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ABSTRACT

The stolonal mat is an anatomical feature correlated with increased colonial inte-

gration in several lineages of the cnidarian class Hydrozoa. Cnox-2 is a Hox gene known to be
expressed in the body column of the cnidarian polyp. We report the pattern of Cnox-2 expression
in both the stolonal mat and free stolons of the hydroid Hydractinia symbiolongicarpus. The gene
is found to have high levels of expression in the mat similar to that found in the basal portion of
the polyp, but it is not detectably expressed in those regions of free stolons where polyps are
budded. These findings suggest that the stolonal mat arose via an expansion of the basal ectoderm
of the polyp. J. Exp. Zool. (Mol. Dev. Evol.) 285:57-62, 1999. © 1999 Wiley-Liss, Inc.

The history of colonial metazoans is rich in
trends of increasing colony integration, both
within and between phyla. As may be expected
from any pattern involving multiple independent
evolutionary events, the processes whereby colo-
nies become more integrated and hence increas-
ingly individuated are diverse. Beklemishev ('69)
reviewed this diversity and noted two features of
particular importance: the evolution of colonial
growth zones and of a colonial neural apparatus.
Among the Cnidaria, where themes in colonial or-
ganization are particularly complex and intrigu-
ing, both features have arisen independently in
several lineages.

The hydroid family Hydractiniidae is one such
case. This family is comprised of three genera that
differ in their colonial structure. Stylactaria and
Podocoryne colonies are comprised of polyps con-
nected by stolons from which they bud. Stolons
are tube-like structures that lie adherent to the
substratum and are composed of gastrodermal ca-
nals surrounded by ectoderm and encased in an
acellular periderm (Fig. 1A). Via elongation,
branching, and anastomosis, the stolons develop
elaborate hydrorhizal networks (Fig. 1B). Hydrac-
tinia, a sister group of Podocoryne (Cunningham
and Buss, unpublished data), shares these same
features, but also displays an additional charac-
ter, the stolonal mat (Fig. 1C). The stolonal mat
is a network of branching endodermal canals in-
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tercalated between two continuous layers of ecto-
derm (Fig. 1D). In the sister group to the Hydrac-
tiniidae, the sylasterine hydrocorals (Peterson, 79;
Cairns, ’87; Cunningham and Buss, unpublished
data), the stolonal mat secretes an elaborate and
organized calcium carbonate skeleton resulting in
a highly integrated colony.

The configuration of the tissue layers in the
stolonal mat of Hydractinia permits a mode of
colony growth distinct from that of colonies which
possess only free stolons. In free stolons, the ec-
toderm completely surrounds the endodermal ca-
nals (Fig. 1A), thus limiting growth to their long
axes. By contrast, the continuous ectodermal lay-
ers of the mat (Fig. 1D) permit radial growth. Mat
tissue bears a distinct histological complement as
well. In particular, the upper ectoderm is invested
with a continuous nerve net, which is lacking in
free stolons (Stokes, ’74b). The nerve net of the
mat has been implicated in mediating certain co-
ordinated behavioral responses amongst polyps
(Josephson, ’61; Stokes, '74a) and appears to me-
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Fig. 1.

Schematic diagram of (A) a cross section of a free
stolon and (B) the hydrorhizal system characteristic of
Podocoryne and Sylactaria. (C) A Hydractinia colony with a
stolonal mat and free stolons, and (D) cross section of a

diate certain colony-wide features of gastrovascu-
lar flow (Blackstone and Buss, ’93; Dudgeon and
Buss, '96).

The origin of the stolonal mat in Hydractinia
not only satisfies both of the conditions that
Beklemishev ('69) identifies as important in colo-
nial integration, acquisition of a colonial growth
zone and nerve net, but also appears to be essen-
tial to the more advanced form of integration dis-
played by the stylasterine hydrocorals. It is less
clear, however, how such an innovation might have
arisen. Two hypotheses are immediate candidates.
Either the innovation involved a capacity of stolonal
ectoderm to fuse along their lateral margins, or the
innovation is attributable to an expansion of the
polyp base over the stolonal hydrorhiza. The
former would require at least two modifications:
loss of the periderm that encases free stolons and
the acquisition of a nerve net. The latter scenario
requires neither modification as a precondition,

stolonal mat. Modified from Collcutt (1897), Blackstone ('96),
Buss and Blackstone (91). Ec, ectoderm; En, endoderm; FS,
free stolon; M, mesoglea; P, polyp; Pd, periderm; SM, stolonal
mat.

due to the fact that the polyp lacks a periderm
and possesses a continuous nerve net. This hy-
pothesis does, however, demand the existence of
a genetic system capable of regulating the extent
of the polyp base.

Hox genes are plausible candidates for such
a role, as they are involved in specifying axial
positional information in diverse metazoan taxa
(Slack et al., ’93). Recent work has extended
these findings to the Phylum Cnidaria. The Hox
gene, Cnox-2, has been shown to be expressed
at high levels along the aboral end of the Hy-
dra polyp and at low levels at the oral end
(Shenk et al, ’93a,b). In addition, Cnox-2 is
found to be expressed at high even levels
throughout developing gastrozooid polyps in
Hydractinia (Cartwright, ’97), and subsequently
becomes differentially expressed in Hydractinia
mature gastrozooids in a manner similar to that
found in Hydra (Cartwright et al., ’99).
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Cnox-2's apparent role in axial patterning in
cnidarian polyps makes it a good candidate for
investigating the origin of the stolonal mat. Spe-
cifically, Cnox-2 may be used as a marker to ex-
plore whether or not the stolonal mat represents
an expansion of the polyp base or a fusion of
stolonal ectoderm. We therefore documented the
expression of Cnox-2 in Hydractinia symbiolongi-
carpus in stolonal mat tissues and regions of free
stolons where polyps are budded.

METHODS
Polyclonal antibody production

Cnox-2 antigen was produced from a 19 AA
HPLC purified synthetic peptide (W.M. Keck
Biotech. Resource Center, Yale University) which
comprised amino acids 112-130 (PREGEAAPSQ-
KIYPFGRDS) located outside the homeodomain,
towards the amino terminus. The synthetic pep-
tide was coupled to ovalbumin (Pierce, Rockford,
IL) as a carrier protein and purified over a size-
exclusion column (Pierce). Rabbits were immu-
nized with 200 pg of antigen and boosted twice
with 100 pg. Crude sera recognized synthetic pep-
tide alone and synthetic peptide conjugated to an
alternate carrier protein, KLH (Pierce) on a dot
blot (not shown). IgG fractions were prepared by
protein A chromatography (BioRad, Hercules, CA)
according to manufacturer’s instructions. Protein
A purified antibodies were found to bind to a pro-
tein of the predicted size on a western blot from
Hydractinia total protein fractionated by SDS/
Page (not shown).

Whole mount immunolocalization

Hydractinia colonies grown of coverslips were
relaxed in menthol and fixed in 4% paraformal-
dehyde at 4°C overnight. Colonies were washed 3
x 10 min in phosphate-buffered saline with 0.25%
TritonX-100 (PBST) and incubated for 2 hr at
room temperature (r.t.) in 10% goat normal se-
rum/PBST. Protein A (BioRad) purified anti-Cnox-
2 antibodies were diluted to 20 pg/ml in 10% goat
normal serum/PBS and added to colonies for in-
cubation overnight at 4°C. Colonies were washed
3 x 10 min at r.t. in PBST. FITC conjugated goat
anti-rabbit antibody (Sigma, St. Louis, MO) was
diluted 1:100 in 10% goat normal serum/PBS and
added to colonies for incubation at r.t. for 2 hr.
Colonies were washed in PBST for 3 x 10 min,
counterstained in %0.05 Evans Blue for 5 min,
and washed 10 x 10 min in PBS. Colonies were
mounted in 1:10 PBS:glycerol containing 2.5 mg/

ml octane and 1.0 pg/ml of 4°,6-Diamidine-2’-
phenylindole dihydrochloride (DAPI). All observa-
tions reported here were repeated in multiple
replicate trials.

RESULTS

Free stolons of Hydractinia extend beyond the
periphery of the stolonal mat and occasionally bud
polyps (see Fig. 1C). Figure 2A shows Cnox-2 ex-
pression in such a polyp detected by a polyclonal
antibody to the Hydractinia gene product. Cnox-2
expression is undetectable in the region of free
stolon from which the polyp budded. When the
Cnox-2 expression pattern (Fig. 2A) is compared
to a generalized nuclear stain (Fig. 2B), it is clear
that the limits of Cnox-2 expression in the body
column of the polyp define a sharp boundary be-
tween the base of the polyp and the stolon. Thus,
Cnox-2 expression delineates the base of the polyp
in the absence of mat tissues.

By contrast, Cnox-2 is expressed at uniform and
high levels throughout the stolonal mat (Fig. 3A).
The level of expression in the mat is comparable to
that found in the polyp body column and base (Fig.
3B). Cnox-2 expression is continuous from the ecto-
derm of the polyp base to the upper ectodermal layer
of the mat, with no apparent boundary between the
base of the polyp and the stolonal mat (Fig. 3C).

The expression of Cnox-2 in the base of the polyp
and in the stolonal mat, but not in free stolons, is
consistent with the stolonal mat of Hydractinia
arising via a modification in the limits of the basal
ectoderm of the polyp. This hypothesis is further
supported by the observation that when mat iso-
lates form in the periphery of some Hydractinia
colonies, they only arise at the base of polyps origi-
nally budded on free stolons (n = 23 mat isolates
at base of stolons, n = 0 mat isolates in free sto-
lons without polyps). Thus, the close proximity of
polyps appears to be a requisite condition for mat
tissue formation.

DISCUSSION

The origin of the stolonal mat in Hydractinia
appears to be essential for increased colonial in-
tegration as found in the stylasterine hydrocorals.
Understanding how this innovation may have
arisen is thus key to understanding an important
evolutionary trend within this group. Cnox-2 is a
cnidarian Hox gene previously implicated in polyp
axial patterning in two hydroid taxa (Shenk et
al., ’93a,b; Cartwright et al., ’99). Our investiga-
tions of Cnox-2 expression in stolons and mat tis-
sue of Hydractinia are consistent with the mat
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Fig. 2. A: Cnox-2 expression in a young polyp arising from
a free stolon in Hydractinia. Expression detected using
polyclonal antibodies generated to the Cnox-2 gene product

arising through the extension of the polyp base.
The histological similarities between polyp body
column and mat tissue, in addition to our find-
ings that mat tissue is only found in proximity to
polyps, all lend further support for this hypoth-
esis. The mat, it seems, is a colonial foot.

The alternative hypothesis, that the stolonal
mat originates through fusion of the stolonal ec-
toderm, predicts that free stolons and mat tissue
would have the same pattern of Cnox-2 expres-
sion. Since mat tissues express Cnox-2 at high
even levels and Cnox-2 is not detectably expressed
in stolons, our findings do not support a stolonal
origin for mat tissue.

and visualized by immunofluorescence. Nuclei expressing
Cnox-2 appear green. B: Same specimen showing nuclei
stained with DAPI, which appear blue. Scale bars = 0.1 mm.

Our results utilize Cnox-2 as a marker of the
basal polyp ectoderm and so do not, alone, imply
that alterations in expression were directly respon-
sible for either initiating or maintaining the stolonal
mat. The possibility, however, that Cnox-2, or re-
lated genes, may have been directly involved should
not be discounted given the increasing body of com-
parative data implicating homeobox genes in the
major evolutionary innovations (for some recent ex-
amples see: Panganiban et al., ’95; Averof and Patel,
'97; Cartwright et al., ’99). Since neither genetic
transformation nor antisense technologies are yet
available for hydroids, any test will be necessarily
comparative. Fortunately, alterations in the rela-

..
A

Fig. 3.

Cnox-2 expression in (A) the stolonal mat and (B) a polyp of Hydractinia. Polyp and

stolonal mat (C) showing continuous Cnox-2 expression (arrow). Scale bars = 0.1 mm.
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Fig. 4. A: Cross section of a free living porpitiid (modified
from Haeckel [1888]). B: Corymorpha (scale bar = 1 cm) [modi-
fied from Hyman (40)]. C: Detail of its internalized hydro-

tive position of the polyp base and the hydrorhizal
network have arisen independently in several hy-
drozoan lineages.

Two cases, in particular, are fertile test beds. Just
as the stolonal mat of Hydractinia was essential to
the subsequent advanced integration of stylasterine
hydrocorals, an equally striking instance is known
to have occurred independently. The hydrozoan fam-
ily Zancleidae, like the Hydractiniidae, is a colonial
taxon with representatives displaying both a creep-
ing stolonal network and a stolonal mat. Prevot ('59)
suggested, and molecular analysis has recently cor-
roborated (Bridge, '94), that the Zancleidae are a
sister group to the free-living porpitiids (i.e., the
‘chrondrophores’ Vellela and Porpita, Fig. 4A). The
porpitiids possess a high degree of colonial integra-
tion, with continuous ectodermal layers surround-
ing endodermal canals.

The converse trend also exists. The capitate su-
perfamily Tubulariodea is comprised of both soli-
tary and colonial members and is striking by
virtue of the extraordinary sizes attained by soli-
tary polyps (Fig. 4B). Key to attaining such di-
mensions in an animal where respiration is
limited by diffusion has been the internalization
within the polyp of the hydrorhizal system (Fig.
4C and D). Thus, both routes to increasing physi-
ological integration—the elaboration of the polyp
as in Tubulariodea and elaboration of the colony
as in Hydractiniidae and Zancleoidea—appear cor-

rhizal system. D: Cross section of Tubularia [modified from
Warren (06)]. Ec, ectoderm; En, endodermal canal.

related with alterations in the demarcation of the
polyp base and the hydrorhizal system. Our re-
sults with Cnox-2 suggest that exploration of the
expression of this gene in these taxa would prove
illuminating.
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