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Placozoans, the simplest free-living animals, have never been
observed to reproduce sexually. Here, we describe molecular
evidence for sexual reproduction within one clade of the Placozoa.
In a population sample of 10 individuals, within-individual and
overall nucleotide diversity were similar to each other and consis-
tent with levels observed in sexually reproducing species. Inter-
genic recombination as well as the sharing of alleles between
heterozygous and homozygous individuals was also observed.
These hallmarks of sexual reproduction establish that sex is indeed
present in this phylum.

obligate asexual � sexual reproduction � Trichoplax � basal
metazoan � Belize

Members of the Phylum Placozoa are microscopic marine
invertebrates possessing the smallest genomes of any

known metazoan (1) as well as one of the simplest body plans of
any free-living animal (2). They occupy a basal position in the
metazoan phylogeny, along with Cnidaria, Ctenophora, and
Porifera, but the phylogenetic ordering among these phyla has
remained unresolved (3–6). These characteristics, along with
simple conditions for laboratory culture, make placozoans an
attractive, and arguably essential, model system for studies of
early animal evolution and development. Many aspects of pla-
cozoan biology, however, are unknown. Most critically, whether
placozoans have a sexual phase in their life cycle has remained
unresolved ever since their discovery over a century ago (7). In
this paper, we show that at least one taxon within the Phylum
Placozoa can indeed reproduce sexually. This finding resolves a
long-standing question in placozoan biology and recommends
further development of the Placozoa as a model system.

Placozoans were first discovered crawling on the wall of a
seawater aquarium by F. E. Schulze in 1883. They have since
been found throughout the tropic and subtropic latitudes (8–11)
where, in their largely benthic existence, they feed on detrital
matter by extracellular digestion. Histologically, they have only
four somatic cell types, none of which is found in other animals
(2). These cells are organized into two layers, both lacking a
basement membrane. There is no axis of symmetry; placozoans
can assume a variety of shapes and folds, but a definite dorsal and
ventral orientation exists.

Placozoan life history has been studied primarily in laboratory
cultures, where they readily reproduce asexually by either binary
fission or budding of pelagic ‘‘swarmers’’ (smaller protrusions of
the animal) from the upper cell layer (2, 12–14). Asexual division
occurs at a rate of once per day, thus a Petri dish containing only
a few animals quickly becomes densely populated. Under high
animal density, we consistently observe the formation of egg-like
structures, as originally reported 30 years ago (15–18). Although
the formation of these putative eggs is suggestive of sexual
reproduction, sperm, fertilization, and complete development
have never been observed. Despite the failure to observe male
gametes, cleaving embryos are observed (16). These putative
embryos, however, eventually exhibit a runaway genome ampli-
fication (18) and cease to develop past the 64-cell stage. Could
this failure to observe complete development be due to improper
laboratory conditions, or could the putative early embryos be the
remnants of a past sexual phase in a presently obligate asexual
organism? Traditional observational methods have failed to

answer these questions and could have easily overlooked rare or
cryptic sex.

Molecular genetics offers a sensitive and efficient approach to
answering the question of sexuality in the Placozoa. An organ-
ism’s mode of reproduction shapes the passage of genetic
information from one generation to the next, resulting in distinct
patterns of nucleotide variation at the population level. In
particular, the absence of recombination and genetic exchange
in apomictic obligate asexual diploids produces a genealogical
history that essentially contains two parallel lineages, one for
each formerly allelic copy of the genome. The formerly allelic
gene copies within an obligate asexual individual therefore
become increasingly divergent over time (19–21). This charac-
teristic molecular signal of obligate asexual reproduction has
been used as evidence for the ancient obligate asexuality of
bdelloid rotifers (20). By contrast, in a sexual population, there
is on average no difference between the genealogical history of
a pair of homologous genes found in the same individual and the
history of a pair that includes copies from separate individuals.
Because of genetic drift, recombination, and genetic exchange,
both pairs will have the same expected time to a common
coalescent ancestor and, therefore, the same expected degree of
nucleotide variation. Furthermore, the decay of linkage disequi-
librium over physical distance, because of recombination, and
the occurrence of heterozygotes and homozygotes, because of
segregation and assortment, are distinguishing features of sexual
reproduction. Frequent inbreeding or automixis can lead to even
more reduced levels of nucleotide variation and increased levels
of homozygosity.

In this study, we used molecular patterns in DNA sequences
from a population sample to resolve the long-standing question
of sexuality in the Placozoa. We show that one clade within the
Placozoa carries the molecular signatures of sexual reproduc-
tion: low nucleotide polymorphism, intergenic or interchromo-
somal recombination, and sharing of alleles between heterozy-
gotes and homozygotes.

Materials and Methods
Animal Material and DNA Extraction. Placozoans were collected
from Twin Cays, Belize, during the months of August 2003 and
June 2004. Single animal isolates were fixed on a 96-well
CloneSaver FTA card (Whatman), and live animals were trans-
ported in seawater and cultured in the laboratory at Yale
University. Clonal cultures were established from single animal
isolates in glass Petri dishes filled with �250 ml of filter-sterilized
(0.2 �m) artificial seawater (37 parts per thousand) and supple-
mented with 250 �l of Micro Algae Grow (Florida Aqua Farms,
Dade City, FL) micronutrients and 2 ml of a stationary culture
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of cryptomonad algae, Pyrenomonas salina. At weekly intervals,
one-third of the medium was exchanged with fresh supple-
mented seawater. Animals were periodically subcultured by
seeding new dishes containing supplemented medium and fresh
algae.

Live animals were harvested for DNA extraction by perform-
ing several washes with unsupplemented seawater followed by a
2-day period in total darkness and several additional washes with
fresh seawater. Animals were transferred to 1.5-ml tubes and
pelleted by centrifugation for 5 sec in a minicentrifuge (Thermo
Electron, Milford, MA). The seawater was replaced with 500 �l
of urea extraction buffer (22), extracted twice with an equal
volume of phenol:chloroform (1:1), and precipitated with 0.7 vol
of isopropanol. The resulting pellet was washed with 70%
ethanol, air-dried, and resuspended in 100 �l of 10 mM Tris�1
mM EDTA, pH 8.0. DNA was purified from fixed animals by
taking a 1.25-mm core from the FTA card; this core was cleaned
using the manufacturer’s protocol and amplified in a 20-�l
reaction using the GenomiPhi amplification enzyme (General
Electric).

Genotyping. The Placozoa was, until recently, described as a
phylum containing only a single species, Trichoplax adhaerens.
Recent work by Voigt et al. (11) has demonstrated that this
phylum is actually composed of at least five divergent mito-
chondrial clades. Although these clades are molecularly very
different, morphologically they appear indistinguishable. To
ensure that our study included only members of a single clade,
we sequenced each of our 31 isolates at an �450-bp region of
the mitochondrial 16S ribosomal DNA locus. The 16S region
was PCR-amplified by using forward 5�-CGAGAAGAC-
CCCATTGAGCTTTACTA-3� and reverse 5�-TACGCTGT-
TATCCCCATGGTAACTTT-3� primers under the following
conditions: 95°C denaturation for 2 min; 5 cycles of 95°C for
30 sec, 63°C for 30 sec, and 72°C for 1 min; 5 cycles of 95°C for
30 sec, 62°C for 30 sec, and 72°C for 1 min; 20 cycles of 95°C
for 30 sec, 61°C for 30 sec, and 72°C for 1 min; and a 72°C final
extension for 10 min. Amplification products were purified by
using QIAquick kit (Qiagen) and sequenced in both directions
by using each PCR primer.

All of our samples fell into three of the five previously
described mitochondrial clades. The clade identified by strain H8

in Voigt et al. (11) contained the largest number of our sampled
individuals and was, for this reason, selected for further analysis.
There were a total of 10 samples: BZ10101, BZ264, BZ413,
BZ46, BZ384, BZ2115, BZC2, BZC6, BZE8, and BZF1. Strains
BZ384, BZE8, BZC2, and BZC6 were obtained from single
isolates deposited on the FTA card.

Full-Length cDNA Library. Total RNA was extracted from the cul-
tured BZ10101 strain using RNeasy Mini Kit (Qiagen) according to
the manufacturer’s instructions. The full-length cDNA (fl-cDNA)
library was constructed by using the GeneRacer kit and SuperScript
II reverse transcription (Invitrogen) with RT-PCR amplification
carried out using both the 3� and 5� manufacturer’s primers and
PfuUltra high-fidelity enzyme (Stratagene). The cDNA fraction
between 1 and 3 kb in length was selected on a 0.9% agarose gel,
purified with QIAquick gel purification kit (Qiagen), cloned into
pCR4Blunt-TOPO vector, and transformed into TOP10 chemically
competent cells according to the manufacturer’s instructions (In-
vitrogen). By using the M13 forward and reverse primers (Invitro-
gen), 96 random cDNA clones were sequenced.

PCR and Sequencing. Primers designed using the program PRIMER3
(23) to the 5� and 3� untranslated regions (UTRs) and internal
regions of the cDNAs are listed in Table 1. Genomic DNA was
amplified by PCR with primer combinations using Taq enzyme
(Qiagen), and conditions were 95°C denaturation for 2 min; 30
cycles of 95°C for 30 sec, 58°C for 30 sec, and 72°C for 4 min; and
a 72°C final extension for 10 min. P. salina DNA was used as a
negative control for each PCR. PCR amplification products were
purified by using PEG precipitation (24) and sequenced with
both forward and reverse PCR primers and with the internal
primers listed in Table 1. In select cases, specific haplotypes in
heterozygous DNA samples were analyzed by cloning PCR
products into pCR4Blunt-TOPO vector (Invitrogen) according
to the manufacturer’s protocol, transformed into TOP10 chem-
ically competent cells, and sequenced with corresponding for-
ward and reverse PCR primers. All DNA sequences were
generated by the W. M. Keck Facility (Yale University) or
Genaissance Pharmaceuticals (New Haven, CT) by TaqFS dye-
terminator cycle-sequencing reactions using PRISM 3730 DNA
sequencers (Applied Biosystems).

Sequence Analyses. Applied Biosystems chromatogram files and
DNA sequences were analyzed by the LASERGENE software

Table 1. PCR and sequencing primers, in the 5� to 3� direction, for the seven loci used in
this study

Gene Forward Reverse

Signal peptidase TTGCCATTTTATGCTGAGCTGAAT TTTTGGAGCTTCAAGGCTTTATTT

CCGCTTGTATAGTAGCTGCCATTG CAACACACAATTAGAACCGTTTTCG

Unknown P1439 GCCTCAAAGAGTGAAAGAGGGTTT ATCCAGAGGTAGCAAACGGCTTAT

TCACAGTCCTTTAGCCTGATACTACC

Clathrin light chain GCCGTGAGGGTCTTTGGTTAAG CGGTATATAGTATGGGCCTTGGTTC

TCCTCCATGATAAATGACATGCAA CAGGAATAGTGCTATCGCGTTCAT

PTTGIIP TACTTGATCACAGTTCACGCCAAA CCTATACAGCGCTGATTGCTGATG

Phospholipase A21-precursor CAGCACGTACTGTGTATCGAAAGAA AAAAGCAATTTGGAACAAAGTATGAA

TCATCTGTCGCAGGTACGTATGAA ACTTGTATCTGGCGAAGCATTCAG

TTTTGTGCGCGCTAAAACTATCTT

CTGGTAGCTGTGACCGTGCTAACT

Unknown P1500 ATCCCGCGTTCTCCTACTATTTTT AATTTTATGATCGCTTCCTGCAAT

TCATTCGTCGTGTGGCTGTTACTA GCACAAGTATTAACCACACCGTCA

GCGCCTTGGTTTCTACTGTTTTGT

Glutathione S-transferase GGTGTTGCCTTGTGTTCACTTTT GGGATGCAAAACTAATAATTACCAAA

TGGTCAAATTCGTCAACTTTACGTTC TTTCTTAGATTTGGCTGGAAAGAC

The first primer pair for each gene was designed to the 5� and 3� UTR; subsequent primers listed below these
spanning primers are internal primers. All PCRs were carried out by using the 5� and 3� UTR primers and sequencing
was performed using all primers listed.
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package (DNASTAR, Madison, WI). Sequences were assem-
bled by using the SeqMan module and aligned using CLUSTALW
(25). Genomic sequences were queried through TBLASTX (26)
with a cutoff expect value, e, of 0.001. In directly sequenced
PCR products, heterozygous sites were identified by using the
program POLYPHRED as part of the PHRED, PHRAP, and CONSED
package (27–30) and confirmed by manually examining chro-
matograms. Haplotype phase was inferred by using PHASE 2.1.1
(31, 32) with 1,000 replicates under the no-recombination
model. The two measures of nucleotide variation used in this
paper, �W and �̂, are distinguished by the former being a
within-individual measure defined as

�W �
1
n�

i�1

n Si

L
,

where Si is the number of heterozygous sites in individual i and
L is the gene length in base pairs, and the latter, �̂, being
proportional to the total number of segregating sites in the
sample as defined by Watterson (33).

Results
Nucleotide Variation. We analyzed seven genes for overall levels
of nucleotide variation, �̂, and within-individual levels of varia-
tion, �W. All sequences generated by this study were deposited
in GenBank. Two of the seven genes analyzed returned no BLAST
hits. The Unknown P1439 gene was found to contain two motifs
similar to the thrombospondin type I (TSP1) repeat and a
transmembrane segment at the 3� end of the gene. The Unknown
P1500 contained a motif similar to CD20 and three transmem-
brane segments.

Among the 10 individuals included in this study, 2 were found
to be identical at every locus (BZ46 and BZ413). This identity
is not unexpected because (i) these two individuals were col-

lected from nearby sites on the island fringe, and (ii) placozoans
possess an asexual dispersal stage (i.e., swarmers) (14). BZ46 and
BZ413 are, for these reasons, most likely clonal copies. Table 2
provides a summary of the nucleotide diversity among the
�10,000 nucleotides of sequence from these seven genes. The
number of segregating sites per gene, S, ranged from 3 to 61, and
corresponding estimates of �̂ varied from 0.00091 to 0.00869. The
within-individual divergence estimates, �W, ranged from 0.00069
to 0.01333. These estimates of nucleotide variation fall well
within the range of variation found in invertebrate and verte-
brate sexually reproducing organisms (34–39).

Heterozygous and Homozygous Individuals. Sexual reproduction
leads to the sharing of alleles between heterozygous and ho-
mozygous individuals because of genetic exchange and the
subsequent union of gametes during fertilization. At the Un-
known P1439 locus, we observe individuals that are homozygous
for two different alleles (BZ10101 and BZ264 in Fig. 1) and
individuals that are heterozygous for the same two alleles (BZ46
in Fig. 1, for example). The occurrence of this pattern in an
obligate asexual would be extremely unlikely, requiring a set of
61 nucleotide positions in the Unknown P1439 locus to mutate
in exactly the same way along at least two separate lineages. The
sharing of alleles between heterozygous and homozygous indi-
viduals was also observed in all other loci.

All variable sites observed in the data are biallelic. These sites
fell into two categories: (i) those in which all three possible
genotypes exist and (ii) those in which only one homozygous and
one heterozygous genotype exist. Sites in which all individuals
are heterozygous or homozygous were not detected.

Intergenic Recombination. Obligate asexual reproduction enforces
complete linkage across all regions of the genome because
recombination and genetic exchange are not present to break up
these associations. The inferred and directly cloned haplotype

Table 2. Nucleotide sequence variation

Gene Length, nt
No. of individuals

sequenced �W*
No. of segregating

sites �̂†

Signal peptidase 1,449 6 0.00069 4 0.00091
Unknown P1439 2,042 9 0.01333 61 0.00869
Clathrin light chain 1,604 4 0.00156 6 0.00144
PTTGIIP 956 6 0.00157 3 0.00104
Phospholipase A21 precursor 1,444 6 0.00242 18 0.00413
Unknown P1500 1,482 8 0.00464 24 0.00488
Glutathione S-transferase 1,297 5 0.00709 23 0.00627

Data excludes all gapped and insertion�deletion sites, and gene lengths include concatenated sequences.
*The average per site no. of within-individual differences.
†The average per site no. of segregating sites.

Fig. 1. Heterozygous and homozygous states in three placozoan strains. Bars located at the bottom represent exons, and the connecting lines are introns.
Numbers below the exons indicate nucleotide positions along the gene. Alleles were determined by the polymorphic nucleotide sites shown. Heterozygous
individual BZ46 shares one identical allele with homozygous individual BZ10101 and one allele with homozygous individual BZ264. The homozygous states were
inferred from the absence of another allele in their sequences.
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phases in Fig. 2 show no pattern of complete linkage between the
loci we examined (except for individuals BZ46 and BZ413, which
were found to be identical everywhere). Consider, for example,
individuals BZ264 and BZ46 in Fig. 2. At the clathrin light-chain
locus, these two individuals were inferred to be heterozygous and
identical. If placozoans were obligate asexuals, then at any other
variable loci examined, these two individuals should also be
identical or very similar to each other. At the Unknown P1439
locus, individual BZ46 was found to be heterozygous with 61
heterozygous sites, whereas individual BZ264 was homozygous
for one of these alleles. This pattern can be seen throughout Fig.
2. Intergenic or interchromosomal recombination is the most
parsimonious explanation for such patterns.

Discussion
The overall population level of variation, �̂, and the average
within-individual level of variation, �W, are expected to, on
average, be equal in a sexually reproducing population. In
contrast, �W is expected to be much larger than �̂ in an ancient
obligate asexual population. This difference arises from the
parallel inheritance (Fig. 3) of the two haploid genome copies in
the genealogy of a diploid obligate asexual population (19). If we
consider homologous gene copies chosen from two different
individuals, because of genetic drift their lineages may coalesce

much more recently at an asexual ancestor. In fact, of the four
between-individual gene pairs that can be formed from two
diploids, two will have their most recent common ancestor at the
last sexual event, which may be quite ancient, and the other two
will share a more recent asexual ancestor. Consequently, obligate
asexual populations will have higher within-individual diver-
gence compared with the overall population level of variation.
On the other hand, genes of sexually reproducing animals are
constantly recombining, and, as a result, two gene copies within
a diploid individual are expected to have the same level of
divergence as two gene copies sampled from different individ-
uals. The observed values of �W and �̂ were not only low but also
generally similar to each other at each locus analyzed (Table 2),
supporting the sexual model. Specifically, the per site nucleotide
difference (S�L) ranged from 0.3% to 3%, which is similar to the
observed range of 0.75%–4% polymorphism reported for sex-
ually reproducing invertebrates and vertebrates (34–39).

The absence of nucleotide sites that were heterozygous for the
same allele pair in all individuals provides further evidence
against ancient asexuality. A large fraction (64%) of the poly-
morphic sites across all loci were observed in all three possible
genotypic pairings. This pattern would not be surprising in a
sexual population, but in an obligate asexual population, these
sites would each require at least two mutations in their coales-
cent genealogies and should therefore constitute only a small
fraction of the segregating sites. This pattern is therefore grossly
inconsistent with ancient obligate asexual reproduction.

Frequent inbreeding or automixis tends to increase homozy-
gosity. Our data, however, did not contain any one segregating
site in which all genotypes were homozygous. Moreover, alleles
at each of three genes, signal peptidase, Unknown P1500, and
glutatione S-transferase, occur in three distinct heterozygous
genotypes that share only one allele in common (Fig. 2). If
placozoans were obligate asexual organisms with automixis, all
three heterozygous genotypes for each gene should be derivable
through recombination and limited mutation from only two
parental haplotypes, because they all share a common allele that
presumably arose only once. Such a derivation is not possible for
these three genes, leaving outbreeding sexual reproduction as
the more parsimonious explanation.

Two additional lines of evidence in support of a sexual mode
of reproduction in the placozoan life cycle were also uncovered
from the population genetic data generated in this study. The
sharing of alleles between heterozygous and homozygous indi-
viduals (e.g., Fig. 1) can only take place if sex is possible. The
seven loci we examined behaved much as if they were unlinked
to one another (Fig. 2), and this behavior is inconsistent with the
expected total linkage between loci in obligate asexual genomes.
Together with the low levels of polymorphism found both within
individuals and overall in the population, these two additional

Fig. 2. Summary of all haplotypes observed in the seven loci. The values in parentheses after the gene names indicate the number of polymorphic sites found
in these regions. Each column represents an individual or strain, and bars indicate color-coded haplotypes. Pairs of bars designate genotypes. Inferred haplotype
phase obtained through the software PHASE (31, 32) are indicated by an asterisk to the right of the genotype. Genotypes with two of the same colored haplotypes
are homozygous, and those with differing colors are heterozygous. Intergenic or interchromosomal recombination is inferred from the genotypic pattern across
all individuals and loci.

Fig. 3. A gene tree of an obligate asexual population depicting six gene
copies from three diploid individuals. Each ellipse represents an individual,
and the two circles within each ellipse are homologous gene regions. TB,
divergence time between individuals 1 and 2; TW, divergence time within
individual 3; T, point in time when obligate asexual reproduction began;
MRCA, most recent common ancestor of all gene copies sampled.
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observations led us to conclude that placozoans possess, or at
least have possessed in their very recent history, the ability to
reproduce sexually. This article is a conclusive report of the
existence of a sexual phase in the Phylum Placozoa.

As the entire placozoan genome is slated for sequencing this
year, the low levels of nucleotide variation revealed by this study
predict that assembling the genome should proceed without the
major problems that would be expected in an obligate asexual
taxon. Moreover, if placozoans are indeed sexually reproducing,
other questions regarding their life cycle are raised. How fre-
quent is sexual reproduction? Is there a parthenogenic phase,
and does it include a resting stage? Are the observed egg-like
structures part of a complex life cycle that alternates between
parthenogenesis, apomixis, and sex? The fact that placozoans
possess molecular signatures for sexual reproduction raises the
prospect that protocols might be discovered that would allow the
life cycle of this animal to be completed in the laboratory,

providing a look at embryogenesis in this basal metazoan
phylum. Successful sexual reproduction in the laboratory would
also open this system to the power of classical genetic analysis.
With their simple body plan, basal phylogenetic position, rapid
generation time, and ease of culture, along with having the
smallest genome of any animal completely sequenced, placozo-
ans make excellent candidate model systems for the study of
early animal evolution and development.
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