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Linnaeus was right all along: Viva and Ellterolnorplla are not
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Ulva, one of the first Linnaean genera, was later circumscribed to consist of green seaweeds with distromatic blades, and
Enteromorpha Link was established for tubular forms. Although several lines of evidence suggest that these generic
constructs are artificial, Ulva and Enteromorpha have been maintained as separate genera. Our aims were to determine
phylogenetic relationships among taxa currently attributed to Ulva, Enteromorpl/(J, Umhraulva Bae et I.K. Lee and the
monotypic genus Chloropelta C.E. Tanner. and to make any nomenclatural changes justified by our findings. Analyses of
nuclear ribosomal internal transcribed spacer DNA (ITS nrDNA) (29 ingroup taxa including the type species of Ulm and
Ellteromorpha), the chloroplast-encoded rbcL gene (for a subset of taxa) and a combined data set were carried out. All trees
had a strongly supported clade consisting of all Ulva. Enteromorpha and Chloropelta species. but Ulva and Enteromorphu

were not monophyletic. The recent removal of Umbraulva olivascens (PJ.L. Dangeard) Bae et I.K. Lee from Ulm is
supported, although the relationship of the segregate genus Umhraulva to Uharia requires further investIgation. These
results, combined with earlier molecular and culture data, provide strong evidence that Ulva, EllteromorpJIlI and Chloropelta

are not distinct evolutionary entities and should not be recognized as separate genera. A comparison of traits for surveyed
species revealed few synapomorphies. Because Ulva is the oldest name, Enteromorpha and Ch/oropefta are here reduced to
synonymy with Ulva, and new combinations are made where necessary.

Key words: Chloropelta, Enteromorpha, nuclear ribosomal internal transcribed spacer DNA (ITS nrDNA), rheL. Ulva,

Umbraulva

Introduction

•Viva is distinguished from Enleromorpha on the
basis of its distromatic blade, which in certain
species (e.g. Viva linza) may become tubular at
the margins and thus approach the situation in
Enteromorpha wherein at least the adult thalli are
markedly tubular and hence monostromatic.
This criterion is sometimes difficult to apply,
and opinion is divided as to whether such species
as U. linza should be referred to Viva or
Enleromorpha. There is perhaps something to
be said in favor of those early workers who
treated Enleromorpha as a section of VIva.'

(Silva, 1952)
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'A given swarmer population [of U. lac(Uca] may
produce all Enleromorpha-like plants. all distro­
matic Viva plants, a mixture of both types, or
plants displaying both morphologies on the same
plant.'

(Bonneau, 1977)

'The similarity of the abnormal filamentous
uniseriate growth of Viva and Enteromorpha
and the fact that even with bacterial reinfection
the Viva-58 [isolate] produces at best thalli
similar to Enleromorpha support the conclusion
of Bonneau (1977) that there are at present no
valid criteria for the maintenance of VIva and
Enteromorpha as separate genera.'

(Provasoli & Pintner, 1980)

Despite evidence to the contrary, the cosmopolitan
algal genera VIva L. and Enteromorpha Link have
been maintained to the present day (e.g. Gabrielson
et al., 2000; Graham & Wilcox, 2000). The
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separation is convenient, because the majority of
currently recognized species can be readily assigned
to one genus or the other on the basis of
morphology. The genus Viva was one of the first
named by linnaeus (1753) and initially included a
variety of unrelated algae. In the nineteenth
century its members were split into several genera.
Green seaweeds with distromatic blades were
maintained in Viva, and tubular green seaweeds
were moved to Enteromorpha (link, 1820). Papen­
fuss (1960) argued that Linnaeus based his
diagnosis of Viva on Enteromorpha intestinalis
(the type species of Enteromorpha) so that the
names Viva and Enteromorpha should both be
typified by E. intestinalis, but the type of Viva is
now conserved with Viva lactuca L. (Greuter et al.,
2000). Of the more than 140 Viva and 135
Enteromorpha species described worldwide (Index
Nominum Algarum, 2002), approximately 50 Viva
and 35 Enteromorpha species are currently recog­
nized (Guiry & NicOonncha, 2002).

Several lines of evidence suggest that these
generic constructs are artificial. Species exist in
nature that have intermediate forms, such as E.
linza with an Enteromorpha-like tubular base and
Viva-like distromatic blade distally, and several
culture studies have revealed flexibility between
tubular and blade morphologies. Gayral (1959,
1967) reported the development of tubular, or
partially tubular, thalli in cultures of some Viva
species. Bonneau (1977) observed clonal progeny of
U. laetuea with distromatic, partially distromatic or
completely tubular blades, as well as individuals
that were completely distromatic in one area of the
blade and tubular in another. F0yn (1960, 1961)
produced stable phenotypic mutants of U. mut­
ahilis with tubular fronds that were capable of
successful mating with wild-type individuals. Ad­
ditionally, axenic culture experiments have revealed
similarities that span generic boundaries. In the
absence of native bacteria, Viva and Enteromorpha
cultures displayed similar abnormal morphologies
(Provasoli, 1965; Berglund, 1969; Kapraun, 1970;
Fries, 1975; Provasoli & Pintner, 1980).

Most molecular phylogenies corroborate results
from culture experiments. Four studies that include
more than one or two representatives of each genus
have been published (Blomster et al., 1999; Tan et
al., 1999; Woolcott & King, 1999; Malta et aI.,
1999). Among these, Tan et al. (1999) is the most
extensive with 21 Viva and Enteromorpha species
sampled primarily from Europe. Based on nuclear
ribosomal internal transcribed spacer DNA (ITS
nrONA) trees, the authors proposed that Enter­
omorpha be collapsed into Viva. Other ITS nrONA
studies of European taxa (Blomster et al., 1999;
Malta et al., 1999) supported their findings.
However, preliminary results for taxa from eastern
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Australia based on the more conserved plastid­
encoded RUBISCO large subunit gene (rbel)
supported separation of the two genera (Woolcott
& King, 1999).

The aims of the present study were to determine
the phylogenetic relationships of taxa currently
attributed to VII'a and Enteromorpha and to make
any nomenclatural changes justified by our find­
ings. To do this, we included the type species of
VII'a and Enteromorpha, and sampled from a broad
geographical area. We also sampled two species
formerly included in VII'a - Vmbraulva olivaseens
(P.J.L. Oangeard) Bae et I.K. lee and ehloropelta
eaespitosa C.E. Tanner - to investigate their
relationship to Viva and Enteromorpha taxa. We
obtained sequences of ITS orONA for all 29
ingroup taxa; the chloroplast-encoded rbel gene
was sequenced for a subset of taxa, for which
combined analyses were also carried out.

Materials and methods

Northeast Pacific collections (Table I) were isolated into
culture when possible. Unialgal cultures were grown in
Guillard's f/2 enriched seawater at 15 DC in glass culture
vessels under 30-50 }lmol m-~ S-I in a 16 h lightS h
dark photoregime. Ulm collections from Australia,
Chile, Hawaii, Spain and Japan were received as silica­
gel-preserved specimens. Vouchers for collections were
deposited in the University of Washington Herbarium
(WTU). Herbarium studies of type and other relevant
material were carried out in the Natural History
Museum London (B:\I) and the Dillenian Herbarium,
Oxford University (OXF). All herbarium abbreviations
are as listed in the Index Herbariorum (http://www.nyb­
g.org/bsci/ih/ih.html).

One Chloropelta, one Umbraulva, 17 UiI'a and 10
Enleromorpha accessions were included in ITS nrDNA
analyses. rhel sequences were available only from algal
samples collected by the present authors, with the
exception of Ull'a rigida for which amplification difficul­
ties were experienced. Thus, a subset of one Chloropella,
one Umbraulva, 12 Ulva and seven Enleromorpha
samples were included in rbel analyses (Table I). Taxa
were chosen for outgroup comparison on the basis of
prior molecular analyses of generic relationships in the
Ulvales (Hayden & Waaland, 2002). In each case the
type species of the genus was studied, as follows (with
approximate number of species in each genus noted in
parentheses): Blidingia minima var. minima (5), Korn­
mannia leptoderma (I), Pereursaria pereursa (2) and
Ulvaria obseura var. blyltii (2). All outgroups were used
in the rbeL analysis, but B. minima var. minima and K.
leploderma were excluded from ITS nrDNA analyses
because large sections of the spacers in these taxa were
unalignable with ingroup taxa.

DNA extraction from silica-gel-preserved specimens
was preceded by a rehydration step in which 14-18 mg
of material was rehydrated in 200 JlI of double-distilled,
UV-treated water at 4C C for 10 min. Total DNA was
extracted from fresh cultured or rehydrated material
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Table 1. Detai\s of the sampled taxa
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Taxon

Chloropella caespilosa C.E. Tanner

Enleromorpha clalhrala (Roth) Greville
E. compressa (L.) Nees
E. fiexuosa (Wulfen) J. Agardh
E. inleslinalis (L.) Nees
E. inleslinaloides Koeman el van den Hoek
E. linza (L.) J. Agardh

E. procera Ahlner
E. prolifera (O.F. Miiller.) J. Agardh
Enleromorpha sp. I
Enleromorpha sp. II
Viva armoricana Dion, de Reviers el Coat
V. auslralis Areschoug
U. californica Wille in Collins, Holden el Setchell
U. fasciala Oelile
U. feneslrala Postels el Ruprecht

V. lacluca L.
V. lohala (Kiitzing) Setchell el Gardner

U. perlusa KJellman
V. pseudocunala Koeman el van den Hoek
U. rigida e. Agardh
V. rolundala Bliding
V. scandinavica Bliding
Viva sp. I

VIva sp. II

U1va sp. III

U. slenophylla Setchell el Gardner

V. laeniala (Setchell in Collins, Holden el Setchell)
Setchell el Gardner

Umhraulva olivascens (PJ.L Oangeard) Bae el I.K. Lee

Outgroups
Blidingia minima (Nageli ex Kiitzing) Kylin var. mmima
Kornmannia leploderma (Kjellman) Bliding

Percursaria percursa (e. Agardh) Rosenvinge
Vivaria ohscura var. blyllii (Areschoug) Blldmg

Collectton tnfonnation or ITS rONA sequence ongin

Kobe, Hyogo Pref., Japan. 22 Mar 2000. Coli. H
Kawai

Blomster el al. 1999 (as E. muscoides)
B\omster el af. \998
Leskinen & Pami\o 1997
B10mster el al. 1998
Tan el al. 1999
Humboldt Bay, CA USA. 19 Jun 2000. Coli. H.S.

Hayden & F. Shaunessey
Coil. J. Blomster
Tan el al. 1999

Bodega Bay, CA. USA. 17 Jun 2000. Coil. H.S. Hayden
Tan el al. 1999
Coat el al. 1998
Woolcotl & King 1999
La Jolla, CA. USA. 14 Jun 1999. Coli. H.S. Hayden
Kihei, Maui, USA. 6 Feb 2000. Coli l Hodgson
San Juan Is.. WA, USA. 15 Jun 1998. Coli. H.S.

Hayden & OJ. Garbary. MA715
Tanelal.1999
Newport. OR, USA. 16 May 1999. Coil. H.S. Hayden

& A. Whitmer, MA716"
Tan el al. 1999
Tan el al. 1999
Cadiz, Spain. Coli. J. Berges
Coat el al. 1998
Tan el al. 1999
Coihuin, Puerto Monti, Chile. 17 Oct 2000. Coli. J.R.

Waaland
Tamarama, Sydney, NSW. 9 Aug 1999. Coli. G.

Zuccarello
Newport Beach. CA, USA. 15 Jun 1999. Coli H.S.

Hayden & S. Murray
Seattle, WA, USA. 2 Jun 2000. Coli. H.S. Hayden.

MAnl"
Monterey, CA. USA. 17 Jun 1999. Coil. H.S. Hayden.

MAn2"
Portaferry. Strangford Lough, N. Ireland. 5 May 2000

Coil. e.A. Maggs

Bolinas, CA, USA. 16 Jun 2000. Coli. H.S. Hayden
Vancouver Is .. B.e., Canada. 29 Jun 1999. Coli. H.S.

Hayden
MA230"
Padilla Bay, WA, USA. 25 Apr 1997. Coil. H.S.

Hayden

ITS
rONA rhel

AY260556 AY255858

AFI27170 AY255862
AF035350 AY255859
AJ234306 na
AF035342 AY255860
AJ234303 na
AY260557 AY255861

AY260558 AY255863
AJ234304 AY255R64
AY260559 AY255865
AJ234308 na

na na
AF099726 na
AY260560 AY255866
AY26056I AY255867
AY260562 AF499668

AJ234310 AF499669
AY260563 AY255868

AJ23432\ na
AJ234312 AY255869
AY260565 na

na na
AJ2343 I7 AY255870
AY260566 AY255871

AY260567 AY255872

AY260568 AY2558D

AY260569 AY255874

AY262335 AY255875

AY260564 AY255876

na AF499675
na AF49966 \

AY260570 AF499658
AY260571 AF499657

"Cultures are in the University of Washington Culture Collection (UWCC).

using a modified CTAB method (Doyle & Doyle, 1990;
Hughey et al., 2001). rbeL sequences of eight European
taxa were obtained from genomic DNA previously used
for ITS mDNA sequences published elsewhere (Table I).

Total genomic DNA (10-20 ng) was added to six
25 JlI PCR reactions each containing final concentrations
of I x PCR Buffer II (PE Applied Biosystems), 1.5 mM
MgClz, 0.8 mM dNTPs (GibcoBRL), 0.3 U AmpliTaq
DNA Polymerase (PE Applied Biosystems) and 0.8 mM
of each primer. ITS mONA reactions also contained 5%
DMSO (Sigma). Six reactions were performed in order
to produce more product and to avoid sequence errors
resulting from PCR amplification. PCR amplification

was carried out in a PTC-IOO Programmable Thermal
Controller (MJ Research, NJ. USA). Primers used to
amplify and sequence ITS mONA and the rbeL gene are
listed in Table 2. A fragment containing ITS I, ITS2 and
the 5.8S ribosomal subunit was amplified using primers
18S 1505 and ENT26S. which anneal to the 18S and 26S
ribosomal subunits, respectively. The reaction profile
included an initial denaturation at 94°C for 5 min,
followed by I min at 94°C and 3 min at 60°C for 30
cycles, and a final 10 min extension at 60°C (Blomster et
al., 1998). The rbeL gene was amplified using primers
from Manhart (1994). These primers amplified the first
1357 bp of the rbeL gene excluding primers. This
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Table 2. Primers used in this study for PCR amplification and sequencing
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Pnmcr

IHS1505"
18S1763"
5.HS30"
5.HSI42"
ENT26S'
RHI"
rbc571"
rbc590"
13H5r"

Sequence

5' TCTTTGAAACCGTATCGTGA 3'
5' GGTGAACCTGCGGAGGGATCATT 3'
5' GCAACGATGAAGAACGCAGC 3'
5' TATTCCGACGCTGAGGCAG 3'
5' GCTTATTGATATGCTTAAGTTCAGCGGGT 3'
5' ATGTCACCACAAACAGAAACTAAAGC 3'
5' TGTTTACGAGGTGGTCTTGA 3'
5' TCAAGACCACCTCGTAAACA 3'
5' AATTCAAATTTAATTTCTTTCC 3'

Target

ITS]
ITS I
ITS2
ITS I
ITS2
,hel
,hel
,hel
,bel

"Primer name includes gene abbreVlaliOn and approximate position to which primer anneals in L'/I'Q.
"M odIfied from Blomster £'1 al. (1998).
, Blomster 1'1 al. (1998).
"Manhart (1994).

fragment excludes the variable 3' terminus and repre­
sents 95% of the gene. The reaction profile included an
initial denaturation at 94'C for 3 min. followed by 35
cycles of I min at 94"C, 2 min at 45°C and 3 min at
65'C. PCR products were run on 1.5% agarose gels
(SeaKem LE, FMC Bioproducts), stained in a solution
of 0.5 mg ml I ethidium bromide (Gibco BRL) and
visualized under UV light. Products were pooled then
purified using a polyethylene glycol (PEG) precipitation
(Sigma). Briefly, an equal volume ofa 20% PEG-8000/
2.5M NaCI stock solution was added to pooled PCR
product. Following mixing, solutions were incubated at
3T'C for 15 min and microcentrifuged for 15 min. The
supernatant was removed and the DNA pellet was
washed twice in 80% cold ethanol, dried down and
resuspended in double-distilled, UV-treated water for
sequencing. Purified PCR products were sequenced
using a dideoxy chain termination protocol with the
ABI Prism BigDye Terminator Cycle Sequencing Ready
Reaction Kit (PE Applied Biosystems). Both strands of
peR products were sequenced on an automated DNA
sequencer (ABI 377).

Sequences for the rheL gene were aligned using
Clustal X (Thompson e/ a/., 1997) and edited by eye.
ITS nrDNA regions were aligned manually using Se-AI
versIOn LOa I. All positions of ITS I and ITS2 that
could not be aligned with confidence were removed
prior to analyses. Sequence divergence values were
calculated using uncorrected 'p' distances. Maximum
parsimony (MP) and maximum likelihood (ML)
analyses were performed for each data set using
PAUP* version 4.0b8 (Swofford, 1999). A MP analysis
was also conducted for a combined data set; however, a
ML analysis of the combined data was not performed
due to computational limitations. Prior to analysis of
the combined data, the incongruence length difference
test (lLD) of Farris et a/. (1994), implemented in
PAUP* as the partition homogeneity test, was
performed. This test assesses heterogeneity among
user-designated partitions, e.g. genes or codon posi­
tions. A non-significant result indicates that user­
designated data partitions are not significantly different
from random partitions of the combined data set.
Congruent data partitions may then be combined in a

single phylogenetic analysis (de Queiroz et 01.. 1995;
Huelsenbeck et 01.. 1996). In MP analyses, all
characters and character state changes were weighted
equally and gaps were coded as missing data. Heuristic
searches were performed with tree bisection-reconnec­
tion (TBR), MulTrees and steepest descent options in
effect. Ten replicate searches with randomized taxon
input were conducted to avoid local optima of most
parsimonious trees. To compare relative support for
branches. 1000 bootstrap replications (Felsenstein,
1985) were performed using heuristic searches with
simple taxon addition. TBR and MulTrees options in
effect.

Prior to likelihood searches, several parameters were
estimated using PAUP*. Base frequencies, transition to
transversion ratio, proportion of invariable sites and site­
to-site rate heterogeneity were estimated under maximum
likelihood criteria from an optimal parsimony topology
(Swofford et a/., 1996). These parameters were then set to
estimated values in ensuing ML searches. Based on these
estimations, substitution bias was modelled by the
general time-reversible model (Yang. I994a) with invari­
able sites (Hasegawa e/ 0/.• 1985), and rate heterogeneity
was modelled using the gamma distribution method
(Yang, 1994b) with four discrete rate categories and a
single shape parameter (alpha) (model GTR + I + G). A
heuristic search was conducted using an optimal starting
tree from MP analyses with TBR, MulTrees and steepest
descent options in effect.

Results

MP and ML analyses were conducted using 471
aligned characters from the spacers and the 5.8S
gene. Boundaries for the 5.8S gene were defined
according to Thompson & Herrin (1994). The 5'
end of ITS I and the 3' end of ITS2 were determined
according to van de Peer el a/. (2000) and Wuyts el
al. (200 I), respectively. The ITS I spacer ranged in
length from 154 to 218 bp and the ITS2 from 162
to 184 bp among the surveyed taxa. A total of 141
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characters were excluded from the spacers prior to
analyses because positional homology could not be
confidently determined. In contrast, the 5.8S
nrDNA gene was 158 bp in all surveyed taxa and
had only 14 variable sites. The lengths of the
spacers and the 5.8S gene are comparable to those
of other taxa in the Ulvophyceae (Bakker et al.,
1995a, b; van Oppen, 1995; Friedl, 1996).

Alignment of rbcL sequences required the addi­
tion of a single gap of three nucleotides in all
sequences relative to the outgroup Kornmannia
leptoderma. The additional amino acid in K.
leptoderma is present in other green algae se­
quenced to date (e.g. Yang et al., 1986; Kono et
al., 1991; Manhart, 1994; Sherwood et al., 2000),
with the exception of other Ulvales (Sherwood et
al., 2000; Hayden & Waaland, 2002). The final
rbeL alignment included 1357 characters.

The ILO test using partitions for rhcL versus ITS
nrONA was non-significant (p = 0.99); thus, dala
sets were combined in a single analysis. The
alignment of combined data included all taxa. and
rbcL positions were coded as missing data for the
taxa in which this gene was not sequenced (Table I).

MP analysis of ITS mONA data resulted in 90
optimal trees of 347 steps. There were 147 variable
sites in the analysed data set, and 108 sites were
parsimony-informative. The strict consensus of
most-parsimonious trees is shown in Fig. la. The
ML analysis resulted in a single tree (Fig. 2) which
is similar to the strict consensus tree based on ITS
mONA sequences (Fig. I a). Minor differences
between trees can be seen in the clades comprising
U. lactuca, U. australis. etc.. and U. stenophylfa. E.
prol[{era, etc. and the positions of E. flexuosa and
Enteromorpha sp. II.

a. ITS mONA h. rheL

(Jfvu lahata

100

98

58

60

100 65

52

99

72

100 VIva lactuea

lJlvafeneslralG

VIva sp. III
VIva rolundala

Ulva australts

Enteromorpha inleslino!l.~

En/eromorphu eompre.no

UllOa pseudoeun'ola

'----- Enleromorpha m/es/inaloide.\·

(Jfvo slenophylla

Enteromorpha procera

Enteromorpha Iin:a

Enteromorpha prolifl'r£/

Enleromorpha sp. I

UllOa call/ornico

('hloropel/a eaespitosa

En/eron/orpha sp. II
Enteromorpha flexuoso

Enteromorpha c1arhrato

Ulva seandmavica

l/Iva rtgida
VIva armoricana

VIva fasciata

VIva sp. 11

VIva per/usa

VIva laf."niala

VIva sp. I
Vmbraulva olivascens

Pereursaria perellrsa

Ulvaria obscura var. b~I'I/1i

Rlidingia mmima var. mimma

Kornmanma leploderma

70

52

55

78

100

Fig. 1. Comparison of strict consensus trees derived from (a) nuclear ribosomal ITS sequence data and (b) the chloroplast­
encoded rbeL gene. Bootstrap percentages (1000 replicates samples) are shown above branches. Nodes with bootstrap values of
less than 50% are not labelled.
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100 Vim lactllca

282

52

Viva fenes/rata

Ulva sp. III

Viva 'Orunda/a

Ulva uu!>/ralis

7K
90

Enteromorpha intestinalis

Emeromorpha compre5sa

Ub'a pselidocllrI'ata

Enteramorpha intestinalaides

100

55

Viva lobata

Vlva srenophylla

Enteromorpha lin=a

Emeromorpha procera

Enteromorpha sp. I

U!m californica

Chloropelta caespilosa

Enteromorpha proli(era

f:ntemmorpha sp. II

Enteromorpha clathrata

Viva scandinavica

VIm rigida

Viva armoricana

70
87 Viva fasciata

9R Viva sp. II

Viva pertusa

Umhraulva olivascens

Percursaria pen-ursa

VIvaria ohscura var. blyuii

0.01 substitutions/site

Vb-a taeniata

VIva sp. I

Enteromorpha jlexuosa

Fig. 2. Phylogram of sampled taxa based on ML analysis of ITS nrONA sequences (-lnL = 2424.316). Bootstrap percentages
(1000 replicates samples) are shown above branches. Nodes with bootstrap values of less than 50% are not labelled.

MP analysis of the rbcL data set resulted in
six optimal trees of 473 steps. The strict
consensus tree is shown in Fig. lb. There were
291 variable sites in the data set, and 138 sites
were parsimony-informative. Clades with boot­
strap values of 50% or greater in the consensus

tree (Fig. Ib) were also resolved in the ML tree
(Fig. 3) with one exception. In the ML tree
Vmbraulva olivascens rather than VIvaria ob­
scura var. blyttii is basal in the clade that is
sister to the remaining Viva and Enteromorpha

species.
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73

100
Viva faetl/co

Ulvafenestrata

VIva sp. III

VIva lobata

Enteromorpha intestinalis

283

59 100 Enteromorpha compressa

lJfva pseudocurvata

Ulva stenuphylla

100
t:nteromorpha procera

Enteromurpha fin:a

lJ/va scandinavica

97

60

Enteromorpha profilera

Enteromorpha sp. I

Viva cal!fornica
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Entervmurpha c/uthrutu

U/vafasciuta

VIva sp. II

Viva taeniata

Viva sp. I

Vmbraulva olivascens

U/I'aria ohscura var. hlyt/ii

Perellrsaria perclirsa

Kornmunnia leptuderma

Blidingia minima var. minima

0.005 substitutions/site

Fig. 3. Phylogram of a subset of sampled taxa based on ML analysis of rhel sequences (-lnL = 4435.492). Bootstrap
percentages (1000 replicates samples) are shown above branches. Nodes with bootstrap values of less than 50% are not labelled.

MP analysis of the combined data resulted in 117
trees of 824 steps (Fig. 4). A total of 1828
characters were included in the analysis, of which
246 were parsimony-informative. Clades resolved
in the combined data consensus tree (Fig. 4) are
similar to those in the ITS nrONA and rbeL

consensus trees (Fig. I) but they have higher
bootstrap values. In all trees a clade consisting of
all VIva and Enteromorpha species is strongly
supported. The topology of the deepest branches
within this clade varies among trees; however, in all
analyses there are well-supported clades which
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Fig. 4. Strict consensus of 117 most parsimonious trees of 824 steps from the analysIs of combined ITS nrDNA and rbeL
sequences. Bootstrap percentages (1000 replicate samples are shown above branches. Nodes with bootstrap values of less than
50% are not labelled.

contain both Viva and Enteromorpha species.
Examples of such clades include: (I) E. compressa
and U. pseudocurvata; (2) these taxa plus E.
intestinalis and E. intestina/oides; (3) U. co/ifornico
and Enteromorpha sp. J; (4) these taxa plus

Chloropelta caespitosa; and (5) E. c1athrata plus
several species of Viva. Several additional clades
that have moderate to strong bootstrap values in
all consensus trees contain either Viva or Enter­
omorpha species.
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Sequence divergence among the ITS mDNA
sequences ranged from 0 between U. fasdata and
VIva sp. II to nearly 18% between Percursaria
percursa and some species of VIva and Enteromor­
pha. The Vmbraull'a olivascens sequence was
approximately 7% divergent from Ulvaria obscura
var. blyttii and P. percursa and more than 13%
divergent from Ulva and Enteromorpha sequences.
The greatest divergence among ingroup taxa
(minus U. olivascens) was 13.3% between U.
taeniata and E. compressa. Divergence among
species found in mixed Ulva and Enteromorpha
clades varied. There was 0.2% divergence between
E. compressa and U. pseudocurvata and approxi­
mately 6% between these taxa and E. intestinalis.
Sequence divergence was 1.3% between U. califor­
nica and Enteromorpha sp. I, approximately 3%
between these taxa and C. caespitosa, and 5.0­
6.5% between E. clathrata and closely related VIva
taxa.

Sequence divergence values in the rbcL data set
were generally lower than those observed in the ITS
mONA data set. They ranged from 0.1 % between
two pairs of taxa, U. lartuca jU. fenestrata and E.
compressajV. pseudocurvata, to nearly \4% be­
tween ingroup taxa and the two outgroups, K.
leptoderma and B. minima var. minima. Umbraulva
olivascens was less than 3% divergent from Ulvaria
obscura var. blyttii and P. percursa and 3.7 -4.4%
divergent from Ulva and Enteromorpha taxa. In
mixed clades, there was 1.9% sequence divergence
between E. intestinalis and either E. compressa or
U. pseudocurvata. Divergence was 0.5% between U.
cal!fornica and Enteromorplla sp. t 0.7-0.8%
between C. caespitosa and these taxa, and 0.9­
1.6% between E. clathrata and related Ulva species.
The greatest sequence divergence among ingroup
taxa (minus U. olivascens) was 3.6%.

Discussion

Ulva and Enteromorpha together form a strongly
supported clade in all analyses. but they are not
monophyletic. These results, combined with earlier
findings from molecular (Blomster et al., 1999; Tan
et al., 1999) and culture studies (Gayral, 1959,
1967; F0yn, 1960, 1961; L0vlie, 1964; Provasoli,
1965; Berglund, 1969: Kapraun, 1970; Fries, 1975;
Bonneau, 1977; Provasoli & Pintner, 1980), provide
strong evidence that VIva and Enteromorpha are
not distinct evolutionary entities and should not be
recognized as separate genera.

Additionally, Chloropelta caespitosa is nested
among VIva and Enteromorpha taxa. Tanner (1979,
\980) described C. caespitnsa on the basis of its
unique developmental pattern. Early in develop­
ment, cells in the tubular germling undergo one
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division producing a distromatic tubular germling
not seen in other Ulvaceae. Rupture of the apical
end of the germling and continued growth even­
tually result in a peltate distromatic blade (Tanner,
1980). Despite its unique development, which is
very distinctive in culture (Hayden, personal
observation), C. caespitosa groups with U. califor­
nica and Enteromorpha sp. I from California in all
trees, and bootstrap support for this grouping is
strong (Fig. 4). Thus, the type and only species of
Chloropelta should also be transferred to Ulva.
However, because the resulting binomial would be
a later homonym of VIva caespitosa Withering
(Bot. Arr. Veg. Gt. Brit.: 735. 1776), the basionym
of Catenella caespitosa (Withering) L. Irvine (J.
Mar. BioI. Assoc. UK, 56: 590. 1976), the following
substitute name is proposed:

VIva tanneri H.S. Hayden & l.R. Waaland, nom.
nov.
Replaced name: ellloropelta caespitosa C.E.
Tanner (J. Phycol., 16: 130, figs 2-49. 1980).

In the ensuing discussion, the clade comprising
Ulva, Enteromorpha and Chloropelta taxa will be
referred to as the Ulva clade. Umbraulva olivascens
is discussed further below.

Mixed clades of Viva and Enteromorpha

Within the Ulva clade several subclades consisting
of both distromatic and tubular species received
strong support. E. compressa and U. pseudocurvata
are allied with 100% bootstrap support in trees
from all analyses. E. compressa is common in the
British Isles and is morphologically similar to the
type species of Enteromorpha, E. intestinalis;
however, these two species have been shown to be
distinct evolutionary entities using crossing experi­
ments (Larsen, 1981) and phylogenetic analysis of
ITS mDNA sequences (Blomster et al., 1998). Ulva
pseudocurvata is a typical Ulva species with a
distromatic, medium to light green membranaceous
blade (Koeman & van den Hoek, 1981). ITS
mONA sequence divergence among isolates of
these two species was similar to levels of divergence
within clearly monospecific groupings, such as
geographically distinct collections of E. intestinalis
and E. compressa (up to 2.3%) (B1omster et al.,
1998). Distances between rbcL sequences among
conspecifics range from 0.0 to 0.4% (Hayden,
200 I). Thus, divergence between E. compressa and
U. pseudocurvata in the rbeL gene ( < 0.1 %) is also
within the range of conspecifics.

Another mixed Ulva and Enteromorplla pair that
is well supported in trees is U. caNfornica and
Enteromorpha sp. I from California. U. cal(fornica
is a distromatic species found along the Pacific
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coast of North America from the Alaska Peninsula
to Baja California. Morphological and culture
studies have revealed that while this species has a
wide range of environmentally influenced blade
forms, it shows a distinctive developmental pattern
which clearly separates it from other species of
Ulva (Tanner, 1979, 1986). These developmental
characteristics are the presence of a germination
tube and the early development of an extensive
basal system of rhizoids (Tanner, 1986). Entero­
morpha sp. I, a tubular alga with a branched
morphology similar to E. prolifera, has a similar
distribution to that of U. californica (Hayden,
200 I). Divergence between these taxa is 1.3% and
0.5% for ITS mONA and rbcL sequences,
respectively - values not much greater than those
for E. compressa and U. pseudocurvata.

One explanation for these observations is that
these paired taxa represent two phases in the life
history of a single species. However, an isomorphic
life history has been observed in E. compressa
(Bliding, 1968), U. pseudocurvata (Koeman & van
den Hoek, 1981) and U. californica (Tanner, 1979,
1986). Further, the type of sexual life history is
used to delimit the Ulvales (isomorphic) from the
Ulotrichales (heteromorphic) (Kornmann, 1965),
and its use at this taxonomic level is supported by
molecular and ultrastructural data (Floyd &
O'Kelly, 1984; Hayden & Waaland, 2002). Thus,
an alternation of heteromorphic generations in this
clade is unlikely. An alternative explanation is that
these pairs represent separate species and that
observed low sequence divergences are due either to
recent speciation, i.e. they are in the early stages of
diverging from one another or to other factors
such as convergent evoluti~n. Data supportin~
their status as individual species exist. In Tan et al.
(1999) the monophyly of E. compressa accessions is
strongly supported by ITS mONA analyses.
Similarly, geographically distinct isolates of U.
californica form a clade, as do isolates of Enter­
omorpha sp. I in ITS mONA and rbcL trees
(Hayden, 2001). Thus, these taxa are considered
separate species.

Tan et al. (1999) hypothesized that a reversible
morphogenetic switch (or switches) controls gross
morphology in these algae: the switch from a blade
to a tube morphology (or vice versa) is activated
infrequently in nature perhaps by various environ­
mental cues, and it is more frequent in culture due
to stresses unique to artificial systems. It is clear
from the position of Ulva and Enteromorpha taxa
in the present trees and those of Tan et al. (1999)
that gross morphology has been fixed in certain
lineages. It is unclear whether the same mechan­
ism(s) is involved in culture experiments. Culture
studies citing flexibility of form show Viva taxa
with tubular or globular morphologies (Lovlie,
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1964; Gayral, 1959, 1967; Bonneau, 1977; Foyn,
1960, 1961), but although monostromatic sheets
are formed under green tide conditions (Blomster
et al., 2002) there are no culture studies which show
Enteromorpha with distromatic morphologies.
Further, observations of cultures suggest that
altered morphologies in cultures of VIva are not
uncommon (Hayden, personal observation). With
the exception of Percursaria, all ulvacean taxa pass
through a tubular stage in development. Distro­
matic species growing without exposure to wave
action, desiccation or other environmental factors
may not develop normally beyond the tubular
stage. Some culture studies of Ulva species have not
reported altered morphology (e.g. Bliding, 1963,
1968; Kapraun, 1970; Tanner, 1979). It is possible
that certain culture conditions foster normal
development, or that some species are capable of
normal development in culture while others are
not. Further research, including field outplanting
of culture material, may help to resolve these issues
and lead to a better understanding of the mechan­
ism(s) underlying morphology in these algae.

Morphological synapomorphies

A comparison of traits for surveyed species
revealed few synapomorphies. Given that clades
are not defined on the basis of distromatic versus
tubular morphology, it is not surprising that they
are also not defined by the type of blade (e.g.
expanded versus linear) or tube (e.g. branched
versus unbranched). Other characters are too
conserved, e.g. mode of reproduction (Floyd &
O'Kelly, 1984) or too variable, e.g. cell size,
number of pyrenoids (Tanner, 1979; Phillips,
1988). The difficulty in identifying morphological
synapomorphies for clades in molecular-based trees
is not unique to this group of seaweeds (e.g. Stiller
& Waaland, 1993). These results reinforce the need
for great caution when using morphological
characters in comparative, taxonomic or systematic
studies in this and other groups of morphologically
simple algae. Characters commonly used to distin­
guish species are listed in Table 3. Of these
characters, only two potential synapomorphies
were identified. E. compressa, U. pseudocurvata,
E. intestinalis and E. intestinaloides are all de­
scribed as having 'hood'- or 'cup'-shaped chlor­
oplasts which are predominantly oriented apically
in cells of the middle and apical regions (Blomster
et al., 1998; Koeman & van den Hoek, 1981, 1982).
Some taxa, such as U. lactuca and U. rigida, have
been observed to have similarly shaped chloro­
plasts in these thallus regions, but their chloro­
plasts are variously oriented rather than apically
oriented (Koeman & van den Hoek, 1981). Other
taxa have chloroplasts which completely fill cells in
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Table 3. Characters used to delimit species of Viva and
Enteromorpha based on Koeman and van den Hoek (1981)
and Bliding (1963, 1968). Characters noted with (E) and (U)
are used only in Enteromorpha and Viva, respectively.

Character

Gross morphology, including colour and texture of mature plant
Structure of plant base
Arrangement and shape of cells in surface view
Structure of branch tips (E)
Number of pyrenoids per cell
Shape of chloroplast in surface view
Cell size at base, middle and apex of thallus
Height-to-width ratio of cells in cross section (U)
Thallus thickness (U)
Morphology of young germling
Mode of reproduction
Ecology

surface view. Neither of the latter chloroplast
positions appears to delimit clades, Studies by
Britz & Briggs (1976, 1983) and Mishkind et al.
(1979) showed that chloroplasts in some VIva
species migrate within the cells according to a
circadian rhythm, Such movement was not de­
tected in certain Ulvales, including an alga
identified as E. intestinalis (Britz & Briggs, 1976).
These studies may suggest that chloroplast position
is too variable for use in systematic studies.
Conversely, the presence of diurnal changes in
chloroplast position may prove to be a synapo­
morphy, but at present this phenomenon has been
studied in only a limited number of taxa.

Viva species in the clade with E. c1athrata (Fig. 4)
share the presence of microscopic teeth along the
blade margin. E. c1athrata has a tubular morphol­
ogy and therefore lacks a blade margin; however,
one of the diagnostic characters for this species is
the presence of 'spine-like' short branchlets
throughout the thallus (Bliding, 1963; Blomster et
al., 1999, as E. muscoides). These branchlets have a
broad base composed of several cells and a narrow
tip which typically ends in a single cell. Their
appearance is reminiscent of marginal teeth ob­
served in Viva species (Dion et al., 1998); however,
marginal dentition has been described in two other
surveyed taxa - U. rotundata (Bliding, 1968) and U.
australis (Phillips, 1988; Wooleott & King, 1999)­
which were not placed in the same clade as E.
c1athrata, suggesting that this trait has evolved
more than once in these algae.

Comparison with other molecular studies

Relationships of taxa in the present trees are
generally congruent with those in Tan et al.
(1999) and Blomster et al. (1999), although the
latter study included a relatively small number of
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Viva and Enteromorpha species, Differences in the
positions of three taxa between the present study
and that of Tan et al. (1999) are noteworthy. In the
present study, Vmbraulva olivascens is allied with
the designated outgroups, Vivaria and Percursaria,
and these three taxa comprise the sister group to
the Viva clade in the rbcL trees. In Tan et al. (1999)
U. olivascens (as Viva olivascens) occupied a basal
position among the sampled Viva and Enteromor­
pha leading to the conclusion that all Viva and
Enteromorpha species form a clade. However,
Vivaria and Percursaria were not included in their
study, rather Blidingia (Ulvales) and Gloeotilopsis
(Ulotrichales) served as the sole outgroups and
introduced a relatively long branch into the ITS
nrDNA-based trees.

Vmbraulva olivascens, found in the northeast
Atlantic and Mediterranean, was named for its
characteristic olive-green thallus (Dangeard, 1951,
1961, as Viva olivascens). Other traits which
distinguish this taxon from Viva species include
the presence of (I) relatively large cells in the
mature plant, (2) characteristically rounded cells in
apical regions, and (3) a marginal region of sterile
cells distal to zoosporangia that detaches in
'threadlike masses' following reproductive cell
release (Bliding, 1968; Burrows, 1991). At present,
there are no clear morphological traits that would
suggest affinities of U. olivascens to Vivaria or
Percursaria other than its early development, which
is typically ulvacean (Bliding, 1968), and the
relationship between these three taxa requires
further investigation.

The positions of two additional Viva species, V.
fenestrata and U. californica, differ in the present
trees compared with those in Tan et al. (1999). Tan
et al. (1999) found that V. fenestrata was allied
with V. armoricana, and their collection of U.
californica appeared in a clade of multiple geo­
graphically distinct collections of U. lactuca, the
type species of Viva. In the present trees the close
relationship of V. fenestrata and U. lactuca is
strongly supported. Sequence divergence values
between these taxa are within the range of
conspecifics: 0.5% and 0.1 % for ITS nrDNA and
rbcL, respectively (Blomster, 1998, 1999; Hayden,
2001). A study of Viva and Enteromorpha from the
northeast Pacific including collections of U. cali­
fornica and V. fenestrata from throughout their
distribution ranges found similar relationships of
these species to others (Hayden, 2001). This
suggests that the U. californica and U. fenestrata
collections in Tan et al. (1999) were misidentified.
Given the morphological plasticity exhibited by
these taxa, and overlapping distribution ranges and
ecology (Tanner, 1979, 1986; Gabrielson et al.,
2000), it is not unreasonable that an individual of
V. californica would be misidentified as U.
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Table 5. Enteromorpha binomials that are currently regarded as synonyms of other valid names, not in current usage, and/or not
valid. Infraspecific taxa are omitted. Binomials indicated by an asterisk lack valid binomials in Vim, so if they were to be
recognized at the species level in this genus they would require transfer to Viva. Binomials in parentheses are either not valid or
not legitimate. Binomials in square brackets are currently placed in genera other than Enteromorpha. For taxa shown in bold,
transfer to Viva is blocked by pre-existing Viva binomials (for details see Index Nominum Algarum)

(E. adriatica Bliding)
*E. africana Kiitzing
(E. ahlneriana Bliding)
E. angusta (Setchell & Gardner) M.S. Doty
(E. aragoensis Bliding)
*E. arctica 1. Agardh
E. attenuata (c. Agardh) Grevllle
[E. aureola (c. Agardh) Kiitzing]"
*E. baslramosa Fritsch
*E. bayonnensis P.J.L. Dangeard
(E. bertolonii Montagne)
*E. biflagellata Bliding
(E. byssoides Nees)
*E. caerulescens Harvey
*E. canaliculata Batters
E. capillaris M. Noda
[*E. chadefaudii J. Feldmannt
*E. chartacea Schiffner
*E. chlorotica J. Agardh
*E. clathrata (Roth) Greville (see Table 4)
E. clavata Wollny
[*E. coarctata KJellmant
(E. comosa J. Agardh)
*E. comp/anata Kiitzing (see Table 4)
*E. confervacea (Kiitzing) Kiitzing
*E. confervicola DeNotaris
(E. constricta (J. Agardh) S.M. Saifullah & M. Nizamuddin)
*E. corniculata Kiitzing
E. cornucopiae (Lyngbye) Carmichael
*E. coziana PJ.L. Dangeard
*E. crinita Nees (see Table 4)
E. crispa (Kiitzing) Kiitzing
E. crispata (Bertoloni) Piccone
*E. cruciata Collins
(E. cylmdracea J. Blomster)
E. dangeardii H. Parriaud
*E. denudata (Ahlner) Hylmo
*E. echinata (Roth) Nees
*E. ectocarpOldea Zanardini
E. erecta (Lyngbye) Carmichael
E. fascia Postels & Ruprecht (see Table 4)
E. fasciculata P.J.L. Dangeard
*E. firma Schiffner
*E. flabellata P.J.L. Dangeard
*E. fucicola (Meneghini) Kiitzing
E. fu/vescens (c. Agardh) Greville
(Enteromorpha ju/vescens Schiffner)
(E. gayraliae P.J.L. Dangeard)
E. gelatinosa Kiitzing (see Table 4)
*E. graCillima G.S. West
[E. grevillei Thuretj'
[*E. groenlandica (1. Agardh) Setchell & Gardner]"
*E. gujaratensis S. R. Kale
[E. gunniana J. Agardht
(E. hendayensis PJ.L. Dangeard & H. Parriaud)
*E. hirsuta Kjellman
*E. hookcriana Kiitzing (see Table 4)
E. hopkirkii M'Calla ex Harvey
*E. howensis Lucas

*E. intermedia Bliding
(E. juergensll Kutzmg)
(E. jugoshl\'lca Bliding)
E. lanceo/ata (Linnaeus) Rabenhorst
*E. limosa A. Parnaud
E. lmkiana Greville
(E. linzi{ormis Blldmg)
*E. llltorca Kiitzmg
E. lil'ida W.J. Hooker
(E. longi.uima P.J.L. Dangeard)
*E. maeotiea Proshkina-Lavrenko
*E. marehantiae Setchell & N.L. Gardner
[E. marginata 1. Agardht
[E. microcoeea Kiitzingt
*E. mierophylla Foslie
[*E. minima Niigeli ex Kiitzingt
(E. multiramo.w Bliding)
E. museoide.\· (Clemente) J Cremades (sec Table 4)
*E. musciformis P.J.L. Dangeard
[*E. nana (Sommerfelt) Sjo~tedtt

*E. nizamuddinii K. Aisha & M Shameel
*E. nOl'ae-hollandwe (Kiitzmg) Kiitzing
E. opposita J. Agardh
*E. ovata F. Thivy & V. Visalakshmi ex H.V. Joshi & V.
Krishnamurthy
Enteromorpha pacifica Montagne
*E. pallesl'ens Schiffner
[E. percursa (c. Agardh) Grevillej"
*E. perestenkoae K.L. Vinogradova
*E. peruviana Montagne
*E. plii{era Kiitzmg
E. plumosa Kiitzing (see Table 4)
*E. po/yclados (Kutzmg) Kiitzmg
(Enteromorpha pu/cherrima Holmes & Batters)
E. quaternaria Ahlner
*E. ramellosa Kiitzmg
E. ramulosa (J.E. Smith) Carmichael (sec Table 4)
[E. rlwcodes Holmes]'"
(E. rivularlS PJ.L. Dangeard)
*E. roherl/-lanlli H. Parnaud
(E. rugosa Nees)
*E. smfullallli K. Alsha & M. Shameel
*E. sa/ina Kiitzing (see Table 4)
(E..wwel/-joannis P.J.L. Dangeard)
*E. sa.Hcola Simmons
(*E. scapulorum (P.J.L. Dangeard) J.P. Villot)
*E. spermawidca (Kiitzing) Kiitzmg
*E. spinesccns Kiitzing
(E. stipitata PJ.L. Dangeard)
E. suhulata (Wulfen) Nees
*E. szegediellsi.\ Gyorffy & Kol
E. torta (Merten~) Reinbold (see Table 4)
[* E. tuherClllosa P.J.L. Dangeardt
*E. tuhulosa (Kiitzmg) Kiitzing (see Table 4)
E. utrieularis (Roth) Nees
E. vexata (Setchell & Gardner) M.S. Doty
(E. vulgariS Edmondston)
*E. we/witschll J. Agardh (sec Table 4)

aSpecies of Capsoslphon (Burrows, 1991).
bSpccies of Blidingia (Womersley, 1956. 1964; Burrows, 1991; Benhlssoune e1 01.,2001).

"Species of Monostroma (Burrows, 1991).
"SpecIes of Pereursaria (B1idmg, 1963).
"Species of VIva (Silva et al. 1996)
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.telleSlralll. The definitive characters which separate
these species arc developmental, yet there is no
indication that these species were placed in culture
prior to identification for the Tan el at. paper. The
true identity of the U. lelleslrala collection in Tan
el at. (1999) is less certain, but it appears in a
strongly supported clade with V. ar!l1oricalla and
U. scalldinal'ica. In the present ITS mONA trees
relationships among these taxa are not well
resolved and sequence divergence values are low
« 0.4%). Relationships among these taxa warrant
further investigation.

Conclusions

Within the V/I'{I clade, there are smaller clades
consisting of all distromatic, all tubular, and both
distromatic and tubular species; however, few
morphological synapomorphies defining these
clades can be identified, given the simple morphol­
ogy and high degree of phenotypic plasticity in
these algae. Certain clades contain distromatic and
tubular species that exhibit sequence divergence
values within the range of conspecifics. A possible
explanation is that these taxa are in the early stages
of diverging from one another. Although the
controls for gross morphology (tubular versus
distromatic blade) in these algae remain unclear,
it is likely that the mechanism underlying relatively
rare changes in nature is different from that for
more frequent changes in culture. Given that all
Ulvaceae, except Percursaria, pass through a
tubular stage in development, it is reasonable to
postulate that changes from blade to tube mor­
phology observed in VIva cultures are artefactuai.

In addressing the question of monophyly of VIva
and Entero!l1orpha, results from phylogenetic ana­
lyses of the rhcL gene are similar to those from ITS
mONA in this and previous studies. Neither VIva
nor Enlero!l1orpha is monophyletic; however, taxa
from these genera together form a strongly
supported clade. Since VIva is the older genus,
Enfero!l1orpha is reduced to synonymy, as shown in
Table 4. Despite its unique development, Ch/or­
ope/fa caespilosa is nested within this clade; thus, it
also is transferred to VIva.

The nomenclatural changes are therefore pro­
posed as shown in Table 4; binomials in Enler­
o!l1orpha that are not currently recognized at the
species level in Enleromorpha are listed in Table 5.
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