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Abstract The upside-down jellyfish Cassiopea is a glob-
ally distributed, semi-sessile, planktonically dispersed
scyphomedusa. Cassiopea occurs in shallow, tropical
inshore marine waters on sandy mudflats and is gener-
ally associated with mangrove-dominated habitats.
Controversy over the taxonomy of upside-down jellyf-
ishes precedes their introduction to the Hawaiian Islands
during the Second World War, and persists today. Here
we address the global phylogeography and molecular
systematics of the three currently recognized species:
Cassiopea andromeda, C. frondosa, and C. xamachana.
Mitochondrial cytochrome c oxidase I (COI) sequences
from Australia, Bermuda, Fiji, the Florida Keys, the
Hawaiian Islands, Indonesia, Palau, Panama, Papua
New Guinea, and the Red Sea were analyzed. Highly
divergent COI haplotypes within the putative species C.
andromeda (23.4% Kimura 2-parameter molecular
divergence), and shared haplotypes among populations
of two separate putative species, C. andromeda and C.
xamachana from different ocean basins, suggest multiple

anthropogenic introductions and systematic confusion.
Two deeply divergent O’ahu haplotypes (20.3%) from
morphologically similar, geographically separate inva-
sive populations indicate long-term (14–40 million years
ago) reproductive isolation of phylogenetically distinct
source populations and cryptic species. Data support at
least two independent introductions to the Hawaiian
Islands, one from the Indo-Pacific, another from the
western Atlantic/Red Sea. Molecular phylogenetic
results support six species: (1) C. frondosa, western
Atlantic (2) C. andromeda, Red Sea/western Atlantic/
Hawaiian Islands (3) C. ornata, Indonesia/Palau/Fiji (4)
Cassiopea sp. 1, eastern Australia (5) Cassiopea sp. 2,
Papua New Guinea and (6) Cassiopea sp. 3, Papua New
Guinea/Hawaiian Islands.

Introduction

The study of diversification and species boundaries in
marine invertebrates presents unique challenges. In spite
of considerable data on species distributions, funda-
mental ecological and evolutionary processes generating
observed biogeographic patterns often remain unclear
(Palumbi 1997). For example, while factors limiting
dispersal and leading to reproductive isolation may be
apparent in phylogeographic studies in terrestrial set-
tings (e.g. Holland and Hadfield 2002) such barriers
have often proven difficult to detect in marine ecosys-
tems (Palumbi 1997; Knowlton 2000). Yet, the tradi-
tional view that morphologically cohesive marine
invertebrate species can have natural, global distribu-
tions has recently come under scrutiny, as many such
species have been shown to comprise cryptic species
complexes or to exhibit deep phylogeographic structur-
ing evident at the molecular level (e.g. Gómez and Snell
1996; Collin 2000; Knowlton 2000; Dawson and Jacobs
2001; Gómez et al. 2002). By ‘‘cryptic’’ we refer to spe-
cies that are difficult or impossible to distinguish on
morphological characters alone (Mayr and Ashlock
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1993). Further confounding elucidation of isolating
mechanisms in marine settings is the ongoing global
redistribution of marine taxa by inadvertent anthropo-
genic translocation, chiefly hull-fouling and ballast wa-
ter transfer by commercial shipping operations (e.g.
Carlton 1989; Holland 2000). In cases where genetic
concordance is demonstrated over ocean basin or global
scales, questions now arise regarding the possibility of
recent anthropogenic transport, in addition to natural
distribution mechanisms such as long-distance dispersal
via larval entrainment, rafting, or adult migration.

The systematic treatment of Cassiopea spp. in the
Pacific has been characterized by confusion and dis-
agreement. Although six nominal species of upside-
down jellyfishes have been described from the Pacific, all
are currently placed in a single species, C. andromeda
(Gohar and Eisaway 1960; Hummelinck 1968). As was
recently suggested by Hofmann and Hadfield (2002),
however, the systematics of Cassiopea warrants reap-
praisal.

According to the earliest documented surveys of
Hawaiian island scyphozoans, Cassiopea were not pres-
ent 100 years ago (Mayer 1906). Two, presumably exo-
tic, species of upside-down jellyfish were subsequently
reported from the island of O’ahu: C. medusa Light 1914
in Pearl Harbor (leeward O’ahu) between 1941 and 1945
(Doty 1961), and C. mertensi Brandt 1838 (Bishop Mu-
seum catalog no. BPBM-D 353) from Kane’ohe Bay
(windward O’ahu) in 1964 (Uchida 1970). Cassiopea
medusa is believed to have appeared in Honolulu Harbor
and the nearby Ala Wai Canal in 1950 (Doty 1961). By
the time C. medusa was documented, however, the two
putative species had already been synonymized to C.
andromeda (Gohar and Eisaway 1960; Hummelinck
1968). It has been assumed that Cassiopea was inadver-
tently introduced to the Hawaiian Islands from the South
Pacific, Indo-Pacific, or Southeast Asia during the Sec-
ond World War by U.S. Navy vessels.

Due to their potential negative impacts, it is essential
that introduced species can be identified reliably.
Unfortunately, scyphozoan systematics has traditionally
employed morphological characters, which tend to ex-
hibit high plasticity (Gohar and Eisaway 1960) and may
be of limited taxonomic and phylogenetic utility (Daw-
son 2003). In such cases, molecular data may be
invaluable. In an effort to address the long-standing
systematic uncertainties surrounding Cassiopea in the
Hawaiian Islands, we combined morphological and
molecular approaches to test the hypothesis that
throughout its range on O’ahu, populations of C.
andromeda represent a single, genetically concordant
species (Hummelinck 1968). It became rapidly apparent,
however, that a traditional morphological approach was
not systematically informative, despite molecular evi-
dence for unexpected haplotype diversity. We therefore
shifted our emphasis to molecular analyses to assess the
broader issues of global phylogeography, molecular
systematics and potential geographic sources for inva-
sive O’ahu lineages.

Materials and methods

Sampling

Cassiopea andromeda specimens were collected from five
O’ahu localities (four windward: one from a Kahuku
aquaculture pond, three from within or near Kane’ohe
Bay; one leeward: from the Hilton lagoon, Honolulu
BPBM-D1074), one location each from Moloka’i
(BPBM-D1073), Palau, Fiji, Indonesia, Australia, and
the Red Sea, and two locations from Papua New Guinea
(PNG) (Emona and Observation Point). Cassiopea
xamachana and C. frondosa were obtained from the
Florida Keys, C. xamachana was collected from two
locations in Bermuda (Walsingham Pond and Richard-
son Bay), and C. frondosa was collected in the San Blas
Islands, Panama. Outgroups included scyphozoan taxa
Catostylus mosaicus, Aurelia labiata and Cyanea sp.,
scleractinian corals Montastraea annularis and M. cav-
ernosa and the hydroid Maeotis marginata (Table 1).
Live medusae were held overnight in the absence of food
prior to tissue sampling, in order to reduce chances of
contamination of extracted DNA by food sources. Go-
nad tissue was then dissected out and stored in 80–99%
ethanol.

Seventy medusae were maintained at Kewalo Marine
Laboratory, Honolulu, for 8 weeks. Morphological
examinations were conducted for Hawaiian specimens
from the following locations: one population from the
Hilton Hawaiian Village lagoon, leeward O’ahu; four
populations from windward O’ahu; and one population
from Kainaone fish pond on the island of Moloka’i
(Table 2; Figs. 1, 2). Traditional morphological obser-
vations were made including bell diameter, color, and
number of rhopalia present.

DNA extraction, PCR amplification and sequencing

Genomic DNAs were extracted according to the man-
ufacturer’s protocol using QIAGEN DNeasy nucleic
acid extraction kits (QIAGEN, Valencia, Calif.). DNAs
were eluted in deionized autoclaved water, and stored at
�20�C.

Polymerase chain reaction (PCR) was performed
using a PTC-100 thermocycler (MJ Research, Reno,
Nev.). Universal COI primers (Folmer et al. 1994)
amplified the target fragment consistently under the
following PCR conditions: 2 min at 92 �C, 30 cycles of
94 �C degrees for 30 s, 48 �C for 30 s and 72 �C for 45 s,
with a final 72 �C extension for 7 min.

PCR-amplified DNA fragments were purified with
QIAquick spin columns (QIAGEN), according to the
manufacturer’s protocol, then checked via agarose gel
electrophoresis. Forward and/or reverse strands were
cycle-sequenced using the PCR primers. ABI Prism
DYE Terminator Cycle Sequencing Reaction Kits in a
Perkin-Elmer 9700 thermal cycler were used to generate
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single stranded products, and sequences were deter-
mined using an ABI 377 automated sequencer (PE
Biosystems, Foster City, Calif.).

Phylogeny reconstruction

A fundamental test of the robustness of a phylogenetic
reconstruction is to use various analysis options and to
compare the results. In cases where different methods
give similar or identical topologies, confidence is in-
creased that the results are representative of the evolu-
tionary history of the sequences comprising the data set
(Carranza et al. 2002). Differences in results indicate that
more than one interpretation is possible. Therefore a
variety of approaches was used for phylogeny recon-
struction, including maximum-parsimony (MP), maxi-
mum-likelihood (ML), and minimum-evolution (ME)
with various models of molecular evolution (e.g. Jukes-

Cantor, uncorrected ‘‘P’’, Tajima-Nei, Kimura 2-
parameter, Tamura-Nei, Kimura 3-parameter). Statisti-
cal support was assessed with 1,000 bootstrap replicates
for MP and ME methods, and for ML 100 replicates
were performed (Felsenstein 1985). Trees were rooted
with multiple cnidarian outgroups, and resultant topol-
ogies were compared for the three methods.

Results

Of 615 aligned nucleotide positions over all taxa, 311
were variable and 283 were parsimony-informative.
Within the genus Cassiopea, 226 nucleotide positions
were variable and 205 were parsimony-informative.
Empirical base frequencies for all cnidarian specimens
(n=42) included were: A=27.7%; C=17.1%;
G=19.7%; and T=35.5%. Nucleotide composition was
biased towards A–T with 63.2%. Base frequencies for

Table 1 Geographic origins of specimens and GenBank accession numbers of sequences included in this study

Taxon Preliminary
molecular
species ID

Collection locality GenBank
accession no.

Specimen
collection no.

n

Cassiopea andromeda Cassiopea sp.3 Kahuku fish pond, windward O’ahu AY319452 CAK1–4 4
C. andromeda Cassiopea sp.3 Wedding Chapel, windward O’ahu AY331594 CAWC1 1
C. andromeda Cassiopea sp.3 Mid Pacific Golf Course pond, windward O’ahu AY331593 CAGC1 1
C. andromeda Cassiopea sp.3 Kualoa Ranch, windward O’ahu AY331595 CAKR1 1
C. andromeda C. andromeda Hilton lagoon, Waikiki, leeward O’ahu AF231109 CAHL1–5 (Identical) 5
C. andromeda C. andromeda Kainaone fish pond, Moloka’i AY319453–4 CAM1, 2 2
C. andromeda C. ornata Short Drop Off, Palau AY319455–6 CRCNI522 a 2
C. andromeda C. ornata Dravuni, Fiji AY319457 CADF1 1
C. andromeda Cassiopea sp.2 Observation Point, Papua New Guinea AY319459–60 CRCNI519 a 2
C. andromeda Cassiopea sp.3 Emona, Papua New Guinea AY319461–2 CAEPNG1, 2 2
C. andromeda C. andromeda El Ghardaqa, Egypt, Red Sea AY319458 CAGRS1 1
C. andromeda Cassiopea sp.1 Port Douglas, Queensland, Australia AY319471 CAPDNSW1 1
C. andromeda C. ornata Kakaban, Kalimantan, Indonesia AY319472 CAKKI1 1
C. frondosa C. frondosa San Blas Islands, Panama AY319469–70 CFSBP1, 2 2
C. frondosa C. frondosa Key Largo, Florida Keys AY319467 CFFK1 1
C. xamachana C. andromeda Key Largo, Florida Keys AY319468 CXKL1 1
C. xamachana C. andromeda Walsingham Pond, Bermuda AY319463, 66 CXWPB1, 2 2
C. xamachana C. andromeda Richardson Bay, Bermuda AY319464–5 CXRBB1, 2 2
Aurelia labiata – British Columbia, Canada AY319474 ALBCC1 1
Catostylus mosaicus – Lake Illawara, New South Wales, Australia AY319476 CMLINSW1 1
Cyanea sp. – Kachemak Bay, Alaska AY319475 CCN1 1
Maeotias marginata – Baltic Sea, Finland AF383927 GenBank 1
Montastrea annularis – Gulf of Mexico AF013737 GenBank 1
M. cavernosa – Gulf of Mexico AF108715 GenBank 1

aCRCNI No.: invertebrate reference collection, Coral Reef Research Foundation, Palau

Table 2 Morphological features of upside-down jellyfishes (Cassiopea spp.) from the Hawaiian Islands

Sampling site Preliminary
molecular
species ID

Color Bell diameter
and no. of
specimens (n)

Number of rhopalia:
range (mean, x)

Kualoa Ranch, windward O’ahu Cassiopea sp. 3 Golden-brown, white vesicles 7–15 cm (5) 17–21 (19.8)
Wedding Chapel, windward O’ahu Cassiopea sp. 3 Golden-brown, center blue tipped 10–12 cm (5) 18–22 (19.8)
Golf Course, windward O’ahu Cassiopea sp. 3 Whitish blue–brown, blue-tipped vesicles 5–6 cm (2) 17–20 (18.5)
Hilton Lagoon, leeward O’ahu C. andromeda Golden brown, brown-violet 8–21 cm (16) 17–21 (18.1)
Kainaone Fish Pond, Moloka’i C. andromeda Golden brown, brown-yellow 8–10 cm (2) 17–19 (18.0)
Kahuku, Fish Pond Cassiopea sp. 3 Golden brown, blue-tipped vesicles 10–12 cm (10) 17–23 (20.2)
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Cassiopea spp. (n=32) were also A–T (63.4%) biased:
A=28.5%; C=17.1%; G=19.5%; and T=34.9%.

Of 105 pairwise Kimura 2-parameter molecular
divergence comparisons shown (Table 3) 17 (16%) were
£ 3.9%, 3 (2.9%) were between 10.2% and 10.9%, while
82 (78%) were between 17.6% and 23.4%. Haplotype
divergence was often high in among-population com-
parisons, and genetic distances did not always correlate
with geographic distance (Fig. 1, Table 3). The maxi-
mum COI divergence observed, 23.4%, was between

Cassiopea andromeda Kakaban, Indonesia and
C. andromeda Observation Point, PNG. Relatively high
divergences were also observed among leeward and
windward O’ahu sequences (20.3%), among sequences
from the two sampling localities in PNG (Emona and
Observation Point) (20.2%), and between two specimens
from a single locality, Observation Point PNG (6.9%).
Genetic divergence was unexpectedly low in compari-
sons among certain geographically distant sampling
localities, C. andromeda windward O’ahu to C. androm-
eda Emona PNG (1.3%), C. andromeda leeward O’ahu
to C. xamachana Bermuda and the Florida Keys (mean
divergence 2.7%), and C. andromeda leeward O’ahu to
C. andromeda Red Sea (3.0%). COI haplotypes for C.
andromeda Moloka’i were closely related to western
Atlantic sequences (mean divergence 0.4%), and to
those from leeward O’ahu (3.0%). The C. andromeda
Red Sea haplotype was nearly identical to western
Atlantic C. xamachana collected at the two Bermuda
localities and the Florida Keys (mean divergence 0.3%).
Sequences from western Atlantic C. frondosa were
genetically distinct from other Cassiopea COI sequences,
ranging from 18.6%–23.3% divergent from all other
haplotypes, and were similar to one another ( £ 2.0%).

Phylogenetic analyses using three approaches, MP,
ML and ME yielded nearly identical ingroup topologies,
providing confidence that the relationships inferred
among Cassiopea COI sequences represent meaningful
patterns and accurate evolutionary relationships (Car-
ranza et al. 2002; Fig. 3). Monophyly of the Cassiopea
species complex with respect to cnidarian outgroups was
strongly supported (92–98%) in all analyses (MP, ML,
ME; Fig. 3). Bootstrap analysis yielded uniformly
strong support for clades representing six distinct lin-
eages (100%), and in all but two instances relationships
among ingroup clades were well-resolved.

Fig. 1 World map showing approximate positions of sampling
localities for the three morphologically-defined species of upside-
down jellyfishes, Cassiopea andromeda, C. frondosa, and C. xama-
chana. Numbers in parentheses indicate localities where more than
one population was sampled. For more detailed locality names see
Table 1

Fig. 2 Map of Hawaiian Islands of Moloka’i and O’ahu showing
the approximate geographic locations of six populations of
Cassiopea medusae sampled
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Discussion and conclusions

Molecular systematics: reconciling morphology and
molecules

Taxonomists traditionally have used diagnostic mor-
phological characters to identify species, assuming phe-
notypic discontinuities reflect underlying genetic
distinctions. Evolutionary biologists have generally rec-
ognized genetically discrete groups of individuals as
species based on the assumption that genetic differenti-
ation reflects reproductive isolation. However, the
growing number of exceptions to these generalities, their
attendant species concepts, and implied processes of
speciation have sparked a revolution in the field of
speciation biology (Mallet 2001). A new and more
Darwinian perspective, that integrates a greater range of
data types in holistic definitions of species (e.g. Tem-
pleton 1989; Crandall et al. 2000; Knowlton 2000) and
that considers populations, varieties, and species as
stages along an evolutionary continuum, is in the
ascendant (Mallet 2001). In this new approach, molec-
ular data in particular have an increasingly important
role (Hebert et al. 2003; Tautz et al. 2003).

Controversy persists as to how much molecular var-
iation is needed to define species (e.g. Collin 2000). A
survey of the literature suggests that 10–20% sequence
divergence in COI may be a suitable benchmark (Daw-
son and Jacobs 2001), which is consistent with the
18.4%–20.9% pairwise sequence divergences (16.0%–
17.6% uncorrected) observed between the tradition-
ally recognized moon jellyfish species Aurelia aurita,

A. labiata, and A. limbata (reanalysis of data in Dawson
and Jacobs 2001). Therefore, we consider molecular
divergences at the upper limits of values revealed in this
study (10.9–23.4%), which exceed many published
maximum values for intraspecific divergences (Table 4),
as sufficient for species recognition. Consequently, we
propose that COI sequence data support recognition of
six Cassiopea species: C. frondosa plus five genetically
distinct but morphologically cryptic species (Fig. 3).

Cassiopea frondosa is the only species in the genus that
has been reliably and consistently separated from the
others based on morphology; mtDNA data confirmed
that it is a distinct systematic entity. Cassiopea frondosa
sequences from Panama and the Florida Keys formed a
well-supported clade with relatively low sequence diver-
gence (2.0%) and were a minimum of 18.6% divergent
from all other sequences. Cassiopea frondosa sequences
were 20.4% mean pairwise sequence divergence from C.
xamachana, which also occurs in the western Atlantic.
That C. frondosa and C. xamachana both occur in the
Florida Keys, yet can be distinguished morphologically
and genetically, provides additional evidence that such
molecular divergence reflects reproductively isolated
species. High levels of nucleotide divergence were also
detected among windward versus leeward populations of
the putative single species C. andromeda from O’ahu
(20.3%), and between two C. andromeda populations
from PNG 20.2% (16.3–17.2% uncorrected) (Table 3).
Cassiopea medusae from Fiji, Indonesia and Palau com-
prised a genetically distinct clade, from which the Port
Douglas Australia haplotype was separated by 10.9%
(9.7% uncorrected). Molecular divergence values for

Table 3 Pairwise genetic distance matrix for 615 bp COI fragments
from medusae of the genus Cassiopea. Values shown below diag-
onal are pairwise molecular genetic distances, computed using the
Kimura 2-parameter substitution model. Above the diagonal are
standard errors estimated by bootstrap method (replications
=1,000, random number seed =79,471). Distances shown along
diagonala represent mean pairwise within-population values, and
are shown where multiple specimens were sampled from a single
locality. Below the matrix 1–15 represent traditional binomials,
number of sequences analyzed per locality (in parentheses), and
sampling locality: 1. Cassiopea andromeda (5), Hilton Lagoon,

leeward O’ahu, Hawai’i; 2. C. andromeda (7), Kahuku, windward
O’ahu, Hawai’i; 3. C. andromeda (2), El Ghardaqa, Egypt, Red Sea;
4. C. andromeda (2), Observation Point, Papua New Guinea; 5. C.
andromeda (2), Emona, Papua New Guinea; 6. C. andromeda (1),
Port Douglas, Queensland, Australia; 7. C. andromeda (1), Kak-
aban, Kalimantan, Indonesia; 8. C. andromeda (2), Moloka’i, Ha-
wai’i; 9. C. andromeda (2), Koror, Palau; 10. C. andromeda (1),
Dravuni, Fiji; 11. C. frondosa (1), San Blas Islands, Panama; 12. C.
frondosa (1), Florida Keys; 13. C. xamachana (2), Walsingham
Pond, Bermuda; 14. C. xamachana (2), Richardson Bay, Bermuda;
15. C. xamachana (1), Florida Keys

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 0.005a 0.020 0.007 0.021 0.020 0.019 0.020 0.007 0.020 0.020 0.020 0.020 0.006 0.006 0.006
2 0.203 0.000a 0.019 0.020 0.004 0.019 0.020 0.019 0.020 0.020 0.020 0.019 0.019 0.019 0.019
3 0.030 0.176 0.000a 0.021 0.019 0.019 0.019 0.003 0.019 0.019 0.019 0.019 0.002 0.003 0.002
4 0.220 0.195 0.214 0.069a 0.021 0.021 0.022 0.021 0.022 0.022 0.022 0.022 0.020 0.021 0.020
5 0.212 0.013 0.185 0.202 0.000a 0.020 0.020 0.020 0.020 0.020 0.019 0.018 0.020 0.020 0.019
6 0.207 0.200 0.189 0.213 0.204 – 0.014 0.019 0.014 0.014 0.020 0.020 0.018 0.018 0.018
7 0.219 0.204 0.192 0.234 0.210 0.102 – 0.019 0.008 0.007 0.021 0.021 0.019 0.020 0.019
8 0.030 0.184 0.007 0.220 0.192 0.192 0.195 0.005a 0.019 0.019 0.020 0.020 0.002 0.003 0.002
9 0.221 0.199 0.198 0.229 0.205 0.109 0.039 0.203 0.007a 0.003 0.022 0.021 0.019 0.019 0.019
10 0.217 0.195 0.192 0.220 0.201 0.102 0.034 0.199 0.007 – 0.021 0.021 0.019 0.019 0.019
11 0.225 0.199 0.198 0.213 0.195 0.204 0.218 0.205 0.233 0.224 – 0.005 0.019 0.020 0.019
12 0.229 0.190 0.201 0.225 0.186 0.205 0.219 0.209 0.230 0.221 0.020 – 0.019 0.020 0.019
13 0.026 0.180 0.003 0.214 0.189 0.187 0.194 0.003 0.198 0.194 0.202 0.205 0.010a 0.002 0.000
14 0.028 0.183 0.005 0.216 0.191 0.189 0.196 0.005 0.200 0.196 0.204 0.208 0.002 0.007a 0.002
15 0.027 0.177 0.003 0.212 0.185 0.185 0.190 0.003 0.196 0.192 0.201 0.204 0.000 0.002 –

a Mean pairwise within-population values
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within-locality comparisons were uniformly low, 1% or
less, with the exception of Observation Point, PNG 6.9%
pairwise sequence divergence (3.9% uncorrected).

Morphological examination of 70 specimens from
multiple sampling sites on O’ahu revealed substantial
polymorphism but no informative pattern of differenti-
ation (Table 2). Interestingly, all four windward O’ahu
populations sampled were found to be comprised entirely
of male individuals, and COI sequences from these pop-
ulations were identical (0.0% pairwise sequence diver-
gence). In contrast, the leeward O’ahu medusae collected
from the Hilton lagoon were either simultaneous her-
maphrodites or gonochoristic (Hofmann and Hadfield
2002). The mean within-population sequence variation
from the Hilton lagoon sequences was 0.5% (Table 3).

Cryptic invasive species and potential geographic sources

Notwithstanding their original identifications as C. me-
dusa and C. mertensi, invasive populations of Cassiopea
on O’ahu have been assumed to comprise a single spe-

cies, C. andromeda (Gohar and Eisaway 1960; Hum-
melinck 1968; Hofmann and Hadfield 2002), due to their
morphological similarity (Table 2). The presence of two
distinct genetic lineages of Cassiopea on O’ahu, with a
mean pairwise molecular divergence of 20.3%, therefore
provides an example where taxonomic uncertainty and
the presence of morphologically similar populations of
cryptic marine species has obscured the underlying ge-
netic signal of at least two separate introductions.

Genetic data suggest that populations from wind-
ward O’ahu originated in the Indo-Pacific (possibly in or
near PNG), and that the leeward O’ahu population
sampled originated in either the Red Sea or the western
Atlantic Ocean. These routes are consistent with other
introductions of marine invertebrates into Hawaiian
waters. The two most common biogeographic sources of
at least 287 exotic taxa established in Hawai’i are the
Indo-Pacific (61 species, 21.3%) and the western
Atlantic (30 species, 10.5%) (Eldredge and Carlton
2002). This suggests anthropogenic introductions of
Cassiopea are associated with the same mechanisms as
other marine invertebrate invasions, namely hull-foul-

Fig. 3 Minimum evolution
phylogram based on a 615
basepair fragment of the
cytochrome c oxidase I gene of
upside-down jellyfish,
Cassiopea spp., and cnidarian
outgroups. Bootstrap values for
major nodes were estimated
with 1,000 parsimony, and
minimum evolution, replicates,
and 100 likelihood replicates,
shown on the tree. Operational
taxonomic units (OTUs)
include traditional scientific
names (Gohar and Eisaway
1960; Hummelinck 1968) and
geographic information.
Abbreviations in OTUs can be
found in Table 3, approximate
geographic sample localities are
shown in Fig. 1, and the six
proposed species designations
are shown to the right of each
clade. Maximum molecular
divergence values shown for
each ingroup clade were
determined using the Kimura
2-parameter substitution model
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ing, ballast-water release, intentional or unintentional
direct release (Holland 2000) and similar ecological
constraints (e.g. Sax 2001). Like other introduced
scyphozoans, Cassiopea are capable of colonizing large
nearshore areas and producing problematic blooms
(Mills 2001). Coastal eutrophication, habitat distur-
bance and mangrove filling have been identified as
leading causes in large-scale increases of C. xamachana
in the Bojorquez Lagoon, Mexico (Arai 2001).

The populations of Cassiopea in Hawai’i representing
the two divergent O’ahu haplotypes (20.3%) appear to
be geographically separated on windward and leeward
shores of the island, which may reflect ecological dif-
ferences at their sources. Two deeply divergent lineages
were also identified from PNG, from Emona and
Observation Point (20.2%), again indicating that what
has been classed as a single systematic entity on mor-
phological grounds actually has a more complex evolu-
tionary history involving substantial periods of
reproductive isolation. At this time, it is impossible to
determine whether one of these species has been intro-
duced, also a possibility during the mid-1900s. The
currently limited data describing two distinct haplotypes
in two different environments (Emona is a muddy reef
and mangrove area, while Observation Point is a dark
sand slope with adjacent fringing reef and seagrass) near
the Indo-West Pacific center of marine biodiversity also
would be consistent with multiple evolutionary scenarios

including micro-allopatric, parapatric, peripatric, and
sympatric speciation, or allopatric speciation followed
by range extension. Geographic overlap of divergent
genotypes associated with fine-scale ecological separa-
tion has also been reported in the jellyfishes Aurelia and
Mastigias (Dawson and Jacobs 2001; Dawson 2003).
Thus, local adaptation may have contributed to eco-
logical speciation.

Historical biogeography and evolution of Cassiopea

Kramp (1970) proposed that Cassiopea is an evolu-
tionarily ancient genus that originated in the Indo-Pa-
cific and dispersed south of Africa into the Atlantic. The
Atlantic range expansion ended in the late Tertiary when
the connection was terminated and eastern Atlantic
representatives became extinct (Kramp 1970). The phy-
logeny presented is generally consistent with an older
Pacific and more recent Atlantic history of Cassiopea,
although greater complexity is implied despite the lim-
ited resolution of some internal nodes (Fig. 3). If we
apply the rule of thumb of 0.5–1.4% sequence diver-
gence per million years for COI (Knowlton and Weigt
1998), molecular differences among proposed Cassiopea
species (23.4–10.9%) suggest divergences on the order of
46–8 million years ago, indicating speciation as early as
the mid-Eocene to early Miocene, similar to estimates

Table 4 Molecular divergence values for various invertebrate taxa based on the mtDNA cytochrome c oxidase I (COI) gene sequences.
NA Information not available

Taxon Divergence
(%)

Taxonomic
level

Morphologically
separable?

Author

Marine invertebrates
Gammarus—amphipod 11.5–30.8 Intrageneric NA Meyran et al. 1997
Pyura—tunicates 25 Intrageneric NA Castilla et al. 2002
Asterinidae—starfish 24.5 Intrageneric NA Hart et al. 1997
Aurelia—jellyfish 13–24 Intrageneric Yesa Dawson and Jacobs 2001
Crassostrea—oyster 23.5 Intrageneric No O’Foighil et al. 1998
Linckia—starfish 7.5–22.1 Intrageneric Yes Williams 2000
Alpheus—snapping shrimp 4–19 Intrageneric NA Knowlton and Weigt 1998
Pseudocalanus—copepod 18 Intrageneric NA Bucklin et al. 1998
Loligo—squid 15 Intrageneric Yes Herke and Foltz 2002
Vesicomyidae—deep-sea clams 7.5 Intrageneric NA Peek et al. 2000
Crepidula—slipper shell 6.9 Intrageneric NA Collin 2000
Cassiopea spp.—upside-down jellyfish 20.2–20.3 Intrageneric No Holland et al. (present study)
Cassiopea andromeda—upside-down jellyfish 10.2–23.4 See text No Holland et al. (present study)
Strongylocentrotus—sea urchin 3.1 Intraspecific No Flowers et al. 2002
Non-marine invertebrates
Speonomus—cave beetles 26.7 Intrageneric Yes Caccone and Sbordoni 2001
Succinea—land snails 20.6 Intrageneric Yes Rundell et al. 2004
Neoclamiscus—leaf beetles 25.1 Intrageneric NA Funk 1999
N. gibbosus 11.1 Intraspecific NA –
Coccotrypes 20.4 Intrageneric Yes Jordal et al. 2002
C. advena 19.0 Intraspecific NA –
C. fallax 9.5 Intraspecific NA –
C. litoralis 2.6 Intraspecific NA –
Cypridopsis vadua—ostracod 17 Intraspecific NA Cywinska and Hebert 2002
Deinacrida connectens—scree weta 13 Intraspecific No Trewick et al. 2000
Brachiones plicatulis—rotifer 12 Intraspecific No Gómez et al. 2002
Achatinella mustelina—tree snail 5.3 Intraspecific No Holland and Hadfield 2002
Maoricicada campbelli—cicada 4 Intraspecific NA Buckley et al. 2001

a See also Dawson (2003)
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for cryptic Aurelia species (Dawson and Jacobs 2001).
However, estimates of divergence times for scyphozoans
are uncertain for several reasons, including: (1) lack of
fossil evidence for a local molecular clock calibration;
(2) the few substitution rates that are known for cnida-
rians are lower than those for most other taxa; and (3)
divergence estimates may be underestimated since satu-
ration can cause homoplasy in protein coding gene data.
In addition, as yet undiscovered cryptic species in un-
sampled localities may alter phylogenetic relationships
and historical biogeographic interpretations.

It is clear that in this evolutionarily ancient group, as
in the globally distributed scyphozoan genus Aurelia
(Dawson and Jacobs 2001), molecular evolution has
outpaced morphological divergence. This phenomenon
is in marked contrast to species complexes that exhibit
little molecular divergence in spite of dramatic pheno-
typic polymorphism, such as among African Rift Valley
cichlids (Bowers et al. 1994; Meyer et al. 1996) and is-
land radiations of birds (Tarr and Fleischer 1995) and
plants (Baldwin and Robichaux 1995). The selective re-
gimes in which morphology has evolved at such an
accelerated pace have garnered considerable attention.
Examples of morphological similarity persisting despite
tens of millions of years of reproductive isolation are
equally intriguing, being reminiscent of living fossils,
although the underlying selective mechanisms at work
may be somewhat less clear. Phenotypic similarity across
multiple lineages may result from recent speciation,
stabilizing selection, an absence of disruptive selection,
or evolutionary convergence. Molecular data reveal that
in the case of Cassiopea genetically separable lineages
split long ago, refuting similarity due to recent common
ancestry, and convergence is unlikely since the Cassiopea
species complex is monophyletic (Fig. 3).

Reconstructions of speciation scenarios often rely on
multiple assumptions, many of which must be deduced
from present day ecology, distribution and divergence
patterns (Lessios 1998). In the case of the genus Cassi-
opea, its ecological niche may hint at the causes behind a
pattern of speciation that is characterized by reproduc-
tive isolation and long-term maintenance of similar
phenotypes. Cassiopea occupies a benthic niche in which
relatively clear shallow water is required for exposure of
photosymbionts in the oral surface during daylight
hours permitting photosynthetic activity. Mangrove-
sheltered habitat is favorable for Cassiopea spp. repro-
duction, as degrading mangrove leaves provide primary
settlement sites and possibly metamorphic cues for sex-
ual and asexual propagules (Fleck and Fitt 1999; Hof-
mann and Hadfield 2002). Mangrove habitat tends to be
patchily distributed globally in tropical latitudes,
depending on geological and hydrographic conditions.
Cassiopea is not a strong natural disperser, and its global
distribution may therefore be the result of sweepstakes
dispersal in which long-distance gene flow is extremely
rare. Divergent Cassiopea haplotypes may provide
examples of allopatric speciation driven by the forces of
rare dispersal, long periods of ecological stability, geo-

graphic isolation, and stabilizing selection. However,
highly divergent lineages sampled from different habitats
in the same vicinity (e.g. PNG and western Atlantic) also
provide evidence for ecological divergence or post-spe-
ciation dispersal.

Systematic recommendations

Results of this study indicate a need for global taxo-
nomic revision of the genus Cassiopea. Since this
investigation employed a single mtDNA marker and
limited geographic sampling, it would be inappropriate
to update the systematics of the genus based solely on
these data. However, the preliminary systematic impli-
cations warrant future reappraisal and clarification
using one or more nuclear genetic markers and detailed
examination of structures such as subgenital ostia and
gastroventricular canals (Thiel 1975).

All three currently recognized species of Cassiopea
were sampled: C. andromeda, C. frondosa, and
C. xamachana. Phylogenetic results, however, support
the existence of at least six species. (1) Genetic results
confirm the distinction of western Atlantic C. frondosa
(Pallas 1774) sampled from the Florida Keys and
Atlantic coast of Panama. (2) The Red Sea/leeward-
O’ahu/Moloka’i/western-Atlantic clade most probably
represents C. andromeda (Forskal 1775), which origi-
nally was described from the Red Sea. (3) For the clade
including the Indonesia/Palau/Fiji haplotypes we pro-
pose C. ornata, because the type locality for this species
includes Palau (Haeckel 1880), which is more precise
than the alternative ‘‘Neu-Guinea’’ (Haeckel 1880), and
because C. ornata has priority over C. ndrosia described
from Fiji (Agassiz and Mayer 1899). We did not sample
close to the type localities of the remaining three species,
so it is unclear which available names might apply. At
the present time, therefore, we propose that these phy-
logenetic species should be referred to as follows: (4)
Cassiopea sp.1 representing the Port Douglas Australia
haplotype (5) Cassiopea sp. 2 for the Observation Point
PNG clade and (6) Cassiopea sp. 3 representing the
windward O’ahu and Emona PNG clade.
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