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Abstract. Recent analyses of genes encoding proteins
typical for multicellularity, especially adhesion mol-
ecules and receptors, favor the conclusion that all meta-
zoan phyla, including the phylum Porifera (sponges), are
of monophyletic origin. However, none of these data
includes cDNA encoding a protein from the sponge class
Hexactinellida. We have now isolated and characterized
the cDNA encoding a protein kinase C, belonging to the
C subfamily (cPKC), from the hexactinellid sponge
Rhabdocalyptus dawsoni.The two conserved regions,
the regulatory part with the pseudosubstrate site, the two
zinc fingers, and the C2 domain, as well as the catalytic
domain were used for phylogenetic analyses. Sequence
alignment and construction of a phylogenetic tree from
the catalytic domains revealed that the yeastSaccharo-
myces cerevisiaeand the protozoanTrypanosoma brucei
are at the base of the tree, while the hexactinellidR.
dawsoni branches off first among the metazoan se-
quences; the other two classes of the Porifera, the Cal-
carea (the sequence fromSycon raphanuswas used) and
the Demospongiae (sequences fromGeodia cydonium
and Suberites domunculawere used), branch off later.
The statistically robust tree also shows that the two
cPKC sequences from the higher invertebratesDro-
sophila melanogasterand Lytechinus pictusare most
closely related to the calcareous sponge. This finding
was also confirmed by comparing the regulatory part of

the kinase gene. We suggest, that (i) within the phylum
Porifera, the class Hexactinellida diverged first from a
common ancestor to the Calcarea and the Demospongiae,
which both appeared later, and (ii) the higher inverte-
brates are more closely related to the calcareous sponges.
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Introduction

The transition from Protozoa to Metazoa occurred 700–
1,000 million years ago (Conway Morris 1993). There
have been many attempts to explain how this transition
may have taken place. Earlier studies, which proposed
that the Metazoa are polyphyletic (Anderson 1982; Inglis
1985), have been strongly criticized, due largely to the
difficulty of placing the earlier metazoan phyla, such as
the Porifera (sponges) (Willmer 1994). In an attempt to
gain more insight into this problem, molecular biological
techniques were introduced. Early studies using partial
sequences of animal 18S rRNA (Field et al. 1988) and
28S rRNA (Christen et al. 1991) suggested that two ani-
mal kingdoms, the Radiata including the phylum Po-
rifera, and the Bilateria (Cavalier-Smith 1989), evolved
independently from different flagellate protozoan ances-
tors (Christen et al. 1991), although, again, this view was
not widely accepted (Lake 1990; Patterson 1990). Later
studies analyzing complete 18S rRNA sequences favored
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the monophyly of the Metazoa, even though with little
statistical support (Wainright et al. 1993; Cavalier-Smith
et al. 1994); also cytological and histological arguments
were compiled, hinting at monophyly (Morris 1993).

Another approach to solving the question of the phy-
logeny of metazoans has been to isolate and analyze
genes thought to be important for multicellularity, such
as adhesion molecules and receptors, and in particular,
those coding for lectin (Pfeifer et al. 1993), integrin
(Pancer et al. 1997), and receptor tyrosine kinase with its
immunoglobulin domains (Scha¨cke et al. 1994a–c).
These data clearly showed that the Porifera should be
placed in the kingdom Animalia and that all Metazoa are
of monophyletic origin (Mu¨ller et al. 1994; Gamulin et
al. 1994; Müller 1995, 1998).

It has been proposed that the Porifera, the most an-
cient metazoan phylum, be divided into two subphyla,
the Cellularia, which includes the classes Demospongiae
and Calcarea, and the Symplasma, which has only the
class Hexactinellida (Reiswig and Mackie 1983). This
classification reflects the fact that species belonging to
the Cellularia are composed of uninuclear cells, while
those in the Hexactinellida have syncytial/plasmodial tis-
sues (Mackie and Singla 1983; Westheide and Rieger
1996). This fundamental structural difference raises the
question whether the ancestors of the Metazoa in general,
and of the Porifera in particular, were unicellular colonial
flagellates (Hyman 1940) or syncytial flagellate colonies
(Hanson 1977). Two alternative hypotheses to explain
the relationships between the major sponge classes are
discussed. In one view the Porifera are classified into the
adelphotaxa Demospongiae/Calcarea and are separated
from the Hexactinellida, based mainly on the gross dif-
ference in tissue structure and on differences in the struc-
ture of the flagellae, whose beating generate the feeding
current through sponges (Mehl and Reiswig 1991). The
other hypothesis assumes that the Demospongiae are
more closely related to Hexactinellida according to larval
similarities (Böger 1988). There is, however, very little
information available on hexactinellid larvae.

Molecular phylogenies which have included data (18S
rRNA) from hexactinellids support the hypothesis, sug-
gesting that Calcarea evolved independently from the
Hexactinellida and the Demospongiae, but that all three
classes share a common ancestor with choanoflagellates
(West and Powers 1993; Cavalier-Smith et al. 1996).
Hence the phylum Porifera had to be assumed to be
paraphyletic, although it was stressed that the statistical
support for this interpretation was weak (Cavalier-Smith
et al. 1996). Indeed, some researchers have concluded
that ribosomal gene sequences are unable to resolve the
relationships between the early Metazoa because there
have been too many multiple substitutions which have
caused the phylogenetic information to be lost (Rodrigo
et al. 1994).

Prior to the present study no cDNA coding for a pro-
tein had been cloned from the Hexactinellida, hence no
phylogenetic analysis based on such molecules was pos-
sible. We have now isolated a cDNA encoding one key
enzyme involved in signal transduction pathway, a pro-
tein–serine/threonine kinase (Nishizuka 1992), from the
hexactinellid spongeRhabdocalyptus dawsoni.The
analysis of the deduced aa sequence of this protein ki-
nase C (PKC) belonging to the subfamily cPKC, using
both the catalytic domain and the regulatory part of the
enzyme, composed of the pseudosubstrate site, the Cys/
His effector binding domains (zinc fingers), and the C2
domain (Ca2+ specific domain), indicates that the Hexac-
tinellida diverged earlier than either the Demospongiae
or the Calcarea, from a common ancestor. In addition, it
appears more likely that, according to this analysis, the
cPKC from the Calcarea shares a common ancestor with
protostome and deuterostome cPKCs, than other hypoth-
eses.

Materials and Methods

Sponges

The specimens ofRhabdocalyptus dawsoniLambe, 1892 (Metazoa;
Porifera; Hexactinellida; Hexasterophora; Lyssacinosida; Rossellidae)
were collected from Saanich Inlet and Barkley Sound, British Colum-
bia (Canada) by SCUBA diving. Aggregates were made by dissociating
cleaned tissue through 150-mm Nitex mesh and allowing reaggregation
over 12 h. Aggregates were transferred to 0.45-mm Millipore-filtered
seawater three times in 2 days to reduce the likelihood of contamination
by other organisms. Tissue was frozen in liquid nitrogen and stored at
−80°C.

Cloning of cPKC fromR. dawsoni

RNA was extracted from liquid nitrogen-pulverized sponge tissue with
TRIzol Reagent (Life Technologies) as recommended by the manufac-
turer. Total RNA was transcribed into cDNA using the Superscript
Preamplification System (Life Technologies). Subsequently, a PKC
amplification product of about 1,150 bp was obtained by PCR using the
following degenerate primers: forward primer [designed for the C1
domain (Kruse et al. 1996)], 58-CCCAC(GC)T(GT)(GCT)TG(CT)-
GACCACTG-38; and reverse primer (catalytic domain), 58-AT(GA)-
TAGTCNGG(ATC)GT(CG)CC(AG)CAGAA-38. PCR reaction mix-
tures of 50ml included 5 pmol each of primers, a 200mM concentration
of each nucleotide, 4mg of R. dawsonicDNA, buffer, and 2.5 U of Taq
DNA polymerase (Boehringer). PCR amplifications were run with the
following cycling parameters: an initial denaturation of 5 min for 95°C;
then 3 cycles of 95°C for 30 s, 54°C for 30 s, and 74°C for 2 min; 32
cycles of 95°C for 30 s, 60°C for 30 s, and 74°C for 2 min; and a final
extension step at 74°C for 10 min. The amplification product was
electrophoresed through agarose gel and the longest visible bands were
picked directly from the ethidum bromide-stained gel. DNA was eluted
from the agar plugs in 20ml water, purified through a QIAquick Spin
column (QIAGEN), cloned into pGEM-T (Promega), and sequenced.
The cDNA was completed by both 58- and 38-RACE using the kits
‘‘5 8-’’ and ‘‘3 8-RACE System’’ (Life Technologies). Three clones
have been sequenced in parallel.
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Sequence Analysis

Prediction of sites and signatures was performed with programs avail-
able in PC/GENE (1995). Homology searches were done via the e-mail
servers at the European Bioinformatics Institute, Hinxton Hall, UK
(BLITZ@ebi.ac.uk and FASTA@ebi.ac.uk) and the National Centre
for Biotechnology Information, National Institutes of Health, Bethesda,
MD, USA (BLAST@ncbi.nlm.nih.gov). Multiple alignment—the de-
fault options (gap opening, 10.00; gap extension, 0.05; delay divergent
sequence, 40%; Blossum series; gap separation distance, 8) were
used—was performed with CLUSTAL W Version 1.6 (Thompson et al.
1994), and the graphic presentation was composed with GeneDoc (Ni-
cholas and Nicholas 1996). The automatic alignment was optimized by
eye inspection. Phylogenetic trees were constructed on the basis of
amino acid (aa) sequence alignment by neighbor-joining, applying the
‘‘Neighbor’’ program from the PHYLIP package (Felsenstein 1993).
The distance matrix was calculated as described (Dayhoff et al. 1978).
The degree of support for internal branches was further assessed by
bootstrapping (Felsenstein 1993). The graphical output of the bootstrap
figure was produced by the program ‘‘Treeview’’ (RDM Page, Uni-
versity of Glasgow, UK: HTTP://http://taxonomy.zoology.gla.ac.uk/
software.html#Treeviewing).

Results

Cloning of the cDNA Encoding a ‘‘Conventional’’
PKC fromR. dawsoni

The cDNA encoding a PKC from the hexactinellid
spongeR. dawsoniwas isolated and characterized. The
clone, termedCPKCRD(EMBL accession No. Y13229)
is 2,251 bp long and has an open reading frame of 2,091
nucleotides (nt). Northern blot analysis revealed a single
band of 2.3 kb, indicating that the clone is of full length
(not shown).

The predicted translation product of 697 aa, named
CPKC RD, (Fig. 1A) has a size ofMr 79,377 and a pI of
6.64. The following sites, which are characteristic for the
subfamily of the ‘‘conventional’’ PKC (cPKC) are pre-
sent in CPKCRD (Fig. 1A) (Stabel and Parker 1991;
Hardie and Hanks 1995): the pseudosubstrate prototype
(aa 17–33); two zinc fingers (47–83 and 114–152); the

Fig. 1. A Deduced aa sequence of the cPKC fromR. dawsoni.The
following sites are marked: pseudosubstrate sequence (PS) (∼∼∼), two
zinc fingers (Zn-1 and Zn-2) (+++), C2 domain (444), ATP binding
region (sss), Ser/Thr kinase active-site signature (*** ), and indica-
tor signature (- - -). The boundaries of the catalytic domain (CD) are

shown (#>> <<#).B Scheme of theR. dawsonicPKC. The two con-
served parts of the kinase—(i) the regulatory region, including the
pseudosubstrate site, the two zinc fingers, and the C2 domain, and (ii)
the catalytic domain—are shown; the numbers indicate the borders of
the respective regions.
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C2 domain, which provides the Ca2+ dependence (187–
201); the catalytic domain (350–611), comprising the
ATP-binding region signature (354–362); the Ser/Thr ac-
tive-site signature (471–483); and the kinase indicator
signature (493–522). A scheme of the putativeR. daw-
soni cPKC is shown in Fig. 1B. Both regions, the regu-
latory part, with the pseudosubstrate site, the two zinc
fingers, and the C2 domain, and the catalytic domain are
shown.

Phylogenetic Position ofR. dawsoni:Analysis of the
Catalytic Domain

Previous extensive comparative work with sequences of
cPKC from bacteria, protozoa, metazoa, and planta
(Hanks et al. 1988; Hunter 1991; Hardie and Hanks
1995) has shown that both regions of the kinase—the
highly conserved part of the catalytic domain and the
N-terminal end with the highly conserved regulatory
blocks, which are interspersed by less conserved se-
quences—can be used separately for phylogenetic analy-
ses.

The alignment of the catalytic domains, shown in Fig.
2A, includes sequences for cPKC Ser/Thr protein kinases
from six metazoans, from one protozoan,Trypanosoma
brucei [a Ser/Thr-protein kinase A (Gale and Parsons
1993)], and from the yeastSaccharomyces cerevisiae
(Chen et al. 1993). The metazoan sequences comprise
sponge sequences isolated from (i) the demosponges
Geodia cydoniumandSuberites domuncula,(ii) the cal-
careous spongeSycon raphanus,(iii) the hexactinellid
spongeR. dawsoni,a sequence from the deuterostome
Echinodermata sea urchinLytechinus pictus(Rakow and
Shen 1993), and a sequence from the protostome Ar-
thropoda fruit flyDrosophila melanogaster(Rosenthal et
al. 1987).

Sequence alignment (Fig. 2A) revealed that the cata-
lytic domain fromR. dawsonihas the highest similarity
to the sequence from the spongesG. cydonium[50%
(identical aa), 71% (related aa)],S. domuncula(50,
71%), S. raphanus(48, 69%), slightly less similarity to
L. pictus(46, 70%) andD. melanogaster(45, 67%), and
comparably little homology withS. cerevisiae(41, 63%)
and T. brucei (20, 43%). A phylogenetic tree was con-
structed and statistical bootstrap probabilities were cal-
culated (Fig. 2B). The earliest offshoots were found to be
the yeastS. cerevisiaeand the protozoanT. brucei. In
this multifurcational tree the hexactinellid spongeR.
dawsoniis separated from both the calcareous spongeS.
raphanusand the demospongesG. cydoniumand S.
domunculawith high statistical significance. Further-
more, bothD. melanogasterand L. pictus are most
closely related, with a high bootstrap probability, to the
calcareous sponge.

Phylogenetic Position ofR. dawsoni:Analysis of the
Regulatory Region

Sequence alignment was performed using the regulatory
region, including the pseudosubstrate site, the two zinc
fingers, and the C2 domain present in the metazoan
cPKC sequences (Fig. 3A). The degree of aa identity/
similarity did not vary strongly among the sequences:G.
cydonium(38, 57%),S. domuncula(38, 62%),S. rapha-
nus(45, 65%),L. pictus(43, 63%), andD. melanogaster
(43, 64%).

The phylogenetic tree constructed from sequence
alignment of the regulatory region produced the same
relationships as those drawn from analysis of the cata-
lytic domain, again with high statistical support (Fig.
3B). The hexactinellidR. dawsoniis at the base of the
unrooted tree from which the demospongesG. cydonium
andS. domunculaand the calcareous spongeS. raphanus
branch off later. Again, the two higher invertebratesD.
melanogasterand L. pictus were found to be most
closely related to the calcareous sponge.

Discussion

Previous molecular phylogenies, using 18S rRNA se-
quence data, have concluded that the Hexactinellida
share a common ancestor with Demospongiae and that
all sponges, including the Calcarea, which evolved inde-
pendently, share a common ancestor with choanoflagel-
lates (West and Powers 1993; Cavalier-Smith et al.
1996).

The Protein Kinase C fromRhabdocalyptus dawsoni

We now show that analysis of the deduced aa sequence
of a cPKC from the hexactinellid spongeR. dawsoniand
its alignment with cPKCs from the demospongesG. cy-
doniumandS. domunculaand the calcareous spongeS.
raphanus,provides strong statistical support that the
Hexactinellida in fact evolved earlier than, and from a
common ancestor of, other sponges. The robustness of
this relationship is seen in the fact that three programs
have been used for the construction of the trees, the
CLUSTAL-W program (in this report) as well as the
PROTPARS Protein-Parsinomy program (Mu¨ller et al.
1998) and the algorithm of Fitch and Margoliash (Mu¨ller
et al. 1998); they all resulted in the same relationships.

Since PKC has been shown to be a phylogenetically
ancient molecule (Kruse et al. 1996), and since the two
domains of the PKC gene analyzed here are not restricted
to this subfamily but occur in a paralogous manner in
other unrelated molecules [e.g., the Cys/His effector
binding domain—zinc finger (Stabel and Parker 1991)—
or the catalytic domain (Hanks et al. 1988)], PKCs are
appropriate molecules to use for the present phylogenetic
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Fig. 2. A Alignment of the catalytic domains of deduced PKCs from
(I) metazoa—cPKC from the deuterostomeLytechinus pictus[sea ur-
chin—PKC LP, accession No. U02967 (Rakow and Shen 1993)], pro-
tostome cPKC fromDrosophila melanogaster[fruit fly—PKC DM;
P13678 (Rosenthal et al. 1987)], and those from sponges of the classes
(i) DemospongiaeGeodia cydonium[CPKC GC, X87683 (Kruse et al.
1996)] andSuberites domuncula[CPKC SD, Y10529 (Kruse et al.
1997)], (ii) CalcareaSycon raphanus[CPKC SR, Y10530 (Kruse et al.
1997)], and (iii) HexactinellidaR. dawsoni[CPKC RD (described in
this paper)]; (II) yeast—Saccharomyces cerevisiae[PKC SC, P12688
(Chen et al. 1993)]; and (III)—Protozoa—Trypanosoma brucei[NR

KA TB, Q08942 (Gale and Parsons 1993)]. Residues conserved in all
sequences are shown ininverted type;those present in at least four
sequences areshaded.All subdomains are shown (I to XI); the nomen-
clature follows that of Hardie and Hanks (1995). Thenumbers at the
end of the blocksrefer to the aa residues of the respective catalytic
domains.B Unrooted phylogenetic tree computed from the eight PKC
sequences (catalytic domain). The analysis was performed by neighbor-
joining as described under Materials and Methods. Thenumbers at the
nodesrefer to the level of confidence as determined by bootstrap analy-
sis (1,000 bootstrap replicates). The scale bar indicates an evolutionary
distance of 0.1 aa substitution per position in the sequence.
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analysis. Furthermore, because analysis of both parts of
the cPKC sequences, (i) the catalytic domain and (ii) the
regulatory part of the enzyme, composed of the pseudo-
substrate site, the Cys/His effector binding domains, and
the Ca2+-specific domain, resulted in the same findings
here, support for the conclusion that the Hexactinellida
branched off first from a common ancestor of the phylum
Porifera is strong.

The Phylogenetic Position of the Hexactinellida

This conclusion supports the proposed separation of the
Porifera into two subphyla or phyla (Reiswig and Mackie

1983; Bergquist 1985), which was based primarily on the
difference between syncytial and cellular tissues in the
two groups. The question of the plesiomorph process of
cell fusion (syncytium) and nuclear division without cell
division (plasmodium) is difficult to ascertain based on
present evidence. Since the Hexactinellida are syncytial
animals (Mackie and Singla 1983) and since the present
analysis indicates they branched off from a common an-
cestor earlier than other sponges, this could imply that
multicellularity came about by the division of a multi-
nucleate syncytium rather than by aggregation of for-
merly single cells. However, it is also possible that the

Fig. 3. A Alignment of the regulatory regions of the cPKC sequence,
including the pseudosubstrate site, the two zinc fingers, and the C2
domain from the metazoan species (i) Porifera: Demospongiae—G.
cydonium(CPKC GC) andS. domuncula;Calcarea—S. raphanus;and
Hexactinellida—R. dawsoni;and (ii) the deuterostome (Echinoder-

mata) L. pictus and the protostome (Arthropoda)D. melanogaster.
Further description is given in the legend to Fig. 2.B The unrooted
phylogenetic tree was constructed by neighbor-joining, and the statis-
tical analysis was performed by bootstrapping.

726



syncytial nature of the Hexactinellida reflects a reduction
of a previously multicellular stage by fusion to form a
syncytium. The existing data, that aggregates from
hexactinellids form syncytia by fusion of uni- and multi-
nucleate cells (Pavans de Cecatty and Mackie 1982; Leys
1995), support the latter view. To clarify this question it
will be important to examine different hexactinellid
sponges with respect to adhesion molecules and recep-
tors and, most importantly, to reexamine the embryology
of the Hexactinellida, of which very little is known at
present (see Boury-Esnault and Vacelet 1994).

Additional support for an early origin of the Hexac-
tinellida comes from paleontological evidence, which
shows that the Hexactinellida were present in the Early
Cambrian, while the Calcarea and the Demospongiae
arose later, in the Lower Cambrian (Reitner and Mehl
1995). The oldest sponge spicules found to date come
from China and are mainly monaxial spicules, but some
also have definite ‘‘crosses,’’ which are typical of triax-
ones from hexactinellids (Steiner et al. 1993).

A further outcome of our study is the finding that the
cPKC sequence from the calcareous spongeS. raphanus
is more closely related to the cPKC sequence from the
deuterostomeL. pictusand to that from the protostome
D. melanogasterthan it is to the cPKC from the two
Demospongiae. Although analysis of earlier rRNA se-
quence data revealed a less clear relationship (Lafay et
al. 1992), our findings are in agreement with recent 18S
rRNA sequence data (Cavalier-Smith et al. 1996) and are
supported by strong bootstrap values for phylogenetic
trees formed by analysis of both regions of the PKC
gene.

Conclusion

The data show—even though we have analyzed se-
quences only from three species—that within the phylum
Porifera, the class Hexactinellida diverged first from a
common ancestor, while Calcarea and Demospongiae
appeared later. In addition, the cPKC sequences from
higher invertebrates are more closely related to the cPKC
from Calcarea. This conclusion is also supported by re-
cent data analyzing sequences of genes for the 70-kDa
heat shock proteins from the same sponge species (Ko-
ziol et al. 1997).
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