). This includes here all known holozoan lineages except for ministeriids, for
which only their highly derived SSU rDNA sequences were available (7). A sister-group relationship between Metazoa and choanoflagellates is also robustly recovered by maximum likelihood
analyses of much larger multigene phylogenies (8, 9).
Analyses of the concatenated four-gene dataset place Clades 1
and 2 together to the exclusion of Clade 3, with strong posterior
probability but only moderate bootstrap support (1.00 biPP, 70–
Carr et al.
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82% mlBP) (Fig. 2). Thus, the position of the root of the choanoflagellates is not confidently assigned at this time. However, the
grouping of Clades 1 and 2 is also seen in most of our single-gene
trees (Fig. S1), and none of these trees shows strong support for any
alternative root. If correct, this division would split the choanoflagellates into species with either wholly organic (Clades 1 and
2) or silica-based periplasts (Clade 3) and indicate that the lorica
was an early invention in choanoflagellate evolution. The shallow
depth of this node, that is the short branch uniting Clades 1 and 2
in the multigene tree (Fig. 2), suggests that considerably more data
will be required to resolve this issue.
Phylogenetic Trait Mapping. A total of 27 morphological and eco-

logical characters were scored for all choanoflagellate species in the
molecular tree (Fig. 3, Table S2, and Table S3). Detailed descriptions of characters and states are given in the SI Text along with a
short tutorial on choanoflagellate morphology, systematics, and
life-history.

Apusozoa

Fig. 2.
Molecular phylogeny of choanoflagellates
based on a concatenated four-gene dataset. The tree
shown was derived by Bayesian inference based on a
combined tubA, hsp90, SSU, and LSU rDNA nucleotide
sequence alignment. Branches are drawn proportional
to the number of nucleotide substitutions per site as
indicated by the scale bar at the lower left. Branches
receiving 1.00 biPP and 100% mlBP support are denoted by an *. biPP and mlBP values are otherwise
given above and below branches respectively. Additional values are shown for four important deep
branches in the choanoflagellate and Metazoa grouping, indicating support values obtained when the unstable, long-branched taxa Corallochytrium limacisporum and Nuclearia simplex were excluded.

dae). However, the phylogeny indicates that the theca is older than
originally thought and was present, at the latest, in the last common
ancestor of Clades 1 and 2. Thus, all members of Clades 1 and 2
possess a theca except for Codosiga gracilis, Monosiga brevicollis, and
Monosiga ovata (19), and these thecae appear to have a similar
structure in both groups (B.S.C.L., unpublished data).
Evolution of the theca is further complicated by the fact that it
occurs in multiple forms, most commonly as a flask consisting of
three layers (20) or a simple cup consisting of one (B.S.C.L.,
unpublished data). The sporadic distribution of these forms in
Clade 1 indicates that the theca, even when present, must have been
modified on multiple occasions. Either the flask was reduced to a
cup several times, or the relatively simple single-layered cup was
invented at least twice independently. The latter possibility is
suggested by the fact that not all aspects of the cups in Clade 1 are
homologous (B.S.C.L., unpublished data). Thus, the molecular
phylogeny indicates that the choanoflagellate theca has had a complex
evolutionary history, including multiple independent losses and modifications.

Organic Covering. All choanoflagellates have some form of organic

covering, and all species except for tectiform loricates have a motile
stage with only a glycocalyx, which is obscured when cells become
sedentary and form a theca or lorica. The most widely noted
organic covering in choanoflagellates is the theca, and this character is central to traditional choanoflagellate taxonomy as a
defining feature of one of the three major divisions (SalpingoeciCarr et al.

Lorica. The silica lorica is a striking and unique feature, and the

phylogeny indicates that it has evolved only once (Fig. 2). All loricae
are based on two layers of rib-like arrays of silica strips (costae); an
outer, usually longitudinal, costal layer is held in place by an inner
layer of helical and/or transverse (ring) costae (21). All costae are
built from prefabricated strips that are accumulated in bundles on
PNAS 兩 October 28, 2008 兩 vol. 105 兩 no. 43 兩 16643
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Fig. 3. Matrix of morphological and ecological characters for choanoflagellates. Characters (27) were scored for all taxa for which information was available
either from the literature or our own observations. Species are arranged in order corresponding to the molecular phylogeny (Fig. 2) as indicated by the simplified
schematic to the left of the matrix. Accumulation of costal strips: (1) around surface of juvenile; (2) inside the top of the parent collar. Order of costal strip
production: (1) longitudinal first, helical second; (2) transverse first, longitudinal second. Lorica size: (1) ⬍8 m; (2) 9 –12 m; (3) 12–15 m; and (4) ⬎15 m.

the cell surface. Once a full set of strips has been accumulated, the
lorica is then assembled in a series of rapid coordinated movements.
During this spectacular feat of nanoconstruction, individual longitudinal and helical costae are assembled from single bundles of
costal strips (accumulated in a vertical orientation on the surface of
the juvenile cell), whereas each transverse costa (ring) is assembled
from portions of several different bundles (accumulated in a
horizontal orientation on the juvenile cell) (22). Because helical
costae are found in all nudiform and some tectiform species,
whereas only tectiform species have rings (Fig. 1F) (22, 23), it
appears that longitudinal and helical costae are the ancestral state
from which transverse (ring) costae were derived.
Cell Division. Differences in periplast morphology have important
consequences for cell division in choanoflagellates, which varies
considerably across the group. Lateral cell division is found in
species with a glycocalyx, which is a thin and expandable structure
(12). However, this cannot occur in species with the thicker, more
rigid theca (20). Therefore, cells of non-thecate members of Clades
1 and 2 divide laterally, whereas in thecate species, dividing cells
first become amoeboid before emerging from the anterior aperture
and dividing outside the periplast (20). Thus, the last common
ancestor of Clades 1 and 2 appears to have used emergent cell
division, consistent with it having possessed a theca.
Cell division in loricate species is further complicated by the fact
that the daughter cell lorica must be produced after the new cell
emerges from the parent lorica. Two fundamentally different
solutions to this are found. In nudiform taxa, the motile daughter
cell swims away, becomes sedentary, accumulates a complete set of
strips, and then produces a lorica (Fig. 1E) (22, 25). In tectiform
species, the daughter cell (the juvenile) inverts and exits the parent
lorica backwards, picking up a complete set of newly synthesized
costal strips as it leaves (Fig. 1F) (22). These strips are then quickly
16644 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0801667105

assembled into a lorica so that the tectiform juvenile is in possession
of a fully formed lorica soon after separating from the parent cell.
Ecology and Habitat. The majority of described species of choanoflagellates are marine, but there are also over 50 described
freshwater species. All freshwater species sampled here form a
single subgroup in Clade 2 (Fig. S1 A). However, the overall range
in morphology of freshwater species is similar to that of marine
species. Thus, it is unlikely that all freshwater species belong to a
single clade. Rather, there were probably multiple invasions of fresh
water by choanoflagellates, but sampling of further taxa would be
needed to test this. Loricate species, which are exclusively marine,
show the greatest ecological diversity ranging from microbial biofilms to
numerous different microniches in the water column (26).

Discussion
A robust phylogeny of choanoflagellates allows a reevaluation of
the group’s position within Holozoa. All individual analyses of the
four different genes indicate that choanoflagellates are a monophyletic group (Fig. S1), and analyses of these genes combined
indicate that this monophyletic group is the sister group to Metazoa
(Fig. 2). We find no evidence to indicate that choanoflagellates
could be paraphyletic with respect to Metazoa or vice versa. This
is despite examining a wide diversity of choanoflagellate morphologies and a broad sampling of Metazoa with representatives of all
early branches for which sequence data are currently available.
These include two branches of Porifera, Demospongiae (Haliclona,
Halichondria, and Suberites), and Calcarea (Sycon and Leucosolenia), as well as Ctenophora (Beroe and Mnemiopsis), Cnidaria
(Nematostella), and Placozoa (Trichoplax) (Fig. 2). Thus, there is no
evidence that Metazoa are derived from a choanoflagellate ancestor or that any division of choanoflagellates has an exclusive
relationship with Metazoa. This is particularly relevant with regard
to ‘‘Proterospongia’’, with its resemblance to a simple poriferan
Carr et al.
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strong posterior probability and moderate bootstrap support (Fig.
2). Thus, our study and others indicate that choanoflagellates are
sister to Metazoa. The only possibly closer sister taxa to the
Metazoa are the ministeriids, solely represented in culture collections by Ministeria vibrans (5, 7). However, sequences from this
taxon tend to produce long, weakly supported branches in phylogenetic trees, making their placement uncertain (5, 7). Furthermore, a recent phylogeny based on 78 protein sequences strongly
placed this Ministeria vibrans together with Capsaspora owczarzaki
as a sister group to an exclusive and strongly supported choanoflagellate ⫹ Metazoa clade (27). Thus, although the branching
order among the deeper lineages within Holozoa remains controversial, there is now a substantial body of evidence supporting a
choanoflagellate ⫹ Metazoa clade (Fig. 2) (8, 9, 27).
These data indicate that the order Choanoflagellida requires
considerable taxonomic revision. Codonosigidae is clearly shown to
be polyphyletic, and Salpingoecidae is paraphyletic. However, the
status of the family Acanthoecidae should remain unchallenged. In
addition, because of their enhanced relevance, we recommend that
the terms nudiform and tectiform should be given official taxonomic recognition. To retain the terminology without contravening
the International Code of Zoological Nomenclature guidelines
(28), these two groups should be given intermediate-rank status and
known by the informal family-group names of Nudiformes and
Tectiformes, respectively (Fig. 2). Within Clades 1 and 2, the genera
Proterospongia and Monosiga are clearly polyphyletic, whereas
Salpingoeca is paraphyletic. The described species within these
genera should be reallocated on the basis of more precisely circumscribed diagnoses into existing or new genera.
The data presented here indicate that choanoflagellates are an
important key to understanding the starting material from which
Metazoa evolved. However, hypotheses proposing that either group
is derived from the other (reviewed in ref. 29) are strongly rejected
by the molecular phylogeny (Fig. 2). It appears instead that both
groups are descended from a common marine protistan ancestor.
From this ancestor, the Metazoa evolved into truly multicellular
organisms, whereas the choanoflagellates have maintained a predominantly solitary existence, albeit with a widespread ability to
form colonial stages in their life cycle. This has proved a highly
successful strategy. From a sedentary marine ancestor, choanoflagellates have invaded habitats as diverse as bacterial biofilms,
the marine water column, and freshwaters. In the process, they have
become one of the preeminent groups of heterotrophic protists in
aquatic environments.
Materials and Methods
Cell Culture and DNA Extraction. All choanoflagellate species were maintained
in stock cultures of 20 ml at 15°C. Salpingoeca amphoridium medium was
comprised of 18 ml of sterile distilled water and 1 ml of cereal grass infusion (0.5%
cereal grass powder). Monosiga ovata medium was comprised of five parts Pratt’s
medium (23, 30) to one part of cereal grass infusion. All other species were
maintained in the following seawater cultures: 19 ml of sterile seawater and one
rice grain - Diaphanoeca grandis (ATCC 50111), Helgoeca nana (⫽ Acanthoecopsis unguiculata ATCC 50073), Salpingoeca pyxidium (ATCC 50929), Salpingoeca
urceolata (ATCC 50560), and Savillea micropora; 18.9 ml of sterile seawater and
0.1 ml of peptone/yeast solution (0.4% proteose peptone; 0.08% yeast extract in
distilled water) - Acanthoeca spectabilis (ATCC PRA-103), Choanoeca perplexa
(ATCC 50453), Codosiga gracilis (ATCC 50454), Diplotheca costata, and Stephanoeca diplocostata (ATCC 50454); 18 ml of seawater and 1 ml of cereal grass
infusion - Monosiga brevicollis (ATCC 50154), Proterospongia sp. (ATCC 50818),
and Salpingoeca infusionum (ATCC 50559). DNA extractions were performed on
40-ml cultures. Cells were centrifuged at 2,700 ⫻ g for 40 min and DNA was
extracted by using a NaCl/ethanol protocol (31).
Molecular phylogeny (Fig. 2 and Fig. S1) shows that ATCC Culture 50073
(deposited as Acanthoecopsis unguiculata) was misidentified and is actually a
nudiform choanoflagellate. We have recently named this species as Helgoeca
nana (25). The SSU rDNA molecular phylogeny (Fig. S1 A) also shows that GenBank
sequence AF272000 is misattributed to a tectiform taxon Calliacantha sp. CEE2003 and is therefore herein referred to as ‘‘AF272000’’.
PNAS 兩 October 28, 2008 兩 vol. 105 兩 no. 43 兩 16645

EVOLUTION

body plan. Instead, the molecular phylogeny indicates that the
ability in choanoflagellates to form colonies evolved early in the
group. In fact, it cannot be ruled out that this was ancestral trait or
even one shared with the ancestor of Metazoa.
The phylogeny also allows a reexamination of the longestablished morphological taxonomy of choanoflagellates. We
find that all examined species fall cleanly into one of three
well-supported clades, only one of which (Clade 3) corresponds
to a traditional taxon (Acanthoecidae) (Fig. 2). Clades 1 and 2
are mixtures of thecate and non-thecate taxa, whereas Clade 3
consists entirely of species that possess a silica-based lorica.
Homology of the thecae found in Clades 1 and 2 indicates that
this structure arose once and early in choanoflagellate evolution,
at least before the last common ancestor of Clades 1 and 2. The
silica lorica also appears to have been an early invention, and
because the root of the tree remains equivocal (Fig. 2), the
question of whether the last common ancestor of all extant
choanoflagellates possessed a theca or a lorica remains open.
The confusion in traditional choanoflagellate taxonomy arises in
part from the fact that the theca, used to define one of the proposed
major divisions of the group, has a much more complex history than
originally thought. This structure appears to have arisen early in
choanoflagellate evolution rather than in an ancestor of the traditional Salpingoecidae. Mapping of this character onto the new
phylogeny also indicates that, in addition to multiple independent
losses, this structure has been subject to a number of further
modifications. These include either multiple reversions or parallel
independent inventions of a cup-shaped variant and at least one
origin of a tube-shaped variant not examined here.
Interpretation of morphological and ecological traits (Fig. 3) in
light of the phylogeny (Fig. 2) allows us to make some predictions
about the nature of the last common ancestor of choanoflagellates.
This was probably a sedentary marine organism, which on division,
produced a motile daughter cell with a glycocalyx. This organic
covering would have been retained in the sedentary phase, in most
cases becoming obscured by either a theca or a lorica. In fact, an
organic covering can still be observed in all examined species
(B.S.C.L., unpublished data) including those with a lorica (where it
takes the form of a sheath around the protoplast) (B.S.C.L.,
unpublished data). The primary function of this structure is to
secure the cell to a substratum, which in the case of the loricate
species, is the lorica itself.
The last common ancestor of choanoflagellates was also probably
a marine organism, a habit that most species have retained. The
current phylogeny further indicates a single invasion of the marine
planktonic environment within choanof lagellates. This was
achieved by tectiform loricates via a modification of the lorica,
reducing the thicker helical costae to fewer and simpler rings, thus
reducing overall weight and retaining rigidity. In addition, changes
in tectiform cell division allowed the cell to possess a lorica nearly
throughout its entire life cycle (26). This strategy appears to have
been highly successful because over 150 species of tectiform loricates are known versus only 5–6 nudiform species (23).
The molecular phylogeny (Fig. 2) includes nearly every choanoflagellate species currently available in culture. However, this is
still only 16 species, whereas over 244 species have been described
to date. Of these species, ⬇128 are tectiform loricate taxa. For these
128 loricate taxa, the morphologically diverse selection of species
examined here clearly form a monophyletic group (Fig. 2), so we do
not expect that any of the remaining loricate taxa represent
additional deep clades. The remaining ⬇116 non-loricate taxa are
more problematic as they are almost entirely differentiated by the
size and shape of their periplasts, which the data presented (Figs.
2 and 3) show to be unreliable taxonomic characters. Thus, it cannot
be ruled out that there are additional major divisions of choanoflagellates not detected in the present study.
The phylogeny places choanoflagellates as the sister group to
Metazoa to the exclusion of all other sampled holozoan taxa with

PCR Amplification, Cloning, and DNA Sequencing. All PCR amplifications used
total genomic DNA. PCR protocols consisted of 2 min denaturing at 94°C,
followed by 30 cycles of 30 seconds denaturing at 94°C, varying annealing
temperatures, and 1 min extension at 72°C, with a final finishing step of 10 min
at 72°C. PCR products were analyzed on 1% agarose gels and purified by using
the QIAquick gel extraction kit (Qiagen). PCR and sequencing strategies for
individual genes are detailed in the SI Text.
Phylogenetic Analysis. Multiple sequence alignments were created for each gene
separately, and each individual alignment was subjected to an initial phylogenetic analysis. This was to facilitate the identification of potential paralogs and to
determine whether all genes had phylogenetically compatible histories (no
strongly supported conflicting clades) and were therefore suitable for concatenation. In all cases, no evidence of paralogy or incompatible histories was observed. Because no LSU sequence was available for Leucosolenia sp. [National
Center for Biotechnology Information (NCBI) Taxonomy ID86013], the LSU sequence
from Leucosolenia sp. MMM-2001 (NCBI Taxonomy ID154963) was used instead.
Multiple Sequence Alignment. Alignments were created separately for each gene
by using ClustalX (32), including all available choanoflagellate sequences plus
outgroup sequences. Additional downloaded sequences are detailed in the SI
Text. Each alignment was then modified by eye to minimize insertion-deletion
events, and regions that could not be unambiguously aligned among all sequences were excluded from the phylogenetic analyses. The individual alignments and a concatenated alignment created from all four genes were then
examined with Modeltest (version 3.7) (33), which indicated in each case that
GTR⫹I⫹␥ (34) was the most appropriate nucleotide substitution model. All
alignments are available from M.C. or S.L.B. on request.

catenated dataset, the data were divided into three partitions: 1) ribosomal DNA
genes, 2) first-and second-codon positions, and 3) third-codon positions. Analyses
of the concatenated data with all third-codon positions deleted showed no
change in topology with the exception of Clade 3 (data not shown). Here, in the
absence of third-codon positions, the tectiform species Diplotheca costata appears as the earliest branch in the clade, thus, depicting nudiforms as derived from
within tectiforms. However, paraphyly of tectiform choanoflagellates is strongly
rejected by parsimony criteria, which require an additional 5 steps (out of a total of
42) to fit the morphological data (Fig. 3) onto this alternative topology.
To rule out the possibility that third positions are mutationaly saturated within
Clade 3, pairwise distances at first- and second-codon positions were plotted
against those at third positions (36) with raw (p) measured by using PAUP* 4.0b10
(37). These analyses show no indication of third-position saturation in Clade 3. For
tubA, a linear trend was observed in the plot (y ⫽ 10.5x ⫹ 0.1771, R2 ⫽ 0.6277;
where y ⫽ pairwise distances at first and second positions and x ⫽ pairwise
distances at third positions). Helgoeca nana formed a set of outlier pairwise
distances in the hsp90 plot. In comparisons involving Helgoeca nana with all other
species, and comparisons involving all species excluding Helgoeca nana, linear
trends were observed in both plots (y ⫽ 6.9066x ⫺ 1.2784, R2 ⫽ 0.9638 and y ⫽
2.169x ⫹ 0.2466, R2 ⫽ 0.7815, respectively). Thus, concatenated analyses including
third-codon positions (Fig. 2) are likely to give the most accurate resolution of
Clade 3 and have no apparent affect on any other part of the tree.
Maximum Likelihood. Maximum likelihood trees were produced by using the
program RAxML (version 7.3) (38) with 1,000 bootstrap replicates by using the
GTRCAT model. All model parameters were estimated by the program from its
own maximum parsimony starting trees. The alignment was divided into the
same three partitions as used for the Bayesian analysis.

Bayesian Inference. Phylogenetic trees were estimated with Bayesian inference
by using MrBayes (version 3.1.1) (35). All parameters for the GTR⫹I⫹␥ model were
estimated by the program from BioNJ starting trees. Tree searches consisted of 2
parallel sets of 4 chains (3 heated and 1 cold) run for 250,000 generations for the
concatenated dataset and 1,000,000 generations for individual gene analyses.
This number of generations was sufficient to reach convergence for these 2
datasets as measured by split frequencies ⱕ0.01. Trees were sampled every 10th
generation, and the first 25% of the sampled trees were discarded as burn in.
For the protein-coding genes, first and second codon positions were modeled
together whereas third-codon positions were modeled separately. For the con-
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