Monophyletic Origins of the Metazoa:
An Evolutionary Link with Fungi
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A phylogenetic framework inferred from comparisons of small subunit ribosomal RNA
sequences describes the evolutionary origin and early branching patterns of the kingdom
Animalia. Maximum likelihood analyses show the animal lineage is monophyletic and
includes choanoflagellates. Within the metazoan assemblage, the divergence of sponges
is followed by the Ctenophora, the Cnidaria plus the placozoan Trichoplax adhaerens, and
finally by an unresolved polychotomy of bilateral animal phyla. From these data, it was
inferred that animals and fungi share a unique evolutionary history and that their last
common ancestor was a flagellated protist similar to extant choanoflagellates.

Haeckel (1) first recognized that meta-
zoans must share a common ancestry with a
unicellular protist. In spite of numerous
comparative studies and theories that link
metazoans to flagellates (1) and ciliates (2),
the origin of multicellular animals remains
an open question. Morphology, ultrastruc-
ture, and complex embryological data do
not provide support for any one hypothesis.
The fossil record documents the Cambrian
explosion of multicellular organisms (3) but
provides few clues about protists ancestral
to contemporary metazoa.

Comparisons of ribosomal RNA
(rRNA) sequences have successfully estab-
lished phylogenetic relations within the
prokaryotic (4) and protist worlds (5), but
similar procedures have given contradictory
topologies for early diverging metazoan lin-
eages (6). Distance and parsimony analyses
of rRNA data portray protists as a series of
independent branches that precede the
nearly simultaneous separation of plants,
animals, fungi, stramenopiles (chromo-
phyte algae and heterokont protists), alve-
olates (ciliates, dinoflagellates, and apicom-
plexans) (7), and other independent protist
lineages. Collectively, these abruptly di-
verging lineages define the crown (8) of the
eukaryotic tree. Because nodes for each of
the crown groups are separated by fewer
than five nucleotide changes per thousand
positions, their relative branching order has
proven difficult to establish. The absence of
early branching lines within each of the
crown groups and inadequate representa-
tion of eukaryotic microbial diversity have
compromised the utility of molecular data
in resolving the origins of animals (6). In
some studies, the reconstruction of organ-
ismal phylogeny is further exacerbated by
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incomplete sequence information (9) and
inadequate methods for inferring molecular
frameworks that include both slowly and
rapidly evolving lineages (6).

We have reexamined relations between
the animal kingdom and other major eu-
karyotic groups with the use of maximum
likelihood methods (10) to analyze an ex-
panded small subunit (16S-like) rRNA se-
quence database. Complete 16S-like rRNA
sequences were determined for the choano-
flagellates Diaphanoeca grandis Ellis, 1930
and Acanthocoepsis unguiculata Thomsen,

1973 and several lower metazoans, includ-
ing the ctenophore Mnemiopsis leidyi A.
Agassiz, 1865; the cnidarian Tripedalia cys-
tophora Conant, 1898; two porifera, Micro-
ciona prolifera (Ellis and Solander, 1786)
and Scypha lingua Haeckel, 1872; and the
placozoan Trichoplax adhaerens Schulze,
1883 (11).

Figure 1 is a maximum likelihood anal-
ysis (12) of 16S-like rRNA sequences from
the groups that diverged at the crown of the
eukaryotic tree. The fraction of 110 maxi-
mum likelihood bootstrap resamplings that
support topological elements are shown
above the branches (each resampling re-
quired 48 hours to compute). Values below
the branches represent the fraction of 200
bootstrap neighbor-joining replicates (13)
that support the evolutionary hypothesis in
Fig. 1. In this phylogenetic framework, the
metazoa comprise a monophyletic group
that shares a most recent common ancestry
with choanoflagellates. The animal and
fungal lineages share a more recent com-
mon ancestor than either does with the
plant, alveolate, or stramenopile lineages.
Within the metazoan subtree, the sponge
and ctenophore lineages diverge first, fol-
lowed by placozoa and cnidarians, and then
by a poorly resolved polychotomy leading
to triploblast animal phyla. Although the
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Fig. 1. Relation between animals, fungi, plants, and other eukaryotic groups inferred from complete
16S-like rRNAs. A computer-assisted method was used to align the 16S-like rRNA sequences from
animals, plants, fungi, stramenopiles, alveolates, and other protist groups that diverged at the crown
of the eukaryotic tree (8). Maximum likelihood methods (70, 12) were used to infer a molecular
phylogeny with the use of sites that could be unambiguously aligned. The percentage of 110
bootstrap resamplings that support topological elements in maximum likelihood inferences is shown
above the branches. The percentage of 200 neighbor-joining bootstrap replicates that corroborate
topological elements in the figure is shown below the branches. The root of the tree is placed within
the Dictyostelium discoideum lineage (4, 5). Confidence levels below 50% are not indicated.
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bootstrap values do not substantiate any
single branching order for choanoflagel-
lates, sponges, and ctenophores (14), the
topology in Fig. 1 is consistent when alter-
native protist, fungal, and lower metazoan
taxa are included in maximum likelihood
analyses (15).

The early metazoan branching pattern
confirms hypotheses about the relation of
choanoflagellates and sponges to more com-
plex animals (16). Haeckel (1) proposed
that metazoans evolved from a colonial
flagellate perhaps most similar to extant
choanoflagellates. The cellular similarities
between choanoflagellates and choanocytes
of sponges are well known (17). Sponges
can be loosely characterized as multicellu-
lar, and on a grade of relative complexity or
organization lie between protists and meta-
zoans (18). Multicellularity in the earliest
diverging metazoans requires an extracellu-
lar matrix. In more complex animals, base-
ment membranes provide structural support
between epithelial and connective tissue
(19). A central jellied matrix is found in
the colonial choanoflagellate Proterospongia
haeckeli (20), whereas in sponges more com-
plex matrix components exist in the meso-
hyl (intercellular matrix) (21). Further-
more, basement membrane-like structures
have been observed in sponges (22).

On the basis of gross morphology, cteno-
phores and cnidarians were at one time
grouped in the phylum Coelenterata (23).
Their deep divergence in our rRNA phy-
logeny is more consistent with the place-
ment of ctenophores and cnidarians in sep-
arate phyla in accordance with differences
in adult morphology and patterns of devel-
opment (24). Our maximum likelihood
analysis shows moderate bootstrap support
for an earlier divergence of ctenophores
relative to the separation of triploblastic
animals from cnidarians and placozoans.
Nonmolecular evidence in support of this
branching pattern is equivocal. Cteno-
phores have mesenchymal muscle cells,
gonoducts, and determinate embryological
cleavage patterns (25), all characteristic of
triploblastic animals. However, cell junc-
tions that facilitate intercellular support
and communication (26) are similar in
sponges and ctenophores. Homologous
structures are more highly developed in
cnidarians (27). Finally, if the branching
pattern in Fig. 1 accurately represents the
evolutionary history of early diverging
metazoan lineages, a loss of specialized in-
tercellular structures in placozoans must
have occurred (28).

The most important conclusion from our
maximum likelihood analysis is the specific
phylogenetic relation between animals and
fungi. The fungi and animals represented in
our data set are also united in maximum
parsimony, least squares distance matrix,

and neighbor-joining analyses (29). Inde-
pendent confirmation of a conjoint evolu-
tionary history for animals and fungi is
provided by maximum likelihood analyses
of amino acid sequences for elongation
factors (30). At different times, fungi have
been considered to be plants, members of
other protist groups, or, in more contempo-
rary schemes, worthy of kingdom level sta-
tus (31). Molecular phylogenies based on
16S-like rRNA sequence comparisons (32)
describe the higher fungi as a monophyletic
group with flagellated chytrids representing
the earliest diverging lineage. Most con-
ventional phylogenies place the origin of
Metazoa among protists, but Towe (33) and
more recently Cavalier-Smith (34) argue
that similarities in complex biosynthetic
pathways, including syntheses of hydroxy-
proline, chitin, cellulose, and even ferritin,
suggest a specific evolutionary relation be-
tween fungi and animals. Because chytrids
and choanoflagellates both have flattened
mitochondrial cristae and a single posterior
flagellum, the hypothetical protist that rep-
resents the most recent common ancestor
to the animals and fungi in the rRNA
phylogeny very likely was a unicellular pro-
tist with these ultrastructural characteris-
tics. This new rRNA phylogeny that recog-
nizes the origins of animals and their rela-
tion to fungi provides a framework and a
rational basis through which the origins and
diversifications of metazoan phenotypes
may be explored.
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Identification of a Mobile Endogenous Transposon
in Arabidopsis thaliana

Yi-Fang Tsay, Mary J. Frank, Tania Page, Caroline Dean,
Nigel M. Crawford*

A mobile endogenous transposable element, Tag1, has been identified in the plant Ara-
bidopsis thaliana. Tag1 was found in the nitrate transporter gene, CHL1, of a chlorate-
resistant mutant present in a population of plants containing an active maize Ac trans-
poson. Tag1 excises from the chi1 gene producing chlorate-sensitive revertants with Tag1
or Tagi-related elements at different loci. Tag? and related elements are present in the
Landsberg but not Columbia or Wassilewskija ecotypes of Arabidopsis. Thus, Tag1 pro-
vides atool for the insertional mutagenesis of plant genes essential for biological processes

of agronomic importance.

Transposable elements have been invalu-
able for the identification and isolation of
genes, as insertion of a transposon both
disrupts and tags a gene with a known
sequence (1). Arabidopsis thaliana, with its
exceptionally small genome (100,000 kb),
would be especially useful for the tagging of
plant genes with transposons (2). Arabidop-
sis genes have been tagged by transferred
DNA (T-DNA) from the soil bacterium
Agrobacterium tumefacians (3) or isolated
with the use of a map-based strategy (4).
Endogenous transposons of Arabidopsis in-
clude Tal-10 (5) and a transposon-like
element Tatl (6), but these are not mobile;
that is, they do not transpose during devel-
opment or transmission from one genera-
tion to the next. The maize Ac element,
however, is mobile in Arabidopsis (7).

In an effort to exploit Ac as an insertion-
al mutagen, we used several transgenic Ar-
abidopsis lines carrying active Ac elements
to search for mutants defective in the as-
similation of nitrate. Such mutants can be
selected with the herbicide chlorate. Chlo-
rate is taken up by plants then reduced by
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nitrate reductase to chlorite, which is toxic
(8). Mutants that are resistant to chlorate
treatment are usually defective in chlorate
(and nitrate) reduction (9). One exception
is the chll mutant of Arabidopsis, which is
defective in chlorate and nitrate uptake
(10). When we applied chlorate to the
Ac-carrying Arabidopsis lines, we found a
chlorate-resistant mutant with an endoge-
nous transposable element integrated into
the CHLI gene.

Arabidopsis seed (ecotype Landsberg)
used for the chlorate selection originated
from three independent transgenic plants
containing an Ac element cloned into the
5’ untranslated leader region of a strepto-
mycin-resistance gene (11). Progeny fully
resistant to streptomycin (64 plants) were
selected. These 64 plants were the product
of an excision event of Ac, which restored
the functional streptomycin resistance
gene. Progeny (20 to 50 seeds from each of
the 64 plants) were planted and self-fertil-
ized, seed was harvested, and 100 to 200
seeds from each lineage were then germi-
nated and treated with chlorate. Three
chlorate-resistant mutants appeared in one
family. A backcross to a chll mutant (chll-
1) (10) indicated that the mutations were
alleles of chll. One of the three mutants,
chll-6, was characterized further.

We cloned the CHLI gene from a chll
mutant tagged with T-DNA (12). A CHLI
cDNA clone (12) was used to analyze the






