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PHYLOGENETIC SYSTEMATICS OF THE ULVACEAE (ULVALES, ULVOPHYCEAE)
USING CHLOROPLAST AND NUCLEAR DNA SEQUENCES!

Hillary S. Hayden® and J. Robert Waaland
Department of Botany, Box 355325, University of Washington, Seattle, Washington 98195, USA

Systematic hypotheses for the Ulvaceae were tested
using phylogenetic analysis of sequences for the gene
encoding the large subunit of RUBISCO, small subunit
rDNA and a combined data matrix. Representatives of
eight putative ulvaceous genera and twelve addi-
tional taxa from the Ulvophyceae and Trebouxio-
phyceae were included in analyses using maximum
parsimony and maximum likelihood criteria. Molec-
ular data supported hypotheses for the Ulvaceae that
are based on the early development of vegetative thalli
and motile cell ultrastructure. Ulvaceae sensu Floyd
and O’Kelly, including Percursaria Bory de Saint-
Vincent, Ulvaria Ruprecht and a complex of closely
related species of Chloropelta Tanner, Enteromorpha
Link and Ulva L. was supported; however, monophyly
of Enteromorpha and Ulva was not supported. The
Ulvales and Ulotrichales sensu Floyd and O’Kelly
were monophyletic. Blidingia Kylin and Kornmannia
Bliding were allied with the former and Capsosiphon
Gobi with the latter, although relationships among
these and other taxa in these orders remain uncer-
tain. The Ulvales are characterized by an isomorphic
life history pattern, gametangia and sporangia that
are identical in structure and development, motile
cells with bilobed terminal caps and proximal sheaths
consisting of two equal subunits. Method of motile cell
release and the gross morphology of vegetative thalli
are not systematically reliable characters.

Key index words: 18S rDNA; phylogeny; rbcd_; RUBISCO;
systematics; Ulva; Ulvaceae; Ulvales; Ulvophyceae

Abbreviations: B-K-P-T, Blidingia, Kornmannia, Pseuden-
doclonium and Tellamia; C-E-U, Chloropelta, Enteromor-
pha and Ulva; ILD, incongruence length difference;
ML, maximum likelihood; MP, maximum parsimony;
rbcL, gene encoding the largest subunit of RUBISCO

The Ulvaceae are a morphologically simple group
of cosmopolitan macroalgae. The type genus Ulva
(sea lettuce) was one of the first seaweed genera
named by Linnaeus (1753) and is among the most fa-
miliar marine algae. Ulva species are ubiquitous and
abundant in intertidal and nearshore subtidal areas,
where they provide habitat and nutrients to marine
invertebrates and vertebrates (Lobban and Harrison
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1997). Fourteen genera have been allied with Ulva
since Thuret (1854) amended the Ulvaceae to in-
clude green algae with foliose and tubular morpholo-
gies, and classification of the family has undergone
numerous changes as a result of culture and electron
microscopic studies (Kunieda 1934, Fritsch 1935,
Chapman 1952, Papenfuss 1960, Bliding 1963, 1968,
Kornmann 1965, 1973, Yoshida 1970, Gayral 1971,
Round 1971, Tatewaki 1972, Vinogradova 1974, Ab-
bott and Hollenberg 1976, Kornmann and Sahling
1977, Tanner 1979, Silva 1982, Floyd and O’Kelly
1984, 1990, Bold and Wynne 1985, van den Hoek et
al. 1995, Gabrielson et al. 2000). In recent treatments,
four genera are considered members of the family:
Chloropelta, Enteromorpha, Ulva, and Ulvaria (Fig. 1).
These genera are characterized by: 1) an isomorphic,
diplohaplontic life history in which gametangia and
sporangia are identical in structure and development;
2) motile cells that exit singly through a pore in the
sporangial or gametangial cell wall; 3) motile cells
with bilobed terminal caps, proximal sheaths consist-
ing of two equal subunits and rhizoplasts in specific
arrays; and 4) germinating cells that develop from
uni- to multiseriate filaments, to monostromatic tubu-
lar germlings anchored by rhizoids (Bliding 1963,
1968, Tanner 1980, O’Kelly and Floyd 1984). Germ-
lings remain tubular, at least in part, in Enteromorpha
(Kapraun 1970), or collapse to form distromatic
blades in Ulva (Lgvlie 1964). Tubular germlings tear
open to form monostromatic blades in Ulvaria (Dube
1967), or in Chloropelta, one division of cells in the tu-
bular germling followed by its rupture produces a dis-
tromatic, peltate blade (Tanner 1980).

The systematic positions of four additional genera,
Blidingia, Capsosiphon, Kornmannia and Percursaria, are
controversial (Fig. 1). All were placed in Ulvaceae in
early classification schemes (Thuret 1854, Blackman
and Tansley 1902). However, as life history and devel-
opmental differences became clearer, these genera were
distributed between two (Kunieda 1934, Papenfuss
1960, Yoshida 1970, Abbott and Hollenberg 1976) or
more families (Chapman 1952, Kornmann 1965, Blid-
ing 1968, Gayral 1971, Vinogradova 1974, Silva 1982,
Bold and Wynne 1985). Most recently, Floyd and
O’Kelly (1990) considered motile cell ultrastructure
along with life history and developmental features in
their treatment of the class Ulvophyceae (Table 1).
They included Percursaria in Ulvaceae sensu stricto, but
grouped Blidingia and Kornmannia with the genus
Pseudendoclonium (sensu Nielsen 1980) in an informal
“Blidingia group” in the Ulvales. They considered Cap-
sosiphon to be allied with taxa of the sister order Ulo-
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trichales sensu Floyd and O’Kelly (1984). Further,
they expanded the concept of the Ulvales to include
microscopic species with branched filamentous thalli,
algae traditionally placed in the Chaetophorales.
They grouped many of these genera in the family Ul-
vellaceae (e.g. Acrochaete, Tellamia, Ulvella), and placed
others in informal groups. Their revision of the Ul-
vales was generally followed by van den Hoek et al.
(1995), but not by others (Scagel et al. 1993, Gabriel-
son et al. 2000) (Fig. 1).

The present paper explores phylogeny and tests
systematic hypotheses for Ulva and related genera us-
ing 18S rDNA and rbcL. sequence data. Despite devel-
opmental traits, generic boundaries between Ulva and
Enteromorpha have been questioned based on mor-
phology (Silva 1952, Gayral 1967, Bonneau 1977,
Provasoli and Pintner 1980) and sequences from the
internal transcribed spacers of TDNA (Blomster et al.
1999, Tan et al. 1999, Woolcott and King 1999). The
monophyly of these genera is further evaluated here.
Few studies using molecular data have addressed phy-
logeny of ulvaceous algae beyond investigating rela-
tionships among species of Enteromorpha and Ulva
(Zechman et al. 1990, 1999, van Oppen 1995, Sher-
wood 2000). These studies support the close associa-
tion of the Ulvales and Ulotrichales; however, due to
limited taxon sampling, these studies provide little in-
formation about relationships among ulvacean taxa.
The present study is the first to focus on the Ulvaceae
and to address phylogenetic questions in this group
using multiple molecular data sets.

MATERIALS AND METHODS

Samples. Taxa used in this study (Table 2) included (approxi-
mate percentage of total species in genus is in parentheses):
two Blidingia (20%), one Capsosiphon (33%), one Chloropelta
(100%), one Kornmannia (100%), one Percursaria (50%), five

Ulva/Enteromorpha (5%) and one Ulvaria (50%). Additional
samples from the Ulvales and Ulotrichales included Acrosipho-
nia duriuscula, Acrosiphonia sp., Gloeotilopsis planctonica, Gloeotilop-
sis sarcinoidea, Monostroma grevillei, Monostroma nitidum, Pseud-
endoclonium fucicola, Pseudoneochloris marina, Tellamia contorta
and Ulothrix zonata. The Trebouxiophytes Chlorella vulgaris and
Myrmecia biatorellae were included as outgroups. Sequences for
these taxa introduced the shortest branches of all available out-
groups from the Ulvophyceae, Trebouxiophyceae and Chloro-
phyceae. This result was not surprising given recent studies in
which the class Ulvophyceae sensu Mattox and Stewart (1984) is
shown to be polyphyletic (Zechman et al. 1990, 1999, Sher-
wood et al. 2000, Watanabe et al. 2001).

Algae were field-collected or obtained as unialgal cultures from
collections (Table 2). Unialgal cultures were grown in taxon-
specified media and temperatures according to culture collection
specifications (Table 2) in glass culture vessels under 30-50 pwmol
photons -m~2-s~! on a 16L:8D-h photoperiod cycle. Field-collected
Chloroptelta caespitosa, Ulva californica and Ulva fenestrata collections
were grown as unialgal cultures under similar conditions to confirm
identification. Other field collections were preserved in 50-70 mg
of silica gel following identification. Pseudendoclonium fucicola and
T. contorta were obtained as unialgal cultures from C. J. O’Kelly
at Bigelow Laboratories. Vouchers for field collections were de-
posited in the University of Washington Herbarium.

DNA extraction. For silica gel-preserved collections, 14-18 mg
of material were rehydrated in 200 mL of sterile, distilled HyO at
4° C for 10 min prior to DNA extraction. Total DNA was extracted
from rehydrated or fresh culture material using a modified hexa-
decyltrimethylammonium bromide (CTAB) method (Doyle and
Doyle 1990, Hughey et al. 2001).

PCR amplification and sequencing. Total genomic DNA (10-20
ng) was added to six 25 wL. PCR reactions each containing final
concentrations of 1.5 mM MgCly, 0.8 mM dNTPs (Invitrogen,
Carlsbad, CA), 0.8 mM of each primer, 0.3 Units AmpliTaqEG
DNA Polymerase and 1X PCR Buffer II (Applied Biosystems,
Foster City, CA, USA). Amplification was carried out in a PTG
100 Programmable Thermal Controller (M] Research, Inc., In-
cline Village, NV, USA). The rbc. gene was amplified using
primers from Manhart (1994) (Table 3). These primers ampli-
fied the first 1358 bp of the rbcl. gene, excluding primers. This
fragment excludes the variable 3’ terminus and represents 98%
of the gene. The reaction profile included an initial denatur-
ation at 94° C for 3 min, followed by 35 cycles of 1 min at 94° C,
2 min at 45° C, and 3 min at 65° C. The 18S rDNA was amplified

TABLE 1.  Summary of characters used to diagnose the Ulvales, Ulotrichales and families within the Ulvales based on Bliding (1968),

Floyd and O’Kelly (1984) and O’Kelly and Floyd (1984).

Character Ulvales

Ulotrichales

Life history
and development

Flagellate release Singly, through pore in
sporangial /gametangial

cell wall

Isomorphic; gametangia and
sporangia identical in structure

Heteromorphic in most genera;
structure and development of
gametophyte-borne gametangia/sporangia
different from sporophyte-borne sporangia
Usually en masse from gametophytes,
surrounded by vesicle of modified
cell wall material; through simple,
unelevated hole

Flagellate ultrastructure

Thallus morphology
Thallus development

Flagellate ultrastructure

Bilobed terminal caps; proximal
sheath with two equal subunits
and having the same structure
on basal bodies

Ulvaceae

Simple, overlapping terminal caps;
wedge-shaped proximal sheaths
subtending upper basal bodies

Ulvellaceae

Parenchymatous

Zygotes/spores — uni- to multiseriate
filaments — monostromatic tubular
germlings anchored by rhizoids

Rhizoplasts in specific arrays

Filamentous or pseudoparenchymatous
N/A

Rhizoplasts absent
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TABLE 2. Taxon sampled, source and GenBank accession numbers for sequences in this study.

Taxon Source? rbcl. 18S rDNA

Ulvophyceae
Acrosiphonia duriuscula (Ruprecht) Yendo Watanabe et al. unpubl. NA AB049418
Acrosiphonia sp. Agardh Zechman & Chapman unpubl. NA u03757
Blidingia minima (Nageli ex Kiitzing) Kylin var. minima Bolinas Beach, CA AF499675  AF499659
Blidingia minima var. vexata (Setchell et Gardner) J. Norris Vancouver Is., BC AF499676  AF499660
Capsosiphon fulvescens (C. Agardh) Setchell et Gardner Monks Head Beach, Nova Scotia NA AF499664
Chloropelta caespitosa Tanner UWCC MA711 AF499672  AF499656
Enteromorpha intestinalis (L.) Nees Vancouver Is., BC AF499671 AF499655
Enteromorpha prolifera (O. F. Miller) J. Agardh Blakely Is., WA AF499670 AF499654
Gloeotilopsis planctonica Iyengar et Philipose SAG 29.93 AF499681 728970
Gloeotilopsis sarcinoidea (as Protoderma sarinoidea [ Groover et Bold]

(TUPA) Friedl (1996) NA 747998
Kornmannia leptoderma (Kjellman) Bliding Vancouver Is., BC AF499677 AF499661
Monostroma grevillei (Thuret) Wittrock Tan & Sluiman unpub. NA AF015279
Monostroma nitidum Wittrock Shirahama, Japan AF499680 AF499665
Percursaria percursa (C. Agardh) Rosenvinge UWCC MA230 AF499674 AF499658
Pseudendoclonium fucicola (Rosenvinge) R. Nielsen CCMP 1671 AF499678 AF499662
Pseudoneochloris marina Watanabe, Himizu, Lewis et Floyd UTEX 1445 AF499682 U41102
Tellamia contorta Batters CCMP AF499679 AF499663
Ulva californica Wille UWCC MA712 AF499667  AF499652
Ulva fenestrata Postels et Ruprecht UWCC MA715 AF499668  AF499653
Ulva lactuca L. Strangford Lough, Ireland AF499669 AF499666
Ulvaria obscura var. blyttii (Areschoug) Bliding Padilla Bay, WA AF499673  AF499657
Ulothrix zonata (F. Weber et D. Mohr) Kitzing SAG 38.86 AF499683 747999

Trebouxiophyceae
Chlorella vulgris Beijerinck SAG 211-11b AF499684  X13688
Myrmecia biatorellae Boye-Petersen SAG 8.82 AF499685 AY095367

2 Cultures are from the following: CCMP, Provasoli-Guillard National Center for Culture of Marine Phytoplankton; SAG, Sammlung
von Algenkulturen der Universitit Gottingen (Culture Collection of Algae at the University of Géttingen); UTEX, Culture Collection
of Algae at the University of Texas; UWCC, University of Washington Culture Collection.

with a set of primers from van Oppen (1995) (Table 3). These
primers amplified a 753 bp fragment excluding primers (ap-
proximately 42% of the 18S rRNA gene), spanning the variable
4 and flanking regions (van de Peer et al. 2000). Many positions
in the 185 rRNA gene are conserved across distantly related lin-
eages. The variable 4 and flanking regions were analyzed be-
cause they have been shown to contain some, albeit limited, sig-
nal at this taxonomic level in the Ulvales and Ulotrichales (van
Oppen 1995). The reaction profile included an initial denatur-
ation at 94° C for 3 min, followed by 35 cycles of 1 min at 94° C,
1 min at 50° C and 2 min at 72° C. PCR products were separated
on 1.5% agarose gels (SeaKemEG LE, FMC Bioproducts, Rock-
land, ME, USA), stained in a solution of 0.5 mg-mL~! ethidium
bromide and visualized under UV light. Products were pooled
and then purified using a PEG-8000 precipitation (Sigma
Chemical Co., St. Louis, MO, USA).

Purified PCR products were sequenced using a dideoxy chain
termination protocol with the ABI Prism BigDye Terminator Cycle
Sequencing Ready Reaction Kit (Applied Biosystems Foster City,
CA, USA). Internal sequencing primers for the rbd. gene were de-
signed by the authors (Table 3). Both strands of PCR products
were sequenced on an automated DNA sequencer (ABI 377).

Phylogenetic analysis. Sequences were aligned using Clustal X
(Thompson et al. 1997) and edited by eye. Conserved rRNA sec-

TaBLE 3. PCR and sequencing primers used in the present study.

ondary structure was used to refine the 18S rDNA data set align-
ment (van de Peer et al. 2000). The data matrix is available from
TreeBASE: http://www.treebase.org/treebase/ (accession #SN1098
and the first author). Maximum parsimony (MP) and maximum
likelihood (ML) analyses were performed for each data set and for
a combined data matrix using PAUP* (Sinclair Associates Inc., Sun-
derland, MA, USA) version 4.0b8 (Swofford 1999). Prior to analy-
ses, the incongruence length difference test (ILD) of Farris et al.
(1994), implemented in PAUP* as the partition homogeneity test,
was performed. This test assesses heterogeneity among user-desig-
nated data partitions; for example, genes or codon positions. A
nonsignificant result indicates that user-designated data parti-
tions are not significantly different from random partitions of the
combined data set. Congruent data partitions may then be com-
bined in a single phylogenetic analysis (de Queiroz et al. 1995,
Huelsenbeck et al. 1996). The ILD tests were performed using a
partition for 18S rDNA versus 7oL data (P = 0.77), and for the rbd.
data set using a partition for each of the three codon positions (P =
1.00). Given the nonsignificant result of these ILD tests, combined
analyses were performed and the rbd. data were analyzed using all
codon positions. In MP analyses, nucleotide positions and charac-
ter state changes were weighted equally. Gaps were coded as miss-
ing data. Heuristic searches were performed with tree bisection-
reconnection, MULTREES and steepest descent options in effect.

Primer Sequence Target Direction
RH12 5" ATGTCACCACAAACAGAAACTAAAGC 3’ rbcL. Forward
rbeb71 5" TGTTTACGAGGTGGTCTTGA 3’ rbcL. Forward
rbc590 5" TCAAGACCACCTCGTAAACA 3’ rbcL. Reverse
138512 5" AATTCAAATTTAATTTCTTTCC 3’ rbcL. Reverse
ABI1P 5" GGAGGATTAGGGTCCGATTCC 3’ 18S Forward
Tw4b 5" CTTCCGTCAATTCCTTTAAG 3’ 18S Forward

2 Manhart 1994
bvan Oppen 1995
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Ten replicate searches with randomized taxon input were con-
ducted using the random stepwise-addition option. Nonparametric
bootstrap analysis (Felsenstein 1985) with 2000 replicates was per-
formed to estimate branch support.

Prior to likelihood searches, several parameters were estimated
using PAUP*. Bias in nucleotide base composition across taxa was
analyzed using a chi-square test of homogeneity of base frequency
(P = 0.90). Base frequencies, substitution bias, proportion of in-
variable sites and site-to-site rate heterogeneity were estimated un-
der likelihood criterion from an optimal parsimony topology
(Swofford et al. 1996) and then fixed to those values in ML
searches. Given estimated parameters, substitution bias was mod-
eled by the general time-reversible model (Yang 1994a) with in-
variable sites (Hasegawa et al. 1985), and rate heterogeneity was
modeled using the gamma distribution method (Yang 1994b)
with four discrete rate categories and a single shape parameter (al-
pha). Heuristic searches were conducted with the same set of op-
tions in effect as in MP searches. A total of 100 bootstrap replica-
tions were performed under the ML criterion to estimate branch
support (Felsenstein 1985).

RESULTS

Analyses of rbcL sequences. The rbcl. data set included
19 taxa (Table 2). Sequences were not available for
four Ulotrichales taxa: Acrosiphonia sp., A. duriuscula, G.
sarcinoidea and M. grevillei. The rbdl. gene could not be
amplified in the Capsosiphon fulvescens collection from
Nova Scotia, and efforts to obtain additional Capsosi-
phon from the field or culture collections were unsuc-
cessful. Amplification difficulties also occurred with ac-
cessions of Blidingia and M. nitidum. Several reverse
primers for the 3’ region were designed, but no primer
combination was effective in amplifying the majority of
the gene. As a result, only 500 nucleotides from the 5’
region were included for these taxa.

The final alignment of 1358 nucleotides included
one gap, representing a single codon located in the
rbcL. gene encoding amino acid 91. Translation of the
DNA sequence indicated that an alanine residue was
encoded in M. biatorellae and a proline residue was en-
coded in C. vulgaris, the ulotrichalean taxa, and also
in Kornmannia leptoderma. The codon for this amino
acid residue was inferred to be a deletion in the re-
maining 12 ingroup taxa. No gap is inferred at this
position in alignments of the rbc. gene from most
green algae, including charophytes (Manhart 1994),
chlorophytes (Yang et al. 1986, Nozaki et al. 1995), prasi-
nophytes (Daugbjerg et al. 1995), trebouxiophytes
(Sherwood et al. 2000) and some ulvophytes (Kono et
al. 1991); however, a 3-bp gap is inferred at this posi-
tion in other Ulvales sequenced to date (Sherwood et
al. 2000). A total of 475 characters were variable, and
342 of these were parsimony informative (172 parsimony-
informative characters were included for the trun-
cated Blidingia and Monostroma sequences).

The MP analysis resulted in two optimal trees, and
one was selected for presentation (Fig. 2). The trees
differed from each other only in the position of P. ma-
rina (sister to Ulvales versus basal in Ulotrichales).
The tree resulting from the ML analysis (InL =
6877.522, not shown) had a similar topology to the
MP tree in Fig. 2, except that K. leptoderma was sister to
the Blidingia-Pseudendoclonium-Tellamia (B-P-T) clade.

The Ulvaceae sensu Floyd and O’Kelly (1990) were
strongly supported by both analyses. Additionally, sev-
eral clades within the family were strongly supported,
including the Chlorophyta, Enteromorpha and Ulva
(CG-E-U) clade. The branch leading to the Ulvales was
moderately supported in the rbcl. analyses. The Ulo-
trichales had <50% bootstrap support in both analy-
ses, although support for the Ulotrichales minus P.
marina was strong.

Analyses of 185 rDNA sequences. The final alignment
of 764 nucleotides for 24 taxa (Table 2) required the in-
sertion of ten short gaps in regions of 18S rDNA that
have been identified as highly variable across eukaryotes
(van de Peer et al. 2000). Nine nucleotide positions
were excluded prior to analyses because they could not
be aligned with confidence. There were 137 variable
sites in the analyzed data set and 102 were parsimony
informative.

The ML tree is shown in Figure 3. The MP analysis
yielded 21 most parsimonious trees (not shown, tree
length = 247 steps, CI excluding uniformative charac-
ters = 0.649, RI = 0.849), which differed in the branching
topologies within Ulvaceae due to low sequence diver-
gence among these taxa. The topology of one optimal
MP tree was identical to that of the tree produced by ML
analysis. Bootstrap support under ML and MP criteria
was relatively strong for Ulvaceae, moderate for the Ul-
vales and weak for the Ulotrichales. Within Ulvales,
Percursaria percursa was sister to the clade comprised of
C-I-U, although support for this relationship was not
robust. The clade comprising Blidingia, Kornmannia,
Pseudendoclonium and Tellamia (B-K-P-T) and two smaller
clades, one comprising P. fucicola and T. contorta and the
other with the Blidingia accessions, were strongly
supported. Branches were not well-supported within the
Ulotrichales, except for the branch leading to the two
Acrosiphonia accessions. Monostroma grevillei grouped with
U. zonata rather than M. nitidum, although bootstrap sup-
port for this clade was relatively weak.

Analyses of combined 18S rDNA and rbcL sequences.
The alignment of combined data included all taxa with
rbcl. positions coded as missing data for the taxa noted
earlier. In general, bootstrap support for branches was
greater in analyses of combined data than in analyses
of either individual data set. Of the 2113 characters
analyzed in the combined data set, 608 characters
were variable and 440 were parsimony informative.
Two trees of 1359 steps resulted from MP analysis
(not shown, CI excluding uninformative characters =
0.518, RI = 0.653). With respect to relationships of
taxa outside the Ulotrichales clade, these MP trees
were similar to those resulting from MP analysis of the
rbcL. data alone (Fig. 2). In particular, K. leptoderma
was sister to the Blidingia clade. The topological dif-
ference between the two MP trees occurred in the
Ulotrichales clade. In one tree, M. grevillei was sister to
the Gloeotilopsis clade. In the second tree, this taxon
formed a clade with U. zonata, and this clade was sister
to the Gloeotilopsis clade; however, the node joining M.
grevillei and U. zonata was only weakly supported.
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—/85 Ulva californica

90/100|~ Enteromorpha prolifera

92/99[ 100/100

73 Ulva lactuca

91/82
100/100

78/59

100/100 64/93

90/85

50 changes

Chloropelta caespitosa

Ulva fenestrata

Enteromorpha intestinalis
— Ulvaria obscura var. blyttii
Percursaria percursa
100/1&{ Blidingia minima var. minima
/80 Blidingia minima var. vexata
65/ — Kornmannia leptoderma
Pseudendoclonium fucicola
Tellamia contorta
Monostroma nitidum
Gloeotilopsis planctonica
o8/86 —— Ulothrix zonata
Pseudoneochloris marina

Chlorella vulgaris

Ulvaceae

Ulvales

Ulotrichales

Mpyrmecia biatorellae

Fic. 2. Phylogenetic tree based on maximum parsimony analysis of rbcL. sequences. Tree shown is one of two equally parsimoni-
ous trees recovered in a heuristic search. Family and order are based on Floyd and O’Kelly (1990). Nodes are labeled with bootstrap
values for maximum likelihood (100 replicate samples) and maximum parsimony (2000 replicate samples), respectively; “—” indi-
cates a bootstrap value less than 50% for an analysis. Nodes with bootstrap values of less than 50% in both analyses are not labeled. An
asterisk (*) notes nodes which collapse in the strict consensus of the two most parsimonious trees. Tree length = 1106 steps; CI ex-
cluding uninformative characters = 0.492, RI = 0.575. Scale bar for 50 nucleotide changes shown at bottom.

The tree resulting from ML analysis of the com-
bined data is shown in Fig. 4. As in previous analyses,
the Ulvaceae and the B-K-P-T clade were well sup-
ported. Kornmannia leptoderma was basal in the latter
clade, similar to trees resulting from analyses of 18S
rDNA (Fig. 3) and ML analysis of the rbcL. data (not
shown). Additionally, the Ulvales were strongly sup-
ported. In contrast to most trees, P. marina was sister
to the Ulvales, although its position in the tree was

not well supported. Given its instability, this taxon was
deleted, and the combined data set was reanalyzed us-
ing MP criteria to assess the affect of its removal on
support for the Ulotrichales (not shown). Bootstrap
support under MP criteria increased from < 50% to
79% for the branch leading to C. fulvescens and the re-
maining Ulotrichalean algae. Other nodes in the re-
analyzed data set had comparable support to initial
analyses.
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Ulva californica
52/63

Ulva fenestrata
54185 |

Ulva lactuca
—/61 N

55 \L Enteromorpha prolifera
- Ulvaceae

s Chloropelta caespitosa

84/100 — Enteromorpha intestinalis

L . Ulvales
Percursaria percursa

Ulvaria obscura var. blyttii
84/100 1 Blidingia minima var. minima
Blidingia minima var. vexata

ga/100 [ Pseudendoclonium fucicola

71775

69/69

82/93
84/100 — Tellamia contorta

Kornmannia leptoderma
-/70
Capsosiphon fulvescens

Gloeotilopsis planctonica

B /673_ Gloeotilopsis sarcinoidea

Monostroma nitidum

Monostroma grevillei Ulotrichales

Ulothrix zonata

52/56 |
—— Pseudoneochloris marina
81/81

N[~ Acrosiphonia sp.

Acrosiphonia duriuscula

—— Chlorella vulgaris

Myrmecia biatorellae
— 0.005 substitutions/site

F1c. 3. Phylogenetic tree inferred from a heuristic search using maximum likelihood of 18S rDNA sequence data (—1nL =
2390.997). Family and orders are based on Floyd and O’Kelly (1990). Horizontal branch lengths are proportional to the mean num-
ber of nucleotide substitutions per site. Numbers associated with nodes indicate bootstrap values using maximum likelihood (100 rep-
licate samples) followed by values for maximum parsimony (2000 replicate samples), respectively; “—” indicates a bootstrap value less
than 50% for an analysis. Nodes with bootstrap values of less than 50% in both analyses are not labeled.

Additionally, the instability of K. leptoderma, and the vales (minus Kornmannia) were constrained as mono-
presence of a codon in the rbd. gene of this species phyletic, although relationships within the Ulvales
that was absent in other Ulvales, prompted the use of and among Kornmannia and ulotrichalean taxa were
topological constraints to investigate tree lengths with unconstrained. A heuristic search with similar param-
Kornmannia positioned outside the Ulvales. The Ul- eters to previous searches resulted in five most parsi-
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— 0.01 substitutions/site

F1c. 4. Phylogenetic tree inferred from a heuristic search using maximum likelihood of combined 18S rDNA and rbcL sequence
data (—1nL = 943.828). Family and order are based on Floyd and O’Kelly (1990). Horizontal branch lengths are proportional to the
mean number of nucleotide substitions per site. Nodes are labeled with bootstrap values for maximum likelihood (100 replicate sam-

”»

ples) followed by values for maximum parsimony (2000 replicate samples), respectively; “—” indicates a boostrap value less than 50%
for an analysis. Nodes with bootstrap values of less than 50% in both analyses are not labeled.

monious trees that were 15 steps longer than uncon- sus sister to Ulvales) was not conducted, because com-
strained trees. In these trees (not shown), K putationally simple tests for this purpose, such as the
leptoderma was sister to the Ulvales. A statistical test of Kishino-Hasegawa test (Kishino and Hasegawa 1989),
competing topologies (Kornmannia within Ulvales ver- have been shown to be invalid when one of the com-
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peting topologies is the optimal solution, as in the
present case (Goldman et al. 2000).

DISCUSSION

Trees inferred from phylogenetic analyses of rbcl,
18S rDNA and combined sequences are generally con-
gruent and have implications for the phylogeny and
classification of the Ulvaceae and related taxa. With
the exception of two taxa, K. leptoderma and P. marina,
relationships are stable across data sets and phyloge-
netic method. Minor topological differences between
rbcL and 18S rDNA trees are most likely due to the dif-
ferent rates at which these genes evolve. In particular,
small sequence divergences in 18S rDNA resulted in
short branches and low bootstrap support among
closely related taxa, such as in the Ulvaceae and Ulo-
trichales clades. Reasons for the instability of K. lepto-
derma and P. marina are discussed below.

Ulvaceae. The clade comprised of Chloropelta, Enter-
omorpha, Percursaria, Ulva and Ulvaria received strong
bootstrap support in all analyses. These results are
consistent with Floyd and O’Kelly’s (1990) proposal
for Ulvaceae, in which these genera, and the genus Let-
terstedtia, are members of the family. Most recent classifi-
cation schemes of Ulvaceae include Percursaria (Papen-
fuss 1960, Gayral 1964, 1971, Vinogradova 1974, Floyd
and O’Kelly 1990), but some place this genus in a sep-
arate family (Bliding 1968, Kornmann and Sahling
1977, Silva 1982) (Fig. 1). Bliding (1968) erected the
monotypic Percursariaceae based on distinctive devel-
opmental features observed in P. percursa. In the
present study, P. percursa is sister to the C-E-U clade in
the 18S rDNA tree (Fig. 3) and is sister to the clade
comprised of C-E-U plus Ulvaria in the rbcd. and com-
bined data trees (Figs. 2 and 4). Using monophyly as
the basis for taxonomy, the Percursariaceae is rejected
by the 18S rDNA tree but is neither supported nor re-
jected by the rbd. and combined data trees. However,
there is strong bootstrap support in all analyses for
the clade including Percursaria, Ulvaria and the C-E-U
clade and relatively weak support for the clade com-
prised of the C-E-U clade plus Ulvaria. Furthermore, it
is possible that Percursaria is closer to the C-E-U taxa
than to Ulvaria, given the 18S rDNA tree. In this case,
the Ulvaceae would be paraphyletic if the Percursari-
aceae were accepted. Based on these findings, Percursaria
is considered a member of the Ulvaceae following
Floyd and O’Kelly (1990).

Systematists have long considered Enteromorpha and
Ulva to be valid genera, despite evidence to the contrary.
In culture studies of European Ulva species, Gayral
(1967) observed the development of both tubular and
blade thalli from single populations of zoospores and
parthenogenetic gametes. Bonneau (1977) observed
the development of plants possessing distromatic, par-
tially distromatic and completely tubular thalli from
swarmers released from a single isolate of Ulva lactuca.
Provasoli and Pintner (1980) showed that Ulva cultures
can form uniseriate filaments when axenic or tubular

thalli when grown with certain bacteria. Bonneau
(1977) and Provasoli and Pintner (1980) agreed that
there were no valid criteria for recognizing two gen-
era. Tan et al. (1999) tested their hypothesis using
phylogenetic analysis of internal transcribed spacer
rDNA sequences. This analysis revealed mixed clades
of Ulva and Enteromorpha and led Tan et al. (1999) to
suggest that there may be a reversible morphogenetic
switch controlling gross morphology in these algae.
Two clades each with representatives of both Entero-
morpha and Ulva are strongly supported in the rbcL
and combined data analyses presented here. These data
are further evidence that these genera are not distinct
evolutionary entities. Relationships among these closely
related taxa are not resolved by the partial 18S rDNA
data due to an absence of phylogenetic signal.

There is strong support for the grouping of C. cae-
spitosa with U. californica and E. prolifera in the rbd. and
combined data analyses. Tanner (1980) erected the ge-
nus Chloropelta on the basis of its unique developmental
pattern, which is very distinctive in culture (H. S. Hay-
den, personal observation). On the basis of molecular
data, Chloropelia cannot be recognized at the generic
level. It is premature to assess phylogenetic affinities of
C. caespitosa to particular species of Enteromorpha and
Ulva given the small number of representative taxa in
the current study. Research by the authors using phylo-
genetic analysis of molecular data and a larger sampling
of taxa is underway to address this issue.

Ulvales. The Ulvales are well supported in most analy-
ses and, with the exception of K. leptoderma, relationships
among taxa are generally stable across data sets and phy-
logenetic methods. Floyd and O’Kelly (1990) consid-
ered Blidingia, Kornmannia, Pseudendoclonium (sensu
Nielsen 1980), and Tellamia as members of families or in-
formal groups distinct from the Ulvaceae (O’Kelly and
Floyd 1984, Floyd and O’Kelly 1990). Blidingia, Kornman-
nia and Pseudendoclonium were placed in an informal
“Blidingia group” (Floyd and O’Kelly 1990), because
these genera are typified by small zoospores having very
reduced features. Tellamia, a filamentous alga found
within the periostracum of Littorina obtusata L. (Nielsen
and McLachlan 1986), was considered a member of the
Ulvellaceae, a family of minute algae lacking rhizoplasts
in their motile cells. In the present trees, P. fucicola is the
sister taxon to T. contorta. This result supports the hy-
pothesis that Pseudendoclonium is polyphyletic: P. basil-
tense is a member of Ulotrichales (Friedl 1996), whereas
the type species, P. submarinum, and P. fucicola are con-
sidered members of Ulvales (Nielsen 1980). However,
this suggests that Floyd and O’Kelly’s “Blidingia group” is
not monophyletic.

Phylogenetic analyses are equivocal with respect to
the relationship between K. leptoderma and species of
Blidingia. These genera were considered by Bliding
(1968) and Gayral (1971) to be closely related, based on
cytology and certain life history and thallus develop-
mental features. Conversely, Golden and Cole (1986)
erected the monotypic Kornmanniaceae (Ulotrichales),
citing unique pyrenoid (Hori 1973) and life history
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traits. O’Kelly and Floyd (1984) considered Kornmannia
as incertae sedis based on these unique features, but later
placed this genus in their informal “Blidingia group”
(Floyd and O’Kelly 1990) based on motile cell ultrastruc-
ture and early thallus development.

Kornmannia leptoderma shares the presence of an addi-
tional codon in the rbd. gene with representative ulo-
trichalean and outgroup genera, yet sequence data con-
sistently ally this taxon with Ulvales genera with strong
bootstrap support. The position of Kornmannia in this
clade and the lack of an additional codon in other Ul-
vales suggests that either two independent deletions oc-
curred (along branches leading to the B-P-T clade and
the Ulvaceae) or an amino acid was lost prior to diversifi-
cation of the Ulvales and independently regained in
Kornmannia. An alternative, hypothetical tree topology
that would explain sequence evolution among these al-
gae would place the branch leading to Kornmannia
between the Ulotrichales and Ulvales clades. Under this
hypothetical scenario, an amino acid in the 7bd. gene
would be lost prior to the diversification of the Ulvales,
but after the branch leading to Kornmannia (i.e. one loss
versus two losses or a loss followed by an independent
gain). However, constrained trees that result in K. lepto-
derma assuming an intermediate position between the
Ulotrichales and Ulvales are 15 steps longer than uncon-
strained trees. Thus, this scenario appears unlikely.

Within the B-K-P-T clade, the position of K. leptoderma
is relatively unstable. It forms a clade with Blidingia in
MP analyses of rbcl. (80% bootstrap support) (Fig. 2)
and MP analyses of combined data (57% bootstrap
support, tree not shown), and it is sister to the B-P-T
clade in all other analyses. The instability of this taxon
may be due, in part, to the relatively small selection of
representative Ulvales sequences in this study. Limited
taxon sampling likely contributes to relatively long
branches in this clade. Relationships among these genera
should be reconsidered after more taxa have been sam-
pled. Despite the instability of K. leptoderma within
the B-K-P-T clade, this group is well supported and
should be considered the Kornmanniaceae, the only
validly published family name.

Ulotrichales. Floyd and O’Kelly (1990) allied Capsosi-
phon with Gayralia and Trichosarcina in their informal
“Gayralia group” of the Ulotrichales. The 18S rDNA data
support their hypothesis that Capsosiphon is a member of
the Ulotrichales, although its position in this order re-
mains unclear. Capsosiphon does not appear to have a
close association with Ulothrix, as Migita (1967) and
O’Kelly and Floyd (1984) proposed. The placement of
Capsosiphon in Ulvaceae was based primarily on the mor-
phology and development of its tubular thalli (Bliding
1935, Papenfuss 1960, Chihara 1967). Chapman (1952)
elevated the genus to familial rank (Capsosiphonaceae,
Ulvales) given observed cytological and structural differ-
ences between thalli of Capsosiphon and other Ulvaceae.
Detailed life history studies revealed that the sexual life
history of C. fulvescens (Migita 1967, Yoshida 1970) and
C. groenlandicum (as Monostroma groenlandicum, Tatewaki
1972) includes an alternation of tubular gametophytes

with cystlike sporophytes. The cystlike sporophyte, or
Codiolum sporophyte, has been considered to be charac-
teristic of genera in the Ulotrichales. Due to his empha-
sis on life cycle traits, Kornmann (1973) established a
new class, the Codiolophyceae, based on this Codiolum
stage. His treatment has been followed by some authors
(e.g. van den Hoek et al. 1995), but not by others (e.g.
Gabrielson et al. 2000). Regardless of taxonomic rank,
the molecular data in this study support the grouping of
taxa based on the presence of this character.

Relationships among Ulotrichales genera have been
investigated using molecular data (Friedl and Zeltner
1994, van Oppen 1995, Friedl 1996); however, species of
Capsosiphon have not been included in these studies.
Based on the presence of the Codiolum sporophyte and
the molecular data presented here, Capsosiphon should
be considered a member of the Ulotrichales. The addi-
tion of new taxa in future molecular-based phylogenies
should produce a clearer picture of the relationship of
Capsosiphon to other genera in this order.

Although the systematic position of P. marina was not
afocus of this study, this taxon’s instability in trees is note-
worthy. Watanabe et al. (2000) described this coccoid
green alga based on ultrastructure and 18S rRNA se-
quence data. In their study, P. marina grouped with Ulvo-
phyceae taxa as sister to the genus Acrosiphonia or nested
between this genus and a clade of Ulotrichales taxa; how-
ever, as in the present study, the position of this taxon
was not well supported. Additional taxon sampling may
help resolve its systematic position among the Ulo-
trichales. Also noteworthy is the apparent polyphyly of
Monostroma. Some evidence for this has already been dis-
cussed by van Oppen (1995). A comprehensive study of
this genus is warranted given her results and those from
the present study.

Characler assessment. An inclusive list of traits consid-
ered in assessing relationships among genera includes
sexual life history pattern, sporangial and gametangial
structure and development, ultrastructure of motile
cells and method of their release, and development
and morphology of vegetative thalli. Sexual life his-
tory pattern and sporangial and gametangial structure
and development have been used to separate genera
at the ordinal level (Kornmann 1965, Floyd and
O’Kelly 1984). Clades that reflect this separation are
resolved by molecular data. Interestingly, the consid-
eration of sexual life history pattern has led to conflicts
in systematic hypotheses for Kornmannia. In K. lepto-
derma, a macroscopic sporophyte comprised of mono-
stromatic blades growing from a basal disc of tissue al-
ternates with a discoid gametophyte (Yamada and
Tatewaki 1965). This seemingly unique heteromor-
phic life cycle is a primary character used to group
this taxon with the Ulotrichales (Golden and Cole
1986), yet the heteromorphic life cycle of the Ulot
richales includes a Codiolum sporophyte that is absent
in K. leptoderma. Additionally, a life cycle similar to
that of K. leptoderma (i.e. a macroscopic sporophyte
and discoid gametophyte) was observed in Blidingia
minima (Tatewaki and Iima 1984), a species in which
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an isomorphic life history is known (Tatewaki 1972).
The loss of upright thalli from the discoid gametophyte
of K. leptoderma may simply represent a reduction in an
essentially isomorphic life history rather than the evo-
lution of a novel heteromorphic pattern. Given this
interpretation, an isomorphic sexual life history pattern
should be considered a synapomorphy of the Ulvales.

Features of motile cell ultrastructure and method
of motile cell release have been considered in the di-
agnosis of orders and families for these algae (Floyd
and O’Kelly 1984, O’Kelly and Floyd 1984, Floyd and
O’Kelly 1990). Groupings of taxa based on ultrastruc-
tural traits are consistent with clades resolved by molecu-
lar data, while those based on the method of motile cell
release are not. A vesicle surrounding motile cells during
their release from sporangia and gametangia has
been observed in P. percursa (Kornmann 1956, Bliding
1963), but is absent in other Ulvales genera. O’Kelly
and Floyd (1984) suggested that the vesicle is a plesio-
morphic trait because it is derived from an electron-
dense wall, or capsule, of the mother cell present in both
Ulvales and Ulotrichales genera. In most Ulvales, the
capsule remains attached to the mother cell wall; how-
ever, this layer functions as a vesicle surrounding exiting
motile cells in many Ulotrichales, a function which may
have been regained in Percursaria. Molecular evidence is
in accordance with this view.

Development and morphology of vegetative thalli
have been used to delineate the Ulvaceae and genera
in this family. Trees inferred from molecular data
suggest that certain developmental traits diagnose
monophyletic groups while others do not. The early
developmental pattern of sporophytes and gameto-
phytes appears to be a synapomorphy that defines the
family. In all observed Ulvaceae taxa, zygotes, spores
and parthenogenetic gametes germinate into uniseriate
filaments that later become biseriate. In Percursaria, up-
right thalli are composed of biseriate filaments. In the
remaining Ulvaceae, filaments become multiseriate
and then tubular.

Generic boundaries have been based on the fate of
the tubular germling. Germlings remain tubular in Enter-
omorpha, collapse to form distromatic blades in Ulva, or
tear open to form monostromatic blades in Ulvaria, and
so on. Although the delineation of genera on this basis is
very appealing, it does not appear to have phylogenetic
significance in all cases. The splitting open of the mono-
stromatic tube appears to be a synapomorphy for Ulvaria;
however, the existence of non-overlapping clades with
mixtures of Chloropelta, Enteromorpha and Ulva species
suggests that other developmental steps are not sys-
tematically reliable. A second developmental trait that
does not appear to be reliable is the growth of upright
filaments from a basal cushion of tissue. This was one
of the primary characters that led Bliding (1968) to
separate Percursaria from the Ulvaceae; however,
growth from a basal disc also occurs in Blidingia, Korn-
mannia and Monostroma. The position of these genera
in phylogenetic trees suggest that this trait has evolved
several times in this group of green algae.

CONCLUSIONS

The 18S rDNA and 7bcL. sequence data are valuable
for testing systematic hypotheses for the Ulvaceae and
related taxa. With few exceptions, the hypotheses of
Floyd and O’Kelly (1990) for these genera are further
supported by the molecular evidence presented here.
A monophyletic Ulvaceae includes Percursaria, Ulvaria
and a complex of closely related species that should
be considered as species of Ulva, the older genus name
(Tan et al. 1999). The Ulvales and Ulotrichales are
distinct evolutionary lineages. Blidingia and Kornmannia
are allied with the former, Capsosiphon with the latter.
The Ulvales are characterized by an isomorphic life
history pattern, gametangia and sporangia that are
identical in structure and development, motile cells
with bilobed terminal caps and proximal sheaths consist-
ing of two equal subunits. The initial development of veg-
etative thalli and the presence of rhizoplasts in specific
arrays diagnose a monophyletic Ulvaceae. Method of mo-
tile cell release and the gross morphology of vegetative
thalli are not systematically reliable characters. The
present finding that molecular data support groupings
based on motile cell characters and refute those based on
vegetative morphology is similar to that from studies of
the Ulotrichales (van Oppen 1995, Friedl 1996).
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