Vol. 183: 115-124, 1999

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

A proline-rich peptide originating from
decomposing mangrove leaves is one
natural metamorphic cue of the tropical
jellyfish Cassiopea xamachana
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ABSTRACT: Planula larvae of the scyphozoan Cassiopea xamachana settle and metamorphose on de-
grading mangrove leaves of Rhizophora mangle that lie submerged in shallow water mangrove ecosys-
tems. Our prior study (Fleck & Fitt 1999; J Exp Mar Biol Ecol 234:83-94) indicated that marine bacteria
are involved in the release of at least 1 peptidic compound from such leaves. The goal of our present
study was to isolate and purify at least 1 natural peptidic cue originating from deteriorating leaves by
means of ultrafiltration, gel filtration and reversed phase HPLC and subsequently obtain characteristic
data of this cue. The ultrafiltrate (<10 kD) of the homogenate of decaying mangrove leaves was sub-
jected to gel filtration on a Sephadex G 25 column, resulting in 3 fractions which were tested for their
capacity to induce metamorphosis of planula larvae in bioassays performed in the laboratory. Fraction I
(=5 kD) was most effective in inducing metamorphosis of 75 % of planulae at 1 mg freeze-dried mater-
ial ml~! seawater within 24 h. Fractions Il and III (both <5 kD) resulted in metamorphosis of only 1% of
larvae or less within 72 h when applied at 5 mg ml™! Isochratic HPLC separation of Fraction I with 24 %
methanol yielded 2 biologically active fractions. One fraction (A/B), which induced 47 % of the larvae to
metamorphose at 0.9 mg lyophilized material ml~! seawater within 24 h, consisted of a mixture of at
least 2 subfractions and was not further analyzed. The other fraction (C) effected metamorphosis of
85% of larvae at a concentration of 0.5 mg ml~' within 24 h. Matrix-assisted laser desorption ionization
(MALDI) mass spectrometry of this fraction revealed a molecular weight of approximately 5.8 kD.
Automated amino acid analysis showed that Fraction C was rich in proline (ca 44 %) and glycine
residues (ca 16 %), corresponding to characteristic proline-rich cell wall proteins of plants. Automated
sequencing of the natural inducer failed due to a blocked amino terminus. The results of our present
study suggest that metamorphic inducers for C. xamachana may emerge nonspecifically as a byproduct
of bacterial degradation of deteriorating, proteinaceous plant tissue in their habitat.
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INTRODUCTION

Inducers of marine invertebrate larvae metamorpho-
sis have become a useful tool for studying possible sig-
nal transduction mechanisms underlying initiation of
larval settlement and recruitment. Most researchers in
this field have used artificial triggers to obtain informa-
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tion about the small steps involved in a complex net-
work of signal transmissions in larval cells (for review
see Pawlik 1992, more recent papers by e.g. Pechenik
et al. 1995, Wendt & Woolacott 1995, Hassel et al. 1996,
Henning et al. 1996, Walther et al. 1996, Woolacott &
Hadfield 1996, McCauley 1997, Thomas et al. 1997,
Berking 1998, Carpizo-Ituarte & Hadfield 1998,
Pechenik & Qian 1998, Froggett & Leise 1999). During
the past decade a number of studies have focussed on
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the identification of natural metamorphic cues in an
attempt to test whether models established in the labo-
ratory may work in nature, as well as to explain distri-
bution of individuals in certain specific habitats (e.g.
Hadfield & Pennington 1990, Morse & Morse 1991,
Tamburri at al. 1992, Leitz & Wagner 1993, Rittschof
1993, Gibson 1995, Forward et al. 1996, Lambert et al.
1997, Walters et al. 1997, Wieczorek & Todd 1997,
Avila 1998). However, progress has been slow, and to
date most cues originating from substrata in the envi-
ronment have only been partially characterized (e.g.
Morse & Morse 1991, Pawlik 1992, Leitz & Wagner
1993, Zimmer-Faust & Tamburri 1994, Lambert et al.
1997).

At present, the exact chemical structure of only a few
naturally occuring metamorphic inducers of marine
invertebrate larvae has been determined. Urochor-
damine A, a compound found in a lipophilic extract of
the tunic of the tunicate Ciona savignyi, induced meta-
morphosis of its larvae in laboratory experiments
(Tsukamoto et al. 1993). Diterpenoid chromanols ex-
tracted from brown algae of the family Sargassaceae
were shown to effect metamorphosis of the hydroid
Coryne uchidai (Kato et al. 1975). Bonellin, an alky-
lated chlorin isolated from the female proboscis of the
echiurid Bonellia viridis, induced masculinisation of
larvae of the same species (Pelter et al. 1978, Jaccarini
et al. 1983). Larvae of the bivalve Pecten maximus
were reported to metamorphose in response to Jacara-
none, a compound isolated from the red alga Delesse-
ria sanguinea (Yvin et al. 1985). However, some of the
findings reported above are not absolutely conclusive
and the role of these substances as natural inducers
remains questionable (see also the critical review by
Pawlik 1992).

A varlety of free fatty acids originating from the sand
of the tubes of the polychaete Phragmatopoma lapi-
dosa lapidosa (western Atlantic) and Phragmatopoma
lapidosa californica were shown to trigger settlement
of their larvae (Pawlik 1986, 1988, Pawlik & Faulkner
1986). Contradictory results were presented by other
researchers (Jensen & Morse 1984, 1990, Jensen et al.
1990). These examples show the difficulties underlying
the isolation and characterization of natural metamor-
phic inducers once the natural source of the cues has
been elucidated: they have to be accessible for isola-
tion, they have to be purified from a huge variety of
sometimes chemically overlapping substances, and
they have to be subjected to suitable and unambiguous
methods of characterization with only small amounts of
the natural cue often available. Finally it has to be
demonstrated that the identified and fully character-
ized inducer is naturally released, i.e. the results
obtained in the laboratory can be transferred into the
field.

Research into cnidarians has shown a variety of set-
tlement inducers. As reported above diterpenoid chro-
manols induce planula larvae of the hydroid Coryne
uchidai to settle on brown algae of the family Sar-
gassaceae (Nishihira 1968, Kato et al. 1975). A lipid
originating from the marine bacterium Alteromonas
espejiana was shown to trigger metamorphosis of Hy-
dractinia echinata (Hydrozoa; Leitz & Wagner 1993).
This bacterium covers mollusc shells inhabited by the
crab Eupargurus sp. that are occupied by colonies of
Hydractinia echinata (Mduller 1969, Leitz & Wagner
1993). Larvae of another cindarian, the scleractinian
coral Agaricia humilis Anthozoa, metamorphose upon
contact with crustose coralline red algae (Morse et al.
1988). The chemical nature of this natural cue was
shown to be a complex carbohydrate associated with
the cell walls of Hydrolithon boergesenii or its associ-
ated microflora (Morse & Morse 1991).

Synthetic oligopeptides were the first artificial com-
pounds found to trigger metamorphosis of the scypho-
zoan Cassiopea spp. (Fitt & Hofmann 1985). Laboratory
experiments showing that bacterial cleavage of the
proteins collagen and casein resulted in biologically
active fragments provided the basis for the hypothesis
that in nature marine bacteria may be involved in the
production of metamorphic inducers by degradation of
biogenic substrata like some species of marine algae
(Hofmann et al. 1978, Neumann 1979, Hofmann &
Brand 1987). Very recent findings support this hypoth-
esis. Larvae of C. xamachana were found to settle on
black, decomposing leaves of the red mangrove Rhi-
zophora mangle in the environment but not on newly
fallen green or red leaves (Fitt 1991, Fitt & Costley
1998, Fleck & Fitt 1999). One natural cue originating
from these leaves was crudely characterized as at least
1 water-soluble peptide smaller than 12 kD (Fleck &
Fitt 1999). Marine bacteria were found to be involved
in the production of this inducer (Fleck & Fitt 1999).

In the present study we show that a peptide, most
likely derived from the cell walls of decomposing parts
of plants, can serve as a natural metamorphic cue for
cnidarian larvae. We provide the molecular weight and
the amino acid composition of one such compound
originating from degrading mangrove leaves of Rhi-
zophora mangle that induces larvae of Cassiopea xam-
achana to settle and metamorphose.

MATERIAL AND METHODS

Cassiopea xamachana. Eggs from brooding female
medusae of Cassiopea xamachana were collected
directly in a shallow lagoon in Grassy Key, Florida
Keys, Florida, USA. The eggs were transferred to glass
dishes in the laboratory containing seawater with anti-



Fleck et al.: Tropical jellyfish metamorphosis 117

biotics (ABS, 100 mg penicillin, 100 mg neomycin and
130 mg streptomycin dissolved in 11 of artificial sea-
water [Instant Ocean], salinity 35 ppt). All larvae
hatched within 3 d and were transferred to a clean dish
with fresh ABS afterwards.

Preparation of leai homogenate. A total of 210 sub-
merged, dark and degrading leaves of Rhizophora
mangle were collected in a lagoon inhabited by Cas-
siopea xamachana in Grassy Key. The leaves were
wiped of debris. Fractions of 30 leaves each were cut
into small pieces with a razor blade on ice and trans-
ferred to 80 ml ice-cold distilled water. The fragments
were then homogenized with a Polytron {Brinkmann
Instruments) on ice. The homogenate was centrifuged
for 5 min at 24 000 x g at 4°C. Supernatant and pellet
were separated.

Ultrafiltration. Ultrafiltration of the supernatant of
each leaf homogenate containing 30 leaves was car-
ried out on ice through Amicon YM 10 (retention limit
10 kD) membranes in an Amicon pressure filtration cell
at a pressure of 450 kPa. The filtrate containing com-
pounds <10 kD and the sediment remaining on the fil-
ter membrane (substances 210 kD) were lyophilized.

Gel filtration. Aliquots of dried ultrafiltrate were re-
dissolved in an appropriate volume of distilled water to
obtain a concentration of 13 mg ml™! (a typical sample
size was 130 mg lyophilized ultrafiltrate in 10 ml distilled
water) and subjected to gel filtration on a Sephadex G 25
column (Pharmacia, exclusion limit 5 kD, size 2.5 x
49 c¢m). The column was calibrated with Blue Dextran
and standardized with Vitamin B12 (1.3 kD), Aprotinin
(6.5 kD), and Cytochrom C (12.4 kD). Equipment used
was from LKB: 2132 Microperpex Peristaltic Pump
(flow rate 1.3 ml min~!), 2238 Uvicord S II spectro-
photometer, 2111 Multirac fraction collector, and a 2210
2 Channel-Recorder. Samples were eluted with distilled
water and collected in aliquots of 4.3 ml. The eluate was
pooled into 3 fractions and lyophilized.

HPLC. Samples of 0.5 mg of the dried gel filtration
fractions were re-dissolved in 0.5 ml distilled water
and separated by HPLC on a Sephasil C 18 reversed
phase column (Pharmacia, size 4.6 x 100 mm). The
sample was eluted with 24 % methanol at a flow rate of
0.25 ml min~'. A LKB 2152 HPLC Controller and 2 LKB
2150 HPLC pumps were used in addition to the equip-
ment mentioned above. Fractions resulting from HPLC
separation were pooled and freeze-dried.

Mass spectrometry. The molecular weight of the
fraction that contained the highest biological activity
after HPLC purification was determined using matrix-
assisted laser desorption ionization (MALDI) mass
spectrometry (LDI-1700 Mass Monitor, Linear Scien-
tific). The sample was dissolved in 50 pl HPLC quality
water. For mass spectrometry 1 pl of the sample was
added to 10 pl of the matrix (sinapinic acid). Peak

detection was carried out with a 15 pt S-G filter at a
laser energy of 16.57 uJ and a vacuum of 1.1 x 107> torr.
A mass filter of 200 D was used. The voltage of the
detector was -4.8 kV. Polarity was positive.

Amino acid analysis. Aligouts of 0.5 pg of the most
bioactive HPLC fraction were subjected to acid hydrol-
ysis with 6 N HCI. Automated amino acid analysis was
then carried out with equipment from Applied Biosys-
tems: 420 A Derivatizer, 130 A Separation System and
ABI 920 A Data Analysis Module. The Procise Protein
Sequencing System was used to obtain sequence data
of the sample.

Biological assays. Each purification step was fol-
lowed by a test for metamorphic induction. The lyo-
philized fractions resulting from ultrafiltration and the
G 25 gel filtration pools were tested in concentrations
ranging from 250 pg to 5 mg freeze-dried material ml™!
ABS in 24 well tissue culture plates. Freeze-dried
HPLC fractions were assayed in 100 pl aliquots of stock
solutions with concentrations of 0.5 mg ml™' ABS or
0.9 mg ml~' ABS in microtiter plates. A defined number
of larvae of Cassiopea xamachana ranging from at
least 10 to maximally 15 was used per concentration.
The number of planulae settled and metamorphosed
was screened after 24, 48, and 72 h. At least 6 repli-
cates were performed per concentration. As a control,
larvae were exposed in 1 ml of ABS (at least 12 repli-
cates). The assays were performed at a constant tem-
perature of 25°C at a 12 h light:12 h dark cycle.

Additional control experiment. Twenty-five red,
recently fallen leaves of Rhizophora mangle were
homogenized in 70 m! ice-cold distilled water and sub-
jected to the same purification procedure as described
above for degrading mangrove leaves (homogeniza-
tion, ultrafiltration, gel filtration and HPLC). Again
each purification step was accompanied by a biological
assay as described above to check on the capacity of
the obtained fractions to induce metamorphosis of
planula larvae of Cassiopea xamachana. Various con-
centrations were tested, each in at least 2 replicates.

Statistics. Metamorphosis data were subjected to
statistical analysis using 1-way ANOVA followed by
the Bonferroni test to establish the significance. Data
were considered significant at p < 0.05.

RESULTS

Leaf fractions ranging from 5 to 10 kD induce
metamorphosis

Ultrafiltration of the supernatant of black leaf homo-
genate resulted in 2 crude fractions: one containing
molecules < 10 kD (filtrate, total amount 4.22 g) and the
other one containing the substances > 10 kD (sediment
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develop tentacles thus indicating that—as a
consequence of the homogenization proce-
dure—the ultrafiltrate contained not only
metamorphic inducers but also compounds
that had a toxic effect on the larvae. This was
in accordance with observations made in
bioassays with synthetic peptides and phar-
maceuticals that did not have any metamor-
phic effect on the planulae but showed such
strong toxic impact in higher concentrations
that the larvae were deformed and only meta-
morphosed in low numbers even though
highly potent peptide inducers were simulta-
neously present in the test solutions that nor-
mally would have induced 100 % settlement

I and metamorphosis within a few hours (Fleck

24 h 72h

Fig. 1. Induction of metamorphosis of planula larvae of Cassiopea xam-

unpubl.). The lowest concentration tested
(250 ug ml™!) effected metamorphosis at a

achana by fractions <10 and >10 kD resulting from ultrafiltration of the non-significant rate of 8 + 13 %. The sediment
supernatant of homogenate of degrading Rhizophora mangle leaves. remaining on the filter triggered metamor-
Columns show means +SD of 12 replicates. No column = 0% metamor- phosis up to 9 = 10% of larvae at 5 mg ml™'

phosis. *Significantly different (p < 0.05) from antibiotics (ABS) control

on filter, total amount 0.87 g). Biological tests revealed
that the filtrate induced metamorphosis of up to 24 =
23% of larvae of Cassiopea xamachana within 72 h
(Fig. 1). However, the concentration used was high
(5 mg ml™') and the rate of metamorphosis turned out to
be quite variable (Fig. 1). Likewise, settled and meta-
morphosed planulae were often deformed and did not

0. D. 280

after 72 h but this rate was not significantly
different from the ABS control (Fig. 1).
Application of the filtrate to a Sephadex G 25 column
resulted in a typical profile shown in Fig. 2. The eluate
was divided into 3 fractions. Fraction I contained com-
pounds >5 kD (Fig. 2). The pool with substances <5 kD
was divided into 2 subfractions: Fraction II and Frac-
tion III (Fig. 2). Fraction I, which was eluted from the
column at a total amount of 49.6 mg, proved to be a
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Fig. 2. Representative chromato-
gram of the separation of ultrafil-
trate (<10 kD) of the supernatant of
homogenized, degrading mangrove
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T T T ‘ leaves of Rhizophora mangle on a
60 70 80 Sephadex G 25 column. Fraction I
contains compounds =25 kD, Frac-
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was not completely separated from Peak B (Fig.
4). Elution of the column with 100% methanol
following isochratic elution with 24 % methanol
produced an additional 15 peaks but none of the
corresponding fractions proved to contain meta-
morphic inducers.

The total amount of the freeze-dried powder of
the fractions represented by Peak A/B and Peak C
was determined with an analytical balance and
found to be 13.6 mg for Fraction A/B and 5.1 mg
for Fraction C. In order to perform the bioassays
parts of both fractions were resuspended in ABS
to obtain stock solutions with concentrations of
0.9 mg lyophilisate ml~! ABS (Fraction A/B) or
0.5 mg lyophilisate ml~! ABS (Fraction C). Freeze-
dried powder of Fraction C induced 85 + 17%
metamorphosis when applied at 0.5 mg ml™!
within 24 h, and lyophilisate of Fraction A/B 47 +

24 h 48 h 72h

Fig. 3. Induction of metamorphosis of planula larvae of Cassiopea
xamachana by Fraction I (=5 kD) and Fraction III (<5 kD) resulting
from gel filtration {see Fig. 2) of the ultrafiltrate (<10 kD) of the su-
pernatant of homogenized, degrading leaves of Rhizophora mangle.
Columns represent means +SD of various replicates (n = 7 for Frac-
tion I, n = 6 for Fraction III, n = 12 for ABS control}. No column = 0 %
metamorphosis. *Significantly different (p < 0.05) from ABS control

potent inducer of metamorphosis. In this instance, 75 +
22% of the larvae settled and metamorphosed within
24 h when exposed to this fraction at 1 mqg lyophilized
material ml-' ABS (Fig. 3). This rate increased to 97 +
8% after 72 h (Fig. 3). The polyps looked healthy and
developed normal tentacles. A concentration of 250 pg
ml! induced only 21 + 20% metamorphosis within
72 h. Fraction Il was inactive whereas fraction III trig-
gered metamorphosis up to only 1 + 3% at 5 mg ml™!
within 72 h (Fig. 3). Larvae were partly deformed when
these fractions were applied at 5 mg ml~!. The results
of the bicassays with Fractions II and III support the
abovementioned hypothesis that the biological activity
of Fraction I was counteracted by toxic, low molecular
weight compounds in the ultrafiltrate.

HPLC separation of the metamorphosis
inducing fraction

Fraction I was applied to reversed phase HPLC for
further purification. The best resolution of the peaks
that contained metamorphosis inducing capacity was
obtained with isochratic elution of the column with
24 % methanol. Gradient elution of the column with 0
to 100 % methanol provided poorer separation of the
bicactive peaks. Three peaks resulted from constant
elution with 24 % methanol: A, B and C (Fig. 4). Peak A

24% (at0.9 mgml; Fig. 5). This rate increased to
89 + 13 % for Fraction C and to 68 + 28 % for Frac-
tion A/B after 72 h (Fig. 5). Other concentrations
were not tested due to the limited amount of ma-
terial of the biologically active fractions. Since
Peaks A and B were not completely separated, we
chose to continue chracterization of only Peak C.
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Fig. 4. Representative HPLC chromatogram of the separation

of Fraction I (25 kD) obtained by gel filtration of the ultrafil-

trate (€10 kD) of the supernatant of homogenized, degrading

leaves of Rhizophora mangle on a reversed phase column

(Sephasil C 18, constant elution with 24 % methanol). Two

fractions emerged: Fraction A/B, consisting of at least 2 sub-
fractions, and Fraction C
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Fig. 5. Induction of metamorphosis by Fraction A/B and Frac-
tion C resulting from HPLC separation of gel filtration Frac-
tion I {see Fig. 4). Columns show means + SD of 6 replicates.
No metamorphosis was induced by the ABS control (n = 12).
*Significantly different (p < 0.05) from ABS control
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Characterization of Peak C

MALDI mass spectrometry of Peak C, representing
the most potent natural inducer purified from degrad-
ing mangrove leaves, revealed a molecular weight of
exactly 5783.1 D (Fiqg. 6).

Amino acid analysis showed that Peak C contained a
peptide that was rich in proline. This peptide mainly
consisted of 26.2 proline residues, followed by 9.7
glycine residues and 5.8 glutamic acid residues
(Fig. 7). Chemical sequence analysis, starting with the
first amino terminal amino acid, failed in 6 indepen-
dent samples of the natural cue indicating that the
amino end of the peptide was blocked.

Fraction A/B which consisted of a mixture of at least
2 compounds was not further analyzed but our previ-
ous work (Fleck & Fitt 1999) makes it very likely that
this fraction likewise contained bioactive peptides.

Non-degraded leaves do not contain biologically
active compounds

None of the fractions prepared from red, more
recently fallen mangrove leaves induced metamorpho-
sis of planulae at a significant rate. Though the HPLC
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Fig. 6. Mass spectrum of HPLC Fraction C. Sum of 16 shots. For details see text
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ture (Fitt & Hofmann 1985, Fitt et al.

Tyr;’ 1.7 1987, Hofmann & Brand 1987, Fleck &
Hofmann 1990, 1995, Bischoff et al.
va || 2 1991, Fleck & Bischoff 1993, Hofmann
et al. 1996, Fleck 1997, Fleck 1998,
Thr 2 Walther & Fleck 1998). Like the char-
acterized natural cue originating from
be )3 mangrove leaves, the most effective syn-
e 136 thetic peptidic inducers were mainly
/ composed of proline and glycine resi-
Al 140 dues (Fitt & Hofmann 1985, Hofmann &
/ . Brand 1987, Fleck & Hofmann 1990,
Glu 158 Fleck & Bischoff 1993, Hofmann et al.
v - 1996, Walther & Fleck 1998). We sus-
Gly U9-7 pect that at least one other partially
2 characterized inducer {Fraction A/B) in

Pro ]j 262 our study is also a peptide.
. ; ; ; — Peptides have also been found to
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Fig. 7. Amino acid composition of one natural metamorphic cue (molecular
weight 5.8 kD) of Cassiopea xamachana originating from degrading mangrove
leaves of Rhizophora mangle. The analyzed inducer corresponds to Fraction C of

the HPLC chromatogram (see Fig. 4)

peak pattern of a sample of the gel filtration fraction
25 kD of red leaf ultrafiltrate (€10 kD) was similar to
that of degrading leaves (Fig. 4) when eluted with 24 %
methanol no significant metamorphic induction of
planula larvae of Cassiopea xamachana was obtained.
Concentrations tested corresponded to those of Frac-
tion A/B and Fraction C of the decomposing leaves
(Fig. 5). Red mangrove leaves are rarely settled by
polyps in the habitat and effected settlement and
metamorphosis at non-significant rates when tested in
the laboratory (Fitt & Costley 1998, Fleck & Fitt 1999).

DISCUSSION

Our study demonstrates that peptides represent at
least 1 of the natural metamorphic inducers for the up-
side-down jellyfish Cassiopea xamachana found in de-
grading leaves of the red mangrove. In the present study
we have isolated and characterized at least 1 peptidic
cue from black, degraded mangrove leaves of Rhi-
zophora mangle that provide 1 of the substrates settled
by larvae in the mangove environment (Fitt 1991, Fitt &
Costley 1998, Fleck & Fitt 1999). This natural inducer has
a molecular weight of approximately 5.8 kD, contains
about 59 amino acids and is dominated by proline and
glycine residues (ca 61% in total). We have therefore
confirmed that laboratory studies using peptides as
metamorphic triggers, indeed mimick what occurs in na-

naturally trigger metamorphosis in
larvae of the sand dollar Dendraster
excentricus (Burke 1984), the oyster
Crassostrea virginica (Tamburri et al.
1992), the barnacle Balanus amphi-
trite (Tegtmeyer & Ritischof 1989),
and the nudibranch Adalaria proxima
(Lambert et al. 1997). None of these
studies, however, provides the exact molecular weight,
the amino acid composition and/or sequence data of
the natural cue. Chemical sequencing of the purified
natural inducer of Cassiopea xamachana has thus far
failed with the methods applied because the amino ter-
minus was blocked by a yet unidentified group.

What is the source of the peptidic cue derived from
the degrading mangrove leaves? A recent study by
Fleck & Fitt (1999) suggests that bacteria are involved
in the production of natural inducers. Bacteria have
been shown to take part in metamorphic induction of
several marine invertebrates (see review by Johnson et
al. 1997). Based on laboratory experiments dealing
with bacterial cleavage of collagen, Hofmann & Brand
(1987) proposed that bacteria may provide potential
inducers for metamorphosis of Cassiopea spp. by
cleaving deteriorating, proteinaceous cues in the
ocean. Our study strongly indicates that degrading
mangrove leaves may represent such suitable cues.
Proline-rich proteins (PRPs) consisting of amino acid
compositions corresponding to that of the natural
metamorphic inducer of C. xamachana isolated from
Rhizophora mangle are common elements of plant
cell walls (e.g. Ye et al. 1991, Nicholas et al. 1993,
Kieliszewski & Lamport 1994, Rodriguez & Cardemil
1994, Williamson 1994, Yu et al. 1996, Wojtaszek et al.
1997, Davies et al. 1997). Bacterial degradation of such
proteins of decomposing plant tissue may therefore
result in a variety of peptides, some of them containing
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a specific signal sequence enabling them to trigger not
only metamorphosis of Cassiopea spp. but also of other
marine invertebrate larvae. Humic acids, representing
another complex mixture of compounds of degrading
vegetation, accelerated metamorphosis of postlarvae
of the blue crab Callinectes sapidus to the first crab
stage (Forward et al. 1997).

The size of the natural peptidic cues (5 to 10 kD) is
much larger than the size of the synthetic peptides
used in the laboratory for metamorphosis studies in
Cassiopea spp. (<1 kD). However, it has been shown
that the sequence of the carboxyterminal amino acids
contains the signal for classitying a peptide as biologi-
cally active, and that any peptide containing at least 3
amino acids and this particular sequence (GPA) is suf-
ficient to trigger metamorphosis of Cassiopea spp. lar-
vae and buds (Fitt & Hofmann 1985, Fitt et al. 1987,
Hofmann & Brand 1987, Fleck & Hofmann 1990, Fleck
1994, Hofmann et al. 1996, Walther & Fleck 1998). The
concentration of the 5.8 kD natural cue which was used
in this study to induce metamorphosis of a high per-
centage of larvae (8.6 x 107% mol 1"}) was higher than
the lowest concentration needed to effect 100 % meta-
morphosis within 24 h with the most potent synthetic
peptide (Dabsyl-GPGGPA, 2.0 to 3.4 x 10°° mol 1! for
larvae and buds, Hofmann et al. 1996). However, other
concentrations of the natural inducer were not tested
due to the limited amount of material though the con-
centration applied was still in the concentration range
of other highly potent synthetic peptide inducers (1.3
to 9.4 x 107> mol I"'; Fleck 1994, Hofmann et al. 1996,
Walther & Fleck 1998). The natural cue for larval meta-
morphosis of the sand dollar Dendraster excentricus
also had to be applied at concentrations between 107°
and 107° mol I"! in order to effect about 60 % metamor-
phosis (Burke 1984). In fact, larvae of C. xamachana
are thought to require a relatively higher concentra-
tion of inducers since the larger adults of this species of
jellyfish appear to need high levels of nutrients to
supplement lack of carbon transferred from their sym-
biotic dinoflagellates (Vodenichar 1995).

Bacterial degradation of mangrove leaf cell wall pro-
teins results in more than 1 peptide containing the signal
sequence for metamorphic induction. This was also in-
dicated by the results of the bioassays with the sediment
(210 kD) on the filter after ultrafiltration and with Frac-
tion III (€5 kD) obtained from gel filtration of the super-
natant of leaf homogenate in this study. Though the per-
centage of metamorphosis triggered by these fractions
was low (9% for compounds =210 kD, Fig. 1; 1 % for Frac-
tion III molecules <5 kD, Fig. 3) we cannot exclude the
possibility that potential inducers were contaminated
with toxic substances in the same molecular weight
range released by the homogenization procedure that
might counteract any significant bioactivity. Therefore a

multitude of peptidic inducers originating from man-
grove leaves may act together thereby inducing meta-
morphosis of planulae at lower and environmentally
more relevant concentrations of each single peptide
compared to the relatively high concentration necessary
for 1 single inducer, e.g. Fraction C resulting from HPLC
in the present study, which likewise may be subject to
further bacterial degradation in nature. Laboratory ex-
periments carried out with optimal concentrations (100 %
metamorphosis within 24 h) of single synthetic peptide
inducers and mixtures of suboptimal concentrations (0 to
50 % metamorphosis within 24 h) of biologically active
peptides support this hypothesis (Fleck unpubl.). Like-
wise, degrading Rhizophora mangle leaves are often
settled by only a few polyps of Cassiopea xamachanain
the habitat though possibly exposed to thousands of lar-
vae. This implies that suboptimal concentrations of the
inducers could trigger settlement and metamorphosis at
arate that is sufficient enough to ensure reproduction of
the species in organically and nutrient-rich mangrove
habitats. Similarly, localized production of high con-
centrations of the cue on the surface of degrading
mangrove leaves by proteolysis by isolated bacterial
colonies on the leaf surface may also explain the sparce
or clumped distribution of natural larval settlement.

At present we cannot exclude that the natural meta-
morphic cues originate from bacteria exclusively, e.g.
decaying mangrove leaves may provide a substrate for
specific bacteria that produce the cues as part of their
exopolymeric coating. However, the fact that (1) the
amino acid composition of the peptide isolated in this
study corresponds to that of proline-rich cell wall pro-
teins of plants, (2) HPLC purification of leaf homo-
genate of red, less-degraded leaves of Rhizophora
mangle that should have been also settled by bacteria
(Cuba & Blake 1983} did not trigger metamorphosis
{present study) and (3) debris removed from the sur-
face of degrading leaves did not alter metamorphic
induction (unpubl. results), strongly suggest that the
mangrove leaves need to reach a certain state of
degradation before bacteria can use their cell wall pro-
teins as a substrate in order to produce and/or modify
specific fragments of peptides including the natural
metamorphic cues for Cassiopea xamachana.

Our present study provides evidence that at least 1
HPLC purified fraction of homogenate of decaying
mangrove leaves originating from the habitat of Cas-
siopea xamachana contained a peptide that effected
settlement and metamorphosis of its planula larvae
in laboratory bioassays, thus indicating that peptides
represent the primary stimulus for metamorphic induc-
tion not only in the laboratory, but also in nature, The
results of our study are also consistent with the hypoth-
esis that settlement and metamorphosis may be non-
specific, not relying on only 1 single specific inducer
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molecule (Fleck 1994). Thus we conclude that natural
metamorphic cues for Cassiopea spp. may emerge
from bacterial degradation of proteinaceous tissue of
plants assuring recruitment into nutrient-rich habitats
where juveniles are likely to grow and strobilate into
reproductively active adults.
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