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Synopsis A stable phylogenetic hypothesis for families within jellyfish class Scyphozoa has been elusive. Reasons for the

lack of resolution of scyphozoan familial relationships include a dearth of morphological characters that reliably distin-

guish taxa and incomplete taxonomic sampling in molecular studies. Here, we address the latter issue by using maximum

likelihood and Bayesian methods to reconstruct the phylogenetic relationships among all 19 currently valid scyphozoan

families, using sequence data from two nuclear genes: 18S and 28S rDNA. Consistent with prior morphological hypoth-

eses, we find strong evidence for monophyly of subclass Discomedusae, order Coronatae, rhizostome suborder

Kolpophorae and superfamilies Actinomyariae, Kampylomyariae, Krikomyariae, and Scapulatae. Eleven of the 19 cur-

rently recognized scyphozoan families are robustly monophyletic, and we suggest recognition of two new families pending

further analyses. In contrast to long-standing morphological hypotheses, the phylogeny shows coronate family

Nausithoidae, semaeostome family Cyaneidae, and rhizostome suborder Daktyliophorae to be nonmonophyletic. Our

analyses neither strongly support nor strongly refute monophyly of order Rhizostomeae, superfamily Inscapulatae, and

families Ulmaridae, Catostylidae, Lychnorhizidae, and Rhizostomatidae. These taxa, as well as familial relationships within

Coronatae and within rhizostome superfamily Inscapulatae, remain unclear and may be resolved by additional genomic

and taxonomic sampling. In addition to clarifying some historically difficult taxonomic questions and highlighting nodes

in particular need of further attention, the molecular phylogeny presented here will facilitate more robust study of

phenotypic evolution in the Scyphozoa, including the evolution characters associated with mass occurrences of jellyfish.

Introduction

Class Scyphozoa includes approximately 200 mor-

phospecies of jellyfish that occur from brackish estu-

aries, across the epipelagic ocean, to the abyssal

depths (Mayer 1910; Kramp 1961; Russell 1970;

Arai 1997). These pelagic (sensu lato) cnidarians di-

versified in their roles as key predators in marine

ecosystems throughout the Phanerozoic, unequivo-

cally since the Middle Cambrian (Hagadorn et al.

2002; Cartwright et al. 2007; Hagadorn and Belt

2008) and most likely during the Neoproterozoic

(Cartwright et al. 2007), although interpretations of

Ediacaran body fossils as medusae (Wallcott 1911;

Willoughby and Robison 1979; Rigby and Milsom

2000) remain in doubt (Young and Hagadorn in

press). Marine fossil deposits from the Late

Cambrian suggest an ancient origin of mass occur-

rences of scyphomedusae (Hagadorn et al. 2002), but

Integrative and Comparative Biology, pp. 1–20

doi:10.1093/icb/icq074

� The Author 2010. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.

For permissions please email: journals.permissions@oxfordjournals.org.

 Integrative and Comparative Biology Advance Access published June 23, 2010
 at S

m
ithsonian Institution Libraries on June 24, 2010 

http://icb.oxfordjournals.org
D

ow
nloaded from

 

http://icb.oxfordjournals.org


recently scyphozoans have been increasingly vilified

as nuisance species that form immense accumula-

tions with detrimental ecological and economic im-

pacts around the world. Aggregations, blooms, and

swarms can adversely affect important fisheries, sting,

and injure swimmers, clog the water intakes of

power plants, invade ecosystems, and elicit dysoxic

conditions where large numbers of jellyfish carcasses

are deposited (Arai 1997; Mills 2001; Hay 2006;

Graham and Bayha 2007; Purcell et al. 2007; Pitt

et al. 2009; Richardson et al. 2009; West et al.

2009). The causes of mass occurrences, however,

remain poorly understood, in part because of the

lack of a clear phylogenetic framework for interpret-

ing the evolution of traits associated with these phe-

nomena (Hamner and Dawson 2009).

Resolving a stable phylogeny of the Scyphozoa has

likely been hindered by a relative dearth of morpho-

logical characters that reliably distinguish taxa of

these simple soft-bodied invertebrates (Mayer 1910;

Kramp 1961; e.g., Dawson 2003). Traditional taxo-

nomic and morphological phylogenetic frameworks

have only been successful in reliably delineating

and reconstructing evolutionary relationships

among a subset of taxa. Thus, a wealth of competing

phylogenetic hypotheses exist, subject to frequent

systematic revision at taxonomic levels from class

to species (Kramp 1955, 1961; Werner 1975; Mills

et al. 1987; Marques and Collins 2004; Figs. 1

and 2). For example, placement of Staurozoa as a

class separate from Scyphozoa is based on only five

nonhomoplasious morphological characters

(Marques and Collins 2004), which, depending on

how they are scored, can result in staurozoans

being either derived or descended from the earliest

divergence within Medusozoa (Marques and Collins

2004; cf. van Iten et al. 2006). Order Semaeostomeae

is either reciprocally monophyletic to other scypho-

zoan orders or paraphyletic with respect to

Rhizostomeae (Bigelow 1909; Kramp 1961; Arai

1997; Mianzan and Cornelius 1999; cf. Haeckel

1882; Mayer 1910; Uchida 1926; Thiel 1966;

Marques and Collins 2004; Figs. 1 and 2). Within

Semaeostomeae, morphology has inconsistently
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Fig. 1 Cladograms showing the diversity of relationships among classes and orders of medusae within Cnidaria that were hypothesized

as a result of morphological analyses: (A) Hyman (1940), Thiel (1966); (B) Uchida (1963, 1972); (C) Werner (1973); (D) Marques and

Collins (2004); (E) van Iten et al. (2006). Two major areas of debate have been whether Coronatae, Cubozoa, or Staurozoa is sister

taxon to Discomedusae and, more relevant to this manuscript, whether Semaeostomeae is paraphyletic (Hyman 1940; Thiel 1966) or

monophyletic (Uchida 1963, 1972; Werner 1973; Marques and Collins 2004) with respect to Rhizostomeae.
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resolved relationships among families Cyaneidae,

Pelagiidae, and Ulmaridae (Haeckel 1882; Mayer

1910; Uchida 1926; Kramp 1961; Fig. 2), within

family Pelagiidae (Agassiz 1862; Mayer 1910;

Gershwin and Collins 2002; cf. Kramp 1955; Calder

1972), and within genera such as Aurelia (Mayer

1910; cf. Kramp 1968) and Cyanea (Agassiz 1862;

Von Lendenfeld 1882; Haacke 1888; cf. Stiasny and

van der Maaden 1943; Kramp 1961, 1965).

In recent years, molecular analyses have reduced

systematic instability by providing strong evidence in

favor of one or another morphological hypothesis

at various nodes throughout the scyphozoan tree of

life. For example, molecular analyses consistently

identify Staurozoa as a basally branching class

within the Medusozoa (Collins 2002; Dawson 2004;

Collins et al. 2006), consistent with the morpho-

logical hypothesis of Van Iten et al. (2006).
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Fig. 2 Comparisons of some morphological hypotheses of relationships among orders and families of Scyphozoa: (A) Uchida (1926);

(B) Stiasny (1921); (C) Kramp (1961). Differences among hypotheses regarding familial relationships within the Semaeostomeae and

Rhizostomeae can be clearly seen. While Uchida (1926) and Stiasny (1921) both recognized the paraphyly of the Semaeostomeae, only

Uchida (1926) showed this paraphyly to be due to the placement of Family Ulmaridae. Both Stiasny (1921) and Kramp (1961) indicate

the Daktyliophorae and Kolpophorae to be reciprocally monophyletic groups.
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Well-resolved molecular phylogenies indicate that

semaeostomes are paraphyletic with respect to rhi-

zostomes (Collins 2002; Collins et al. 2006; Hamner

and Dawson 2009) because family Ulmaridae is sister

taxon to order Rhizostomeae rather than to

Cyaneidae and/or Pelagiidae (Collins 2002; Collins

et al. 2006; Hamner and Dawson 2009). Likewise,

molecular studies estimate species richness within

Aurelia and Cyanea to be more similar to the earlier

higher estimates of Mayer (1910) than the later lower

estimates of Kramp (1961, 1968) who synonymized

many taxa (Dawson and Jacobs 2001; Dawson 2003,

2005a, 2005b).

Despite recent progress, a number of morpholog-

ical hypotheses remain unaddressed or poorly re-

solved by molecular studies. Particularly, familial

relationships among scyphozoans have never been

the focus of any molecular phylogenetic analysis

even though they have been inconsistently resolved

morphologically (Fig. 2) and a higher-level molecular

analysis suggests paraphyletic and polyphyletic fami-

lies may be commonplace (Dawson 2004). The lack

of resolution in family-level molecular systematics of

scyphozoans may result from inadequate taxonomic

sampling, gene sampling, or choice of analytical

methods (see discussions of these problems by

Yoder and Irwin 1999; Zwickl and Hillis 2002;

Telford et al. 2005; Heath et al. 2008; but see

Regier et al. 2008; Seo and Kishino 2008). In previ-

ous molecular studies, taxonomic coverage has been

variable and incomplete, ranging from as few as eight

species in seven families (Collins 2002) to only

24 species in 12 families (Hamner and Dawson

2009), leaving one-third of family-level diversity

unrepresented, principally absent from Coronatae

and daktyliophoran rhizostomes. The molecular

analyses with greatest taxon sampling had limited

gene sampling and did not apply Bayesian statistical

techniques (Hamner and Dawson 2009); those sam-

pling more nucleotides and applying Bayesian infer-

ence were taxonomically less comprehensive (Collins

et al. 2006). Although all used ribosomal DNA, none

considered secondary structure in alignment or as-

sessed character independence or homology (Telford

et al. 2005; Regier et al. 2008; but see Seo and

Kishino 2008).

Here, we estimate the relationships among

48 species of jellyfishes representing all 19 cur-

rently recognized scyphozoan families using

maximum likelihood (ML) and Bayesian phyloge-

netic analyses of 18S and 28S rDNA aligned with

and without reference to ribosomal secondary

structure.

Materials and methods

Sample collection

Specimens were collected in the field or at public

aquaria by the authors or professional biologists

and tissue samples were either preserved immediately

in liquid nitrogen and stored at �808C, or preserved

in 75–100% ethanol or DMSO–NaCl solution

(Dawson et al. 1998) and stored at �158C. Species

were identified at the point of collection and, where

possible, confirmed by the authors on receipt of

voucher specimens or original photographs and

videos (Table 1), except Cassiopea andromeda and

C. frondosa, which were identified by comparing mi-

tochondrial cytochrome c oxidase I (COI) sequences

to those in Holland et al. (2004). In total, 55 speci-

mens were collected from 48 species. All 19 families

of Scyphozoa were represented by at least two speci-

mens per family with two exceptions: only one

specimen was available for Atorellidae and for

Lobonematidae. In the case of monogeneric families

(Cassiopea), we sampled one specimen from at least

two species, and in the case of monospecific families

or when only one species was available from a family

we sampled at least two conspecific individuals usu-

ally from different locations or different times.

Amplification and sequencing

Genomic DNA was extracted using CTAB with

phenol–chlorofom (Dawson et al. 1998), DNAzol

(Chomczynski et al. 1997), or the Qiagen DNAeasy

Kit (Invitrogen Inc). Polymerase chain reaction

(PCR) amplifications were performed on an

Applied Biosystems 2720 Thermal Cycler. Primers

used to amplify nuclear 18S rDNA (SSU) and 28S

rDNA (LSU) are provided in Table 2. Each 50 mL

PCR consisted of 0.5 mM primers, 5.0 mL 10�

buffer, 3 mM MgCl2, 0.2 mM dNTPs (Applied

Biosystems, Foster City, CA, USA) and 1 mL of tem-

plate DNA. We amplified SSU either as (1) a single

amplicon using primers 18Sa and 18Sb with reaction

conditions 948C for 120 s, then 38 cycles of 948C for

45 s, 488C for 60 s and 728C for 120 s, followed by a

final step of 728C for 600 s before storage at 48C or

(2) in two pieces using 18Sa with AaH18S_1318 and

C with 18Sb and the same reaction conditions except

the elongation step during cycling was reduced to

90 s. We amplified LSU with primers Aa_L28S_21

and Aa_H28S_1078 or LSUD1F and LSU4Ra; reac-

tion conditions were 948C for 120 s, then 38 cycles of

948C for 45 s, 488C for 60 s and 728C for 90 s, fol-

lowed by 728C for 600 s then storage at 48C. PCR

amplicons were directly sequenced using a combina-

tion of sequencing primers (Table 1). However, some
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amplifications proved difficult to sequence directly

and were first cloned using the TOPO TA Cloning

Kit for Sequencing (Invitrogen Inc.) and then se-

quenced using primers T3 (ATTAACCCTCACTAA

AGGGA) and T7 (TAATACGACTCACTATAGGG)

and inner sequencing primers (Table 2). DNA se-

quencing was performed by Cogenics Inc.

(Houston, TX, USA) or University of Washington

High-Throughput Genomics Unit (Seattle, WA,

USA). Sequences were compared to the GENBANK

nucleotide database via BLASTn (Altschul et al.

1997) to confirm the correct region had been se-

quenced, then assembled in Sequencher v4.8 (Gene

Codes Corp., Ann Arbor) and checked by eye to

remove primers and to correct base calls. All se-

quences were deposited in Genbank (HM194768-

HM194875 and HM215008-HM215009).

Phylogenetic reconstruction

Due to concerns regarding the general lack of objec-

tivity and repeatability of time-intensive manual

DNA sequence alignments, yet also the poor perfor-

mance of some computational methods in success-

fully aligning sequences containing nonuniformly

distributed nonindependent gaps (Kjer et al. 2006),

we used three alignment strategies with four phylo-

genetic reconstruction methods to estimate evolu-

tionary relationships within Scyphozoa. Our

primary goal was to reconstruct a robust phylogeny

while, secondarily, gaining some insight into the rel-

ative merits of using secondary structure in phyloge-

netic analyses of Scyphozoa and assessing which

parts of the tree are sensitive to the choice of recon-

struction method.

Alignment

Alignment strategy #1 (AS1)

Sequences were aligned using CLUSTALX v.2.0 (Larkin

et al. 2007), because it is the most widely used align-

ment tool (Higgins and Lemey 2009), and MAFFT

using the E-INS-I strategy (Katoh and Kuma 2002)

which uses iterative refinement methods applicable

to loci containing conserved motifs embedded

within hypervariable regions (Katoh and Toh

2008). CLUSTALX alignments used four different

gap-opening:gap-extension penalty combinations

(6.7 : 15, 10 : 5, 10 : 2, 2 : 1) and MAFFT used four

different gap-opening:offset-value penalty combina-

tions (1.53 : 0, 2.0 : 0.25, 2.5 : 0.5, 3.0 : 0.75, 3.0 : 1.0).

Alignment quality was evaluated by obtaining

column scores in CLUSTALX v.2.0 and the alignment

with the highest normalized product of total column

scores (TCS) and average column scores (ACS), cal-

culated as TCS/TCSmax�ACS/ACSmax, was chosen

for subsequent analyses.

Alignment strategy #2 (AS2)

SSU and LSU sequences were aligned manually to

secondary-structure models for Cnidaria designed

using a DCSE annotated SSU template from the

European ribosomal RNA Database (http://bioinfor

matics.psb.ugent.be/webtools/rRNA/index.html) and

a LSU template from Schnare et al. (1996),

hand-coded using DCSE (De Rijk and Wachter

1993) notation onto a sequence of the scleractinian

coral Montastraea franksi (GenBank accession

AY026375) and both further refined comparatively

using alignments with representatives of all or-

ders within cnidarians (995 species for SSU and

Table 2 PCR primers employed in this study

Region Primer name Sequence (50–30) Primer purpose Reference

SSU 18Sa AACCTGGTTGATCCTGCCAGT A, S Medlin et al. 1988

18Sb GATCCTTCTGCAGGTTCACCTAC A, S Medlin et al. 1988

Aa_L18S_12 TCCTGCCAGTAGTCATATGCTTG A, S This study

Aa_L18S_88 GCGAATGGCTCATTAAATCAGTT S This study

Aa_H18S_1798 CCTACGGAAACCTTGTTACGA A, S This study

L CCAACTACGAGCTTTTTAACTG S Apakupakul et al. 1999

C CGGTAATTCCAGCTCCAATAG S Apakupakul et al. 1999

Aa_L18S_1159 CGGAAGGGCACCACCAGGAG S This study

Aa_H18S_1318 CAGACAAATCACTCCACCAAC S This study

LSU Aa_L28S_21 GAACRGCTCAAGCTTRAAATCT A, S This study

Aa_H28S_1078 GAAACTTCGGAGGGAACCAGCTAC A, S This study

LSUD1F ACCCGCTGAATTTAAGCATA A, S Matsumoto et al. 2003

LSU4Ra AACCAGCTACTAGRYGGTTCGAT A, S Matsumoto et al. 2003

Aa_L28S_48 GCTTGCAACAGCGAATTGTA S This study

Aa_H28S_1039 GTCTTTCGCCCCTATACCCA S This study

Aa_L28S_260 ATAGCGAACAAGTACCGTGA S This study

Aa_H28S_775 ACTTGCGCACATGTTAGACT S This study

A: PCR amplification primer; S: sequencing primer.
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517 species for LSU—M. Barbeitos, University of

Kansas). Experimental sequences were manually

aligned to the structural models using Genedoc

v.2.6.002 (Nicholas et al. 1997). The putative second-

ary structures of regions that could not be confident-

ly aligned to the template were estimated using

RNAalifold (Hofacker 2003) and further refined

using MFold (Zuker 2003). Base pairing in stem re-

gions was evaluated using the PERL script ReNATon

v0.88 (M. Barbeitos, University of Kansas) and align-

ment issues were corrected in Genedoc and recur-

sively reevaluated with ReNATon. From this final,

overall alignment, two datamatrices were generated:

(1) Alignment strategy #2i (AS2i) included structur-

ally conserved regions concatenated with

machine-aligned hypervariable loop regions, exclud-

ing poorly aligned loop regions (defined as those in

which neither CLUSTALX nor MAFFT always scored

highest for ACS, TCS and normalized product). (2)

Alignment strategy 2ii (AS2ii) included only struc-

turally conserved regions. For both AS2i and AS2ii,

the final DCSE files were parsed by another PERL

script (dsce2jRNA) into a NEXUS file compatible

with the PERL package jRNA (http://hymenoptera.

tamu.edu/rna/). jRNA was used to compile align-

ments for regions that were structurally conserved

as PHYLIP and NEXUS files, the latter with assign-

ment of paired positions in stems.

Alignment strategy #3 (AS3)

The unaligned concatenated SSU and LSU sequences

were used as input into the program MUSCLE (Edgar

2004). To mask poorly aligned regions, the output of

this process was run through GBLOCKS, which

removes gapped positions and regions of question-

able alignment (Castresana 2000), with minimum

block size 10 and gaps present in up to half of the

positions (i.e., parameters �b4¼ 10 and �b5¼ h).

Tree reconstruction

The SSU and LSU data sets were analyzed, indepen-

dently and conjoined, in ML and Bayesian phyloge-

netic frameworks using the substitution models

identified as best fitting the data by hLRT or AIC

in Modeltest v.3.7 (Posada and Crandall 1998).

Conflict between the SSU and LSU data partitions

was tested a priori using the partition homogeneity

test (Farris et al. 1994, 1995) in PAUP* 4.0b10

(Swofford 2003) applying unweighted maximum

parsimony, heuristic TBR search, and 100 homoge-

neity replicates. The partitions were not re-sampled

to adjust for unequal sizes so reported P-values are

likely smaller than the true P-value (Lee 2001). We

also assessed conflict between the SSU and LSU data

partitions a posteriori (see Clade stability below). All

trees were unrooted and drawn with the longest in-

ternal branch placed centrally.

Tree reconstruction method A (TRA)

ML analyses of Alignment strategy #1 (AS1) and

AS2i alignments were undertaken in GARLI v0.96

(Zwickl 2006) run on the CIPRES Portal 2.0

(Miller et al. 2009). For SSU alone, LSU alone, and

SSU and LSU conjoined in a single ‘‘total evidence’’

datamatrix, we used the GTRþIþ� substitution

model (Lanave et al. 1984), with substitution rates

and invariant sites estimated from the data and four

rate categories, beginning each of 20 replicate

searches from a random starting tree topology.

Default values were used for initialization, popula-

tion, branch-length optimization, mutation prior

weighting, mutation details, logs, and run termina-

tion parameters. We subsequently ran bootstrap

analyses using the same parameters, except doing

only two replicate searches for each of 200 bootstrap

repetitions; bootstrap searches were repeated twice to

give a total of 400 bootstrap trees. Bootstrap trees

were renumbered, concatenated in a single file for

each data set, and imported into PAUP* 4.0b10

(Swofford 2003) to calculate bootstrap values on a

majority rule consensus tree. The ML tree was

drawn in Figtree v.1.1.2 (Rambaut 2009a) then anno-

tated with bootstrap values in Adobe Illustrator CS3

(Adobe Systems Incorporated, San Jose, CA, USA).

Tree reconstruction method B (TRB)

Bayesian Markov Chain Monte Carlo analyses of AS1

alignments were undertaken using the BEAST v.1.5.3

software pipeline (Drummond and Rambaut 2007).

Preliminary analyses were set up in BEAUTi v1.5.3

(Drummond and Rambaut 2007), run in BEAST,

and visualized using TRACER v.1.5 (Rambaut and

Drummond 2009) to estimate burn-in times and

run times that would generate stable, Gaussian, pos-

terior density distributions in phylogenetic recon-

struction. Subsequently, for SSU, each phylogenetic

reconstruction in BEAST employed the GTRþIþ�
substitution model with empirical base frequencies,

gamma site heterogeneity with four rate categories,

with all parameters unlinked, and an uncorrelated

exponential relaxed clock with substitution

rate¼ 1.0 and all tip dates set to zero. Starting

trees were randomly generated, and the tree prior

assumed the Yule speciation process. The Markov

chain Monte Carlo (MCMC) was 107 steps long

and parameters were sampled every 103 steps after
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a burn-in of 106 steps. The same analysis was run

two times using different random seeds and conver-

gence within and between runs examined using the

trace plot in TRACER. Convergence of independent

MCMC runs in SSU, LSU, and combined data sets

performed under the GTRþIþ� model was assessed

by visually ascertaining stationarity of log-likelihood

values using TRACER v1.5. We also used the ‘‘cu-

mulative’’, ‘‘compare’’ and ‘‘var’’ diagnostic tools im-

plemented in AWTY (Nylander et al. 2008) (with

default settings) to verify topological convergence

among chains. These analyses were then repeated

using exactly the same conditions except employing

the TN93 substitution model instead of GTR; we

report the combined results of these runs. The

same suite of four searches and checks of conver-

gence were run for LSU. Finally, for the combined

SSU and LSU data set we employed the same search

and convergence criteria, except running three

searches per substitution model, first on the

concatenated ‘‘total evidence’’ data set and then

using two data partitions, one comprised of SSU

and the other LSU. For each data set, a summary

tree was generated by combining the 9001 trees per

run with LogCombiner v1.5.3 (Drummond and

Rambaut 2007) then calculating the maximum

clade credibility tree with median node heights and

450% posterior probabilities in TreeAnnotator v1.5.3

(Drummond and Rambaut 2007). The summary

trees were drawn in FigTree v.1.1.2 (Rambaut

2009a).

Tree reconstruction method C (TRC)

The posterior distribution of trees was obtained

using the MPI version of MrBayes 3.1 (Altekar

et al. 2004) by combining trees yielded by four

independent runs. All analyses were conducted at

the Ohio State University’s Supercomputer Center

(OSC). We employed the GTRþIþ� model with

the gamma distribution being approximated by

four discrete categories. Base co-variation in stems

was taken into account by enforcing the doublet

model (Schöniger and von Haeseler 1994).

Parameters were unlinked across different genes

(in the total evidence analyses) and across loop and

stem partitions within each gene. Chain conver-

gence was also assessed using Tracer v1.4

(Rambaut and Drummond 2007) and AWTY

(Nylander et al. 2008). Runs were interrupted after

convergence was verified using those criteria or after

the maximum wall time allowed by OSC (168 h) was

exceeded.

Tree reconstruction method D (TRD)

If convergence was not achieved, alignment

Alignment strategy #3 (AS3) was converted to

PHYLIP format using the authors’ encodename.pl

program, and evaluated using modelgenerator

(Keane et al. 2006) to determine the best likelihood

model for subsequent analyses. Based on hLRT,

AIC1, and AIC2 criteria, the best model was

GTRþIþ�, whereas the Bayesian BIC selected

TrNþIþ�. Given the consensus of most criteria,

we used GTRþIþ� within the program PhyML

(Guindon and Gascuel 2003) to perform 400 boot-

straps with the following command line options: ‘‘0 i

1 400 GTR e e 8 e BIONJ y y’’, indicating eight rate

categories, and that all parameters (ts/tv, Pinv, alpha

shape parameter) were to be estimated. Upon com-

pletion of the run, the tree names were converted

back to their full names using the decodename.pl

script, and trees were visualized and annotated

using FigTree 1.2.2 (Rambaut 2009b) and Adobe

Illustrator CS3.

Clade stability

Support for taxa and congruence or conflict between

clades in different reconstructions, were assessed at

the 95% bootstrap support and 95% posterior prob-

ability levels. These values were chosen as bench-

marks that correspond, approximately, to an excess

of at least three characters for versus against a clade

(Felsenstein, 1985; Avise, 2000) and 95% confidence

intervals under a set of simplifying assumptions

(Felsenstein 1985; Hillis and Bull 1993;

Huelsenbeck et al. 2002; Alfaro et al. 2003;

Huelsenbeck and Rannala 2004).

Results

Alignment AS1 with tree reconstructions TRA

and TRB

The length of SSU sequences ranged from 1674 to

1775 nucleotides. MAFFT, employing a

gap-opening:offset-value penalty of 2.5:0.5, produced

the best alignment (normalized product

score¼ 0.998). This alignment was 1785 characters

long, of which 197 (i.e., 11.0%) were variable, non-

gapped, and nondegenerate and 166 (9.3%) were

parsimony informative. The LSU sequences ranged

in length from 927 to 1154 nucleotides. ClustalX,

employing a gap-opening:gap-extension penalty of

6.7 : 15, produced the best alignment (normalized

product¼ 0.983). This LSU alignment was 1244

characters long, with 336 sites (i.e., 27.0%) being

variable, nongapped, and nondegenerate and
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Fig. 3 (A) The maximum likelihood SSU gene tree for Scyphozoa reconstructed from a MAFFT alignment (gap-opening:offset-value

penalties 2.5:0.5) using GARLI (20 heuristic replicates) and applying the GTRþIþ� model of sequence evolution [alignment strategy

AS1 and tree reconstruction method A (TRA)]. Gray arrows show alternative topologies present in Bayesian analyses applying the

(continued)

10 K. M. Bayha et al.

 at S
m

ithsonian Institution Libraries on June 24, 2010 
http://icb.oxfordjournals.org

D
ow

nloaded from
 

http://icb.oxfordjournals.org


291 (23.4%) parsimony informative. The partition-

homogeneity test did not reject congruence between

the SSU and LSU partitions (P¼ 0.12).

ML analyses of SSU alone, LSU alone, and

concatenated SSU–LSU each produced a primarily

dichotomously branching tree with moderate to

high bootstrap support at a majority of nodes

(Figs. 3A, 4A, and 5A). Repeat BMCMC runs con-

verged on similar posterior distributions in analyses

of SSU, LSU, or conjoined SSU–LSU. Trace plots

showed tree posterior probabilities reached stationar-

ity during burn-in and adequate mixing during sam-

pling; effective sample sizes for the tree posterior

probability ranged from 133 (for LSU) to 806 (for

SSU) in individual replicates and were 4300 in all

summary analyses that combined replicates. Bivariate

plots of split frequencies showed high correlation

with points deviating less than a few percentage

points from the predicted 1 : 1 line evincing conver-

gence between BMCMC runs, although variance

was greater in conjoined analyses than in analyses

of individual loci. Topologies within and among

runs had absolute difference scores that were all

51 and differences among runs were often the

same as, and always 55�, the differences within

runs; difference scores changed �0.2 during the

final 5� 106 steps. BMCMC analyses of all data

sets thus reconstructed primarily dichotomously

branching trees with moderate to high posterior

probability for a majority of nodes. These topologies

were mostly congruent with ML trees differing only

in regions where nodes received generally low

support (Figs. 3–5).

Alignment AS2 with tree reconstructions TRA

and TRC

Manual alignment of 1674–1775 nucleotides long

SSU sequences yielded a datamatrix 1790 characters

long. Thirty-seven positions were scored as inconsis-

tently aligned and excluded from the data set; 184

(10.5%) positions were variable, nongapped, and

nondegenerate and 154 (8.8%) were parsimony in-

formative. Manual alignment of the 927–1154

nucleotides long partial LSU sequences yielded a

datamatrix 1407 characters long. One hundred and

ten nonstem positions were scored as inconsistently

alignable, another 91 were primarily missing, and

both were excluded from the data set. Of the remain-

ing 1209 positions, 347 (28.7%) were variable, non-

gapped, and nondegenerate and 301 (24.9%) were

parsimony informative.

Alignment AS2i with tree reconstruction TRA

The partition-homogeneity test did not refute con-

gruence between the SSU and LSU partitions in the

AS2i alignment (P¼ 0.25). ML analyses of SSU, LSU,

and combined SSU–LSU alignments (data set AS2i)

each produced a primarily dichotomously branching

tree with bootstrap support 450% for a majority of

nodes (Figs. 3B, 4B, and 5B).

Alignment AS2ii with tree reconstruction TRC

The two runs executed for each gene separately

showed good convergence according to every criteri-

on used (average standard deviation of split frequen-

cies, likelihood trace files and the AWTY diagnostics)

and produced phylogenetic trees with similar topol-

ogies and nodal support (posterior probabilities

40.70) to those created with ML (Figs. 3B, 4B, and

5B). However, in the case of concatenated analysis

under the doublet model, convergence was not

achieved according to any of the above evaluation

criteria before the wall time of 168 h was exceeded

and analysis of the concatenated data set under the

doublet model is not included.

Alignment AS3 with tree reconstruction TRD

The MUSCLE alignment of the 1674–1775 nucleotides

of SSU and 927–1154 nucleotides of LSU resulted in

a concatenated data alignment 3165 base pairs long.

Employing GBLOCKS trimmed this data set to 2609

nucleotides (82% of original data set), of which

536 (20.5%) were variable, nongapped, and nonde-

generate and 449 (17.2%) were parsimony

informative.

Fig. 3 Continued

GTRþIþ� or TN93þIþ� substitution models [alignment strategy AS1 and tree reconstruction method B (TRB)]. Numbers adjacent to

branches show bootstrap support if450% (from 400 bootstraps) followed, after a hyphen, by posterior probability if40.70 presented

as a percentage. Where space for annotating a branch is lacking, statistical support for a clade is indicated by an asterisk and the

support values are presented to the right of the tree bracketing the relevant leaves. Familial and ordinal affiliations of species are

indicated by vertical bars to the right of the tree. (B) The maximum likelihood SSU gene tree for Scyphozoa reconstructed from a

manual secondary structure alignment using GARLI (20 heuristic replicates) and applying the GTRþIþ� model of sequence evolution

(alignment strategy AS2ii and tree reconstruction method TRA). Gray arrows show alternative topologies present in Bayesian analyses

employing the doublet model [alignment strategy AS2ii and tree reconstruction method C (TRC)]. All annotation is the same as

described for part A.
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Fig. 4 (A) The maximum likelihood LSU gene tree for Scyphozoa reconstructed from a CLUSTALX alignment (gap-opening:-

gap-extension penalty of 6.7:15) using GARLI (20 heuristic replicates) and applying the GTRþIþ� model of sequence evolution

(alignment strategy AS1 and tree reconstruction method TRA). Gray arrows show alternative topologies present in Bayesian analyses

applying the GTRþIþ� or TN93þIþ� substitution models (alignment strategy AS1 and tree reconstruction method TRB). (B) The
(continued)
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The ostensibly improved alignment provided by

MUSCLE as compared with ClustalX led to the rearran-

gement of several nodes and affected the sister taxon

relationships of a few taxa, particularly within the

Rhizostomeae (Fig. 5B). It did not, however,

change the major relationships within the tree, attest-

ing to the robustness of this parallel approach re-

garding genes and methodologies.

Clade stability

Analyses of the conjoined data set produced phylo-

genetic trees with overall greater resolution

(49.1–70.9% [average: 57.8� 11.2%; median: 60%]

of the maximum possible nodes [for a fully dichot-

omous tree with 55 OTU’s] received bootstrap sup-

port and/or posterior probability �95%) than either

LSU (range: 40–60%; average: 52.1� 8.7%; median:

54.5%) or the less variable SSU (range: 16.4–50.9%;

average: 34.5� 13.1%; median: 34.5%). A majority of

trees in analyses of SSU, LSU, and SSUþLSU

supported (�95% support value) monophyly of

(1) Subclass Discomedusa; (2) Order Coronatae;

(3) Suborder Kolpophorae; (4) superfamilies

Actinomyariae, Kampylomyariae, Krikomyariae, and

Scapulatae; and (5) families Atollidae, Cassiopeidae,

Cepheidae, Linuchidae, Mastigiidae, Paraphyllinidae,

Pelagiidae, Periphyllidae, Thysanostomatidae, and

Versurigidae. A majority of trees in analyses of

SSU, LSU, and SSUþ LSU refuted monophyly of

Semaeostomeae, Daktyliophorae, Cyaneidae, and

Nausithoidae, instead revealing consistently �95%

support for at least one branch that established para-

phyly or polyphyly of these groups. A majority of

trees neither strongly supported nor strongly refuted

monophyly of Rhizostomeae, Inscapulatae, Catostyli-

dae, Lychnorhizidae, Rhizostomatidae, or Ulmaridae.

Only analyses of Inscapulatae and Ulmaridae yielded

results that conflicted, with three trees strongly

refuting and two to five trees strongly supporting

monophyly of each taxon.

Discussion

Methodological inferences

Our analyses, using three different alignments of nu-

clear ribosomal DNA loci and four different

approaches to tree estimation, reveal that, given

our taxonomic sampling, molecular phylogenetic

inference of evolutionary relationships among scy-

phozoans was generally robust to methodological

issues that may confound other studies (Telford

et al. 2005; Erpenbeck et al. 2007; Fleck et al. 2008;

Ripplinger and Sullivan 2008). The cumulative effects

of differences in loci, alignments, models of substi-

tution, reconstruction methods, and optimality crite-

ria produce primarily concordant topologies, yielding

contradictory inferences about only two groups—

Inscapulatae and Ulmaridae—among a minority of

trees (Figs. 3–5). Nodes that are inconsistently recov-

ered in analyses of different loci are the same nodes

that receive inconsistent support across different

phylogenetic methods and weak support within a

single gene tree. On the other hand, nodes that are

strongly supported in any single analysis are typically

supported in the large majority of analyses (�11 of

17 trees) irrespective of the method applied to esti-

mate the phylogeny from either locus despite 2- to

3-fold difference in the percentage of variable posi-

tions. The trees reconstructed using combined

analyses of SSU and LSU (Fig. 5) were the most

highly resolved, albeit in places still ambiguous,

and provide our preferred hypothesis to compare

with prior morphological phylogenetic hypotheses.

Systematic inferences

Our molecular phylogenetic analysis of the class

Scyphozoa provides greater resolution than previous

molecular analyses performed with fewer taxa

(Collins 2002; Dawson 2004; Collins et al. 2006;

Hamner and Dawson 2009) and therefore stronger

affirmation of some morphological phylogenetic

hypotheses (e.g., aspects of Stiasny 1921; Uchida

1926; Hyman 1940; Thiel 1966) and stronger refuta-

tion of others (e.g., aspects of Kramp 1961).

Affirmation

Our molecular phylogenetic analyses are consistent

with prior analyses that found class Scyphozoa com-

prises two reciprocally monophyletic groups:

Coronatae and Semaeostomeae-plus-Rhizostomeae.

This supports the morphological phylogenetic hy-

potheses of Mayer (1910), Stiasny (1921), Hyman

(1940), Thiel (1966), Marques and Collins (2004),

and van Iten et al. (2005) and favors application of

the term Discomedusae to the clade containing

Fig. 4 Continued

maximum likelihood LSU gene tree for Scyphozoa reconstructed from a manual secondary structure alignment using GARLI

(20 heuristic replicates) and applying the GTRþIþ� model of sequence evolution (alignment strategy AS2ii and tree reconstruction

method TRA). Gray arrows show alternative topologies present in Bayesian analyses employing the doublet model (Alignment strategy

AS2ii and tree reconstruction method TRC). All annotation is the same as described for Fig. 3.
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Fig. 5 (A) The maximum likelihood phylogeny for Scyphozoa reconstructed from concatenated SSU MAFFT and LSU CLUSTALX

alignments using GARLI (20 heuristic replicates) and applying the GTRþIþ� model of sequence evolution (alignment strategy AS1 and

tree reconstruction method TRA). Gray arrows show alternative topologies present in Bayesian analyses of the concatenated data set,

(continued)
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semaeostomes and rhizostomes but excluding the

coronates (Maas 1907; Naumov 1961; Dawson

2004; cf. Haeckel 1879, 1882; Bigelow 1904).

Four of the six currently recognized families

in order Coronatae are supported as reciprocally

monophyletic groups (Atollidae, Linuchidae,

Paraphyllinidae, and Periphyllidae). However, inter-

familial relationships are poorly resolved due to low

sequence divergence within Coronatae. The molecu-

lar phylogenetic results do complement morpholog-

ical analyses that reassigned Stephanoscyphistoma to

Atorella and Nausithoe (Morandini and Jarms 2005),

thus bringing recent evidence into full agreement

with prior observations that Atorella, Nausithoe,

and Linuche scyphomedusae may emanate from

Stephanoscyphus scyphopolyps (Werner 1967, 1971,

1974, 1979).

Discomedusae contains 15 robustly reconstructed

reciprocally monophyletic clades of which five cor-

respond with higher taxonomic groups proposed

on morphological criteria: Superfamily Scapulatae,

Suborder Kolpophorae, and Superfamily Kriko-

myariae plus the superfamilies Actinomyariae and

Kampylomyariae (which are represented by single

families). Thus, of the 13 discomedusan families pro-

posed on morphological grounds (Kramp 1961),

seven form strongly supported reciprocally monophy-

letic clades in our molecular analyses (Cassiopeidae,

Cepheidae, Mastigiidae, Pelagiidae, Stomolophidae,

Thysanostomatidae, and Versurigidae).

Irresolution

Relationships among coronate families (except

Paraphyllinidae and Periphyllidae), among semaeos-

tome families near the base of Discomedusae (parti-

cularly Cyaneidae and Pelagiidae), and among

families at the base of Kolpophorae (particularly

Cassiopeidae and Cepheidae) are not well-resolved.

Our trees also provide no strong evidence, in terms of

reciprocal monophyly, for or against five families—

Atorellidae (Order Coronatae), Lychnorhizidae,

Catostylidae, Lobonematidae (Order Rhizostomeae,

Superfamily Inscapulatae)—due to poor resolution

of relevant nodes or incomplete taxonomic sampling

below the family level.

Reclassification

Our molecular phylogeny conflicts with the current

morphological classification of Scyphozoa by Kramp

(1961) in five ways.

(1) Order Semaeostomeae is paraphyletic with re-

spect to the Rhizostomeae (Figs. 3–5), support-

ing previous morphological studies (Haeckel

1882; Mayer 1910; Uchida 1926; Hyman 1940;

Thiel 1966) and consistent with molecular anal-

yses of fewer taxa (Collins 2002; Dawson 2004;

Collins et al. 2006; Hamner and Dawson 2009).

Further, our trees endorse the hypothesis that

paraphyly is due to a sister taxa relationship

between Ulmaridae and Rhizostomeae

(Agassiz 1862; Haeckel 1882; Uchida 1926;

Collins 2002; Collins et al. 2006; Hamner and

Dawson 2009).

(2) Suborder Daktyliophorae is paraphyletic with re-

spect to the Kolpophorae (Figs. 3–5). Although

the preponderance of morphological hypotheses

have posited reciprocal monophyly of the rhizos-

tome suborders Daktyliophorae and

Kolpophorae (Mayer 1910; Stiasny 1921;

Kramp 1961; but see Uchida 1926) the inscapu-

late daktyliophorans are paraphyletic with re-

spect to Kolpophorae.

(3) Family Cyaneidae is polyphyletic (Figs. 3–5).

Genus Drymonema, a member of Cyaneidae

since first being described as a new genus by

Ernst Haeckel (1880), is unequivocally recipro-

cally monophyletic with respect to all other

clades of semaeostomes—Pelagiidae, Cyaneaþ

Desmonema, and Ulmaridae. Although its rela-

tionship to other clades within Semaeostomeae

is poorly resolved, morphological and genetic

data warrant recognition of Drymonema as the

member of a new family, Drymonematidae

(Bayha and Dawson submitted for publication).

(4) Families Catostylidae, Lobonematidae, and

Lychnorhizidae are polyphyletic and/or paraphy-

letic (Figs. 3–5). Our analyses did not separate

catostylid, lobonematid, or lychnorhizid scypho-

zoans into reciprocally monophyletic groups,

Fig. 5 Continued

or SSU and LSU data partitions, applying the GTRþIþ� or TN93þIþ� substitution models (alignment strategy AS1 and tree

reconstruction method TRB). (B) The maximum likelihood phylogeny for Scyphozoa reconstructed from concatenated manual

secondary-structure alignment using GARLI (20 heuristic replicates) and applying the GTRþIþ� model of sequence evolution

(alignment strategy AS2ii and tree reconstruction method TRA). All annotation is the same as described for Fig. 3, with the exception

that Bayesian analysis are not included (due to nonconvergence of the data sets). In its place, bootstrap values and alternative

topologies (gray arrows) are indicated for maximum likelihood analysis of the muscle-aligned data set trimmed using Gblocks and

analyzed using PhyML (alignment strategy AS3 and tree reconstruction method TRD).

Molecular phylogeny of Scyphozoa 15

 at S
m

ithsonian Institution Libraries on June 24, 2010 
http://icb.oxfordjournals.org

D
ow

nloaded from
 

http://icb.oxfordjournals.org


thus resembling Uchida’s (1926) more inclusive

family Lychnorhizidae rather than recent taxo-

nomic treatments including three distinct fami-

lies (Kramp 1961).

(5) Family Nausithoidae is polyphyletic and/or para-

phyletic (Figs. 3–5). Despite unclear polarity and

relationships within the coronates, the phyloge-

netic positions of tropical shallow-water

Nausithoe sp. and genetically distant deepwater

Nausithoe atlantica and Nausithoe rubra establish

Nausithoidae as nonmonophyletic and raise the

possibility of a cryptic coronate family. Similarly,

classification of Atorella as a nausithoid (Mills

et al. 1987) would render Nausithoidae nonmo-

nophyletic, and we interpret our trees as sup-

porting recognition of Family Atorellidae

(Eggers and Jarms 2007).

Evolutionary implications

The relationships described in Fig. 5 represent the

most complete and statistically well-resolved molec-

ular phylogenetic hypothesis for class Scyphozoa to

date. This phylogeny provides the analytically most

robust framework for family-level evolutionary anal-

yses of Scyphozoa, enabling studies of, for example,

evolutionary transitions in behavioral, biogeographic,

ecological, life history, morphologic, and physiologi-

cal characters that allow some scyphozoans to aggre-

gate, bloom, or swarm (Dawson and Hamner 2009;

Hamner and Dawson 2009). The phylogeny also will

further our understanding of adaptation, facilitating

studies of rates of evolution and the rates and modes

of speciation in determining radiations (Sanderson

and Donoghue 1996; Hamner and Dawson 2009;

Rabosky and McCune 2010). Understanding appar-

ent substitution rate differences in, for example,

Linuchidae versus other coronates and in

Kolpophorae versus most other discomedusae, may

elucidate general patterns, such as whether these rate

differences may be a consequence of the evolution of

photosymbiosis (Lutzoni and Pagel 1997; Allen et al.

2006), temperature (Lumbsch et al. 2008), or solar

irradiation (Willis et al. 2009). Taxa such as

‘‘Drymonematidae’’ and Stomolophidae, which are

morphologically and genetically very distinct from

their closest relatives, raise the question of correlated

rates of genotypic and phenotypic evolution. In

places, however—for example within Coronatae, at

the base of Discomedusae, and base of the rhizos-

tomes—phylogenetic relationships encompassing key

evolutionary transitions, including the origin of

mass-occurring taxa, remain unresolved and in

need of additional taxonomic and genomic sampling.
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