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ABSTRACT. The systematics of the green algal class Ulvophyceae have been difficult to resolve with ultrastructural and molecular
phylogenetic analyses. Therefore, we investigated relationships among ulvophycean orders by determining the distribution of two discrete
genetic characters previously identified only in the order Dasycladales. First, Acetabularia acetabulum uses the core translation GTPase
Elongation Factor 1a (EF-1a) while most Chlorophyta instead possess the related GTPase Elongation Factor-Like (EFL). Second, the
nuclear genomes of dasycladaleans A. acetabulum and Batophora oerstedii use a rare non-canonical genetic code in which the canonical
termination codons TAA and TAG instead encode glutamine. Representatives of Ulvales and Ulotrichales were found to encode EFL,
while Caulerpales, Dasycladales, Siphonocladales, and Ignatius tetrasporus were found to encode EF-1a, in congruence with the two
major lineages previously proposed for the Ulvophyceae. The EF-1a of I. tetrasporus supports its relationship with Caulerpales/Dasycla-
dales/Siphonocladales, in agreement with ultrastructural evidence, but contrary to certain small subunit rRNA analyses that place it with
Ulvales/Ulotrichales. The same non-canonical genetic code previously described in A. acetabulum was observed in EF-1a sequences from
Parvocaulis pusillus (Dasycladales), Chaetomorpha coliformis, and Cladophora cf. crinalis (Siphonocladales), whereas Caulerpales use
the universal code. This supports a sister relationship between Siphonocladales and Dasycladales and further refines our understanding of
ulvophycean phylogeny.

Key Words. Caulerpales, Chlorophyta, Dasycladales, elongation factors, green algae, Ignatius tetrasporus, systematics, taxonomy,
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Mattox and Stewart (1984) defined the green algal class
Ulvophyceae mainly on the basis of the counterclockwise

offset of the cruciate flagellar basal apparatus and the mode
of cytokinesis, which involves neither a phycoplast (precluding
placement in the Chlorophyceae) nor a phragmoplast (a Char-
ophycean feature). Based on this definition, O’Kelly and Floyd
(1984) included five orders in the Ulvophyceae: Ulvales, Ulotric-
hales, Siphonocladales, Dasycladales, and Caulerpales; the
Trentepohliales were omitted on the basis of anomalous features
reminiscent of the Charophyceae, such as a multilayered structure
in the flagellar root system and plasmodesmata between vegeta-
tive cells (O’Kelly and Floyd 1984). While some molecular
phylogenetic analyses of 18S rRNA weakly recover ulvophycean
monophyly (López-Bautista and Chapman 2003; Watanabe and
Nakayama 2007), those with all orders represented suggest two
distinct, non-sister lineages within a clade that also includes mem-
bers of the Chlorophyceae and Trebouxiophyceae (Watanabe,
Kuroda, and Maiwa 2001; Zechman et al. 1990). These lineages
have been referred to as the Ulvophyceae I, which includes the
orders Siphonocladales, Dasycladales, Caulerpales, and Trente-
pohliales, and the Ulvophyceae II, which includes the orders
Ulvales and Ulotrichales (Watanabe et al. 2001). Overall, it seems
likely that the Ulvophyceae is not monophyletic, unless more nar-
rowly described to include just the Ulvophyceae II clade (Ulvo-
phyceae sensu van den Hoek, Mann, and Jahns 1995; Watanabe
et al. 2001), but a new taxonomic revision awaits further evidence.

To further refine our understanding of relationships among
ulvophyceans, we have examined taxa from the five orders iden-
tified by O’Kelly and Floyd (1984) plus Ignatius tetrasporus for
the presence of two discrete genetic characters: the presence of
Elongation Factor 1a (EF-1a) versus Elongation Factor-Like
(EFL) proteins, and the presence of a non-canonical genetic code
where TAA and TAG encode glutamine. The eukaryotic EF-1a

(also known as EF1A) plays an essential role in translation by
bringing aminoacyl-tRNAs to the ribosome, and was thought to be
ubiquitous. However, it was recently discovered that certain
eukaryotic groups lack EF-1a altogether and instead possess a
distinct paralog called EFL (Keeling and Inagaki 2004). Within
the Chlorophyta, all investigated species possess EFL, with one
intriguing exception: the ulvophycean Acetabularia acetabulum
possesses EF-1a. The relationships between green algal EFL
genes are not well resolved, but the EF-1a gene from A. ace-
tabulum is clearly related to EF-1a from charophytes and land
plants, suggesting that at least EF-1a was present in the ancestor
of Viridiplantae (Noble, Rogers, and Keeling 2007). The Ulvo-
phyceae are therefore at the center of the puzzle of EF-1a/EFL
evolution in the green algae, but EFL and EF-1a have been char-
acterized from only one ulvophycean order each: EFL in the
Ulvales from two Ulva species (Noble et al. 2007), and EF-1a
in the Dasycladales from A. acetabulum (Keeling and Inagaki
2004).

Another unusual molecular character in the Dasycladales is
a non-canonical genetic code. This was first discovered in A. ace-
tabulum (Schneider, Leible, and Yang 1989) and later in Bat-
ophora oerstedii (Schneider and de Groot 1991). In these genomes
the canonical stop codons UAA and UAG specify glutamine. The
same non-canonical code also occurs in the nuclear genomes of
oxymonads (Keeling and Leander 2003; de Koning et al. 2008)
and diplomonads (Keeling and Doolittle 1996, 1997), and it has
likely arisen at least twice in ciliates (Baroin-Tourancheau et al.
1995; Lozupone, Knight, and Landweber 2001). In this study, we
find that both characters are more broadly and informatively dis-
tributed than was previously recognized. Elongation factor 1a was
found in Dasycladales, Siphonocladales, Caulerpales, and I. tetra-
sporus, whereas EFL was found in Ulvales and Ulotrichales. The
non-canonical genetic code, in turn, was found in Dasycladales
and Siphonocladales, but not in Caulerpales (or Ulvales or
Ulotrichales). Together these characters support previous sugges-
tions of a clade of Dasycladales, Siphonocladales, Caulerpales,
and I. tetrasporus (Watanabe and Nakayama 2007; Watanabe
et al. 2001) and a specific relationship between the Siphonocla-
dales and Dasycladales within this clade, which is also consistent
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with ultrastructural characters (O’Kelly and Floyd 1984; Roberts,
Stewart, and Mattox 1984; Sluiman 1989).

MATERIALS AND METHODS

Culture sources. Seven strains of ulvophycean green algae
from five orders were used in this study. Four were ordered from
either the Provasoli-Guillard National Center for Culture of
Marine Phytoplankton (CCMP) or the Culture Collection of
Algae at the University of Texas at Austin (UTEX): Ochlochaete
hystrix Thwaites ex Harvey CCMP 2319, Urospora sp. CCMP
1082, I. tetrasporus Bold and MacEntee (UTEX B 2012), and
Parvocaulis pusillus (Howe) Berger, Fettweiss, Gleissberg, Lid-
dle, Richter, Sawitsky, and Zuccarello (UTEX LB 2710). Ca-
ulerpa cf. racemosa (Forsskål) Agardh was donated by the
Vancouver Aquarium. Chaetomorpha coliformis (Montagne) Ku-
etzing was collected at Taylor’s mistake, New Zealand, December
18, 2007, and Cladophora cf. crinalis Harvey was collected at
Wainui, Akaroa Harbour, New Zealand, October 26, 2007. Vou-
cher specimens for the latter two collections were deposited at the
Allan Herbarium, Lincoln, New Zealand, numbers CHR585485
and CHR585488.

RNA extraction, polymerase chain reaction, and sequencing
methods. Total RNA was extracted from algal cell pellets of
Ochlochaete, Urospora, Ignatius, Parvocaulis, and Caulerpa us-
ing Trizol reagent (Invitrogen, Carlsbad, CA) or the RNeasy Mini
kit (Qiagen, Mississauga, ON, Canada) for Chaetomorpha and
Cladophora. Elongation Factor-Like and EF-1a cDNA sequences
were obtained by 30 RACE using the following nested degenerate
forward primers designed to be universal for any eukaryotic EFL
and EF-1a: 50-GTCGARATGCAYCAY-3 0 (outer) and 50-CCG
GGCGAYAAYGTNGG-30 (inner) using the FirstChoice RLM-
RACE kit (Ambion, Austin, TX). Gene-specific reverse primers
were designed from EFL and EF-1a 30 RACE sequences and used
with the following nested degenerate forward primers using Su-
perscript III One-Step RTPCR with Platinum Taq (Invitrogen): for
EFL—50- CTGTCGATCGTCATHTGYGGN-30 and 50-CATGT
CGACTCGGGCAAGTCNACNACNACNGG-30, and 50-AACA
TCGTCGTGATHGGNCAYGTNGA-30; for EF-1a—50- CATG
TCGACTCGGGCAAGTCNACNACNACNGG-30 and 50-TTCG
AGAAGGAGGCNGCNGARATGAA-3 0. Polymerase chain re-
action products of Ochlochaete, Urospora, Ignatius, Parvocaulis,
and Caulerpa were cloned using the TOPO-TA cloning kit (Inv-
itrogen) and for Chaetomorpha and Cladophora using the pGEM-
T Easy vector system (Promega, Madison, WI). New sequences
obtained in both directions using BigDye Terminator v. 3.1
(Applied Biosystems, Foster City, CA) were deposited in Gen-
Bank under Accession numbers FJ539138-FJ539144.

Phylogenetic analyses. New and previously published EFL
and EF-1a sequences were translated and aligned by Multiple
Alignment using Fast Fourier Transform (MAFFT, Katoh et al.
2002) and edited in MacClade 4.08 (Maddison and Maddison
2003) to final matrix sizes of 32 taxa and 444 unambiguously
aligned characters for EFL and 29 taxa and 426 characters for EF-
1a. Phylogenetic trees were inferred using maximum likelihood
(ML) and Bayesian methods. ProtTest 1.4 (Abascal, Zardoya, and
Posada 2005) was used to determine the best amino acids replace-
ment models and analysis parameters. Maximum likelihood trees
were inferred using RAxML 7.0.3 (Stamatakis 2006) on the
CIPRES portal (http://8ball.sdsc.edu:8889/cipres-web/Home.do)
using the RtREV amino acids substitution matrix (Dimmic et al.
2002), four rate categories approximated by a G distribution with
parameter a estimated from the data, amino acid frequencies cal-
culated from the data, and in the case of EF-1a, a proportion of
invariable sites also calculated from the data. The EFL alignment
had a negligibly low proportion of invariable sites. Two hundred

and fifty bootstrap replicates were performed for both datasets, as
computed to be sufficient by RAxML (Stamatakis, Hoover, and
Rougemont 2008). MRBAYES 3.1.2 (Ronquist and Huelsenbeck
2003) was used to perform Bayesian analyses using the RtREV
amino acids substitution matrix and the same parameters as the
likelihood analyses. Five independent analyses for each of the
EFL and EF-1a datasets were carried out in order to test for con-
vergence, and all five analyses for each protein produced identical
topologies and near-identical posterior probabilities. One cold and
three heated chains were run for all analyses, sampling one tree
per thousand generations, and 50% majority rule consensus
trees were computed after observing that log likelihood values
stabilized at 5,000 generations and discarding the first five
sampled trees. Consensus trees were also computed after discard-
ing the first 100 sampled trees for the 5,000 generation runs
and first 1,000 sampled trees for the five million generations
runs, with no effect on the consensus topology or posterior
probabilities (data not shown). All five EFL analyses were run
for five million generations, and one consensus tree was arbitrarily
chosen to indicate posterior probabilities on the ML topology.
Four of the EF-1a analyses were run for one million generations
and one for five million generations; the longer run was chosen
to represent the topology and posterior probabilities. For the
EF-1a tree, ML branch lengths were computed using TREE-
PUZZLE 5.1 (Schmidt et al. 2002) and displayed on the Bayes-
ian topology.

Approximately Unbiased (AU) tests (Shimodaira 2002) were
carried out using CONSEL 1.19 (Shimodaira and Hasegawa
2001) to evaluate the likelihood of alternate EF-1a and EFL top-
ologies in which the Ulvophyceae is constrained as monophyletic.
Site likelihoods were calculated by TREE-PUZZLE 5.1 (Schmidt
et al. 2002) using the –wsl option, the WAG amino acids substi-
tution matrix (Whelan and Goldman 2001), and four G rate cate-
gories with parameter a, amino acid frequencies, and the proportion
of invariable sites estimated from the data. Because the RtREV
model is not available in this program, ML trees were also inferred
with the WAG substitution model (Whelan and Goldman 2001),
the second best model according to ProtTest. The resulting top-
ologies were congruent with only minor, unsupported differences:
C. racemosa and I. tetrasporus form an unsupported clade (24%)
in the EF-1a tree, and the EFL tree was identical to the Bayesian
topology (see ‘‘Results’’ for details).

RESULTS

Distribution of EFL and EF-1a and a non-canonical genetic
code. In this study, seven species representing five ulvophycean
orders were tested for the presence of EF-1a and EFL by RT-PCR.
EFL sequences were determined from O. hystrix (Ulvales) and
Urospora sp. CCMP1082 (Ulotrichales), both members of the
Ulvophyceae II clade. EF-1a sequences were determined from all
other species tested, all of which belong to the Ulvophyceae I:
Caulerpa cf. racemosa (Caulerpales), P. pusillus (Dasycladales),
C. cf. crinalis and C. coliformis (Siphonocladales). None of the
species investigated was found to express both genes. EF-1a se-
quences for C. crinalis and C. coliformis in the Siphonocladales
and P. pusillus from the Dasycladales were found to use a non-
canonical genetic code. In all three genes, a UAA or UAG codon
was found at one or more positions that are otherwise highly con-
served for the amino acid glutamine (Fig. 1). The C. racemosa EF-
1a sequence contained neither UAA nor UAG codons.

Phylogeny of EF-1a and EFL in the Ulvophyceae. Phyloge-
netic analyses of EFL and EF-1a were carried out in order to gain
insight into the evolutionary history of these proteins, but they
should not be interpreted as reflective of ulvophycean rela-
tionships as neither of these proteins is well-suited for inferring
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organismal phylogenies (Keeling and Inagaki 2004; Roger et al.
1999). In the EF-1a phylogeny, the branch uniting streptophytes is
strongly supported (100% bootstrap support, 1.0 posterior proba-
bility), as is the branch uniting streptophyte and ulvophycean
EF-1a sequences (97% bootstrap support, 1.0 posterior probabil-
ity, Fig. 2). The ulvophycean sequences as a whole do not group
together (only species from the same order form supported
clades), but AU tests failed to reject the possibility of a mono-
phyletic Ulvophyceae with ( p 5 0.45) or without ( p 5 0.161)
Siphonocladales and Dasycladales constrained as sister groups
(Fig. 3A, 3B). Therefore, while the best ML topology of the EF-1a
tree does not recover accepted relationships among members of
the Ulvophyceae and Streptophyta, it is not inconsistent with their
monophyly (Fig. 2), suggesting that it was likely encoded in the
common ancestor of these two groups.

Our Bayesian EFL analysis (Fig. 4) is congruent with previous
analyses, but the new ulvophycean sequences are not monophyle-
tic: Urospora and the Ulva species form a strongly supported
clade, but O. hystrix, which is more closely related to Ulva than
either are to Urospora (O’Kelly, Wysor, and Bellows 2004), is
excluded. Chlorococcum sp. NEPCC 478 also groups robustly
with the Ulva clade, but as the support is high and many other
coccoid green algae have been transferred out of their traditional
morphology-based genera, even into new classes (Lewis and
McCourt 2004), we suspect that this Chlorococcum strain is more
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FTA Q VIIMNHPG Q IGNG
FTS Q VIIMNHPG Q IGNG
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Monosiga ovata
Ornithorhynchus anatinus

Malus domestica
Picea abies

Physcomitrella patens
Chara australis

Caulerpa racemosa
Ignatius tetrasporus

Acetabularia acetabulum
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Chaetomorpha coliformis
Cladophora crinalis

Fig. 1. Selected regions of the elongation factor 1a (EF-1a) alignment
indicating TAA and TAG codons at positions conserved for glutamine
(Q) in the dasycladaleans Parvocaulis pusillus and Acetabularia ace-
tabulum and the siphonocladaleans Cladophora crinalis and Chaetomor-
pha coliformis.
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Fig. 2. Maximum likelihood (ML) phylogeny of elongation factor 1a (EF-1a) with major lineages bracketed to the right. Hash marks indicate
branches whose lengths have been reduced by precisely one half, while ML bootstrap values of 50% or greater (above) and Bayesian posterior prob-
abilities of 0.9 or greater (below) are indicated at nodes.
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likely a misidentified member of the Ulvales or Ulotrichales than a
true Chlorococcum species. As a result of the unexpected place-
ment of O. hystrix, the phylogeny of EFL is both consistent with a
single origin of EFL in the UTC clade and inconsistent with a
single origin of EFL in the Ulvophyceae. Approximately Unbi-
ased tests further supported the non-monophyly of ulvophycean
EFL (Fig. 3C, D). The ML topology (not shown) was essentially
identical to the Bayesian topology, having only unsupported
differences. The position of O. hystrix is the same but lacks sup-
port (44%), Helicosporidium falls at the base of the Ulva clade
with no support (6%), and T. tetrathele groups with Rap-
hidiophrys contractilis with no support (8%).

DISCUSSION

Previously, the distribution of EFL and EF-1a in the Ulvophy-
ceae was only known from Ulva fenestrata, Ulva intestinalis, and
A. acetabulum. We have used seven species from five orders of the
Ulvophyceae to determine the presence of EFL and EF-1a by 30

RACE and RT-PCR, and their respective distributions were found
to correspond to the two major groups within the class. Elongation
Factor-Like was found in the Ulvales from O. hystrix and previous
Ulva sequences and in the Ulotrichales from Urospora sp. CCMP
1082, the two orders that make up the Ulvophyceae II group.
Elongation factor 1a, on the other hand, was found in the Cauler-
pales from Caulerpa cf. racemosa, Dasycladales from P. pusillus
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Fig. 3. Alternate topologies evaluated by Approximately Unbiased
(AU) tests and their associated P-values. A, B elongation factor 1a (EF-
1a). C, D Elongation Factor-Like (EFL). Siphonocladales are represented
by Cladophora and Chaetomorpha and Dasycladales by Acetabularia and
Parvocaulis.
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and previously from A. acetabulum, and Siphonocladales from
C. cf. crinalis and C. coliformis, all of which are members of the
Ulvophyceae I group. Ignatius tetrasporus was also found to en-
code EF-1a, supporting its inclusion in Ulvophyceae I. None
of the selected taxa was found to express both EFL and EF-1a.
During the course of our research, other members of the Ulvo-
phyceae I (i.e. Ostreobium quekettii, Blastophysa rhizopus, and
Codium, Derbesia, and Bryopsis species) were independently
found to encode EF-1a by examining gene fragments by PCR
(Cocquyt, E. E., pers. commun.).

In the EF-1a sequences for C. crinalis and C. coliformis in the
Siphonocladales and P. pusillus from the Dasycladales, the co-
dons UAA or UAG were found at one or more positions that are
otherwise highly conserved for the amino acid glutamine (Fig. 1).
We interpret this as being due to the use of a non-canonical code
because the same code has been identified in A. acetabulum and
confirmed by protein sequencing (Schneider et al. 1989) and also
identified in the closely related dasycladalean B. oerstedii (Schn-
eider and de Groot 1991). It is therefore no surprise to find this
code in P. pusillus, which is even more closely related to A. ace-
tabulum than B. oerstedi is (Zechman 2003), but its use by two
members of the Siphonocladales is informative. The EF-1a se-
quences from C. racemosa and I. tetrasporus use only canonical
CAA and CAG codons for glutamine, and the coding sequences
terminate with UGA codons, characteristics that are consistent
with either genetic code. However, publicly available sequences
from other Caulerpales (i.e. Bryopsis hypnoides (lectin, GenBank
EU410470), Bryopsis maxima (RNase Bm2, AB164318), Bryop-
sis plumosa (bryohealin, EU769118), and Flabellia petiolata
(P-type ATPase, AJ972675), all use canonical glutamine codons,
and coding sequences terminate with UGA, UAA, or UAG
codons, indicating that the Caulerpales as a whole use the uni-
versal code. Additional sequences from Caulerpa and other gen-
era support this conclusion (unpubl. data, and Cocquyt, E. E., pers.
commun.).

The discovery of a non-canonical genetic code in the Siphon-
ocladales expands the known distribution of this character within
the Ulvophyceae I, and combined with ultrastructural evidence,
supports a sister relationship between the Siphonocladales and
Dasycladales. Genetic code changes in nuclear genomes are quite
rare, having occurred in only a handful of eukaryotic lineages.
Although the conversion of UAA and UAG codons from speci-
fying stop to specifying glutamine has happened twice within the
ciliates (Baroin-Tourancheau et al. 1995; Lozupone et al. 2001),
this is unlikely to be the case in the Ulvophyceae for two main,
interrelated reasons. First, Siphonocladales and Dasycladales un-
doubtedly share a recent common ancestor; the only question is
whether they are sisters or whether one of them is closer to the
Caulerpales (Roberts et al. 1984; Sluiman 1989; Watanabe and
Nakayama 2007; Watanabe et al. 2001; Zechman et al. 1990).
The two lineages of ciliates known to share this code are far
more distantly related. Second, sisterhood of Siphonocladales
and Dasycladales has been proposed previously on the basis of
shared ultrastructural characters. These include a somewhat flat-
tened cruciate arrangement of basal bodies and roots, a striated
distal fiber connecting the two distal basal bodies, and a transverse
septum in the flagellar transition zone (Roberts et al. 1984; Slui-
man 1989). Molecular analyses neither support nor refute this hy-
pothesis: they have either failed to resolve the relationships
among these three orders (Zechman et al. 1990) or failed to in-
clude sequences from the Caulerpales (López-Bautista and Chap-
man 2003; Watanabe et al. 2001). Because the evidence from
molecular phylogeny, morphology, and now the shared retention
of EF-1a all support a monophyletic Ulvophyceae I, and Dasycla-
dales and Siphonocladales share ultrastructural features, the most
straightforward interpretation of the distribution of genetic codes

is that Dasycladales and Siphonocladales share a common ances-
tor to the exclusion of Caulerpales.

The distribution of discrete genetic characters can be useful in
inferring phylogenetic relationships, if they are interpreted cor-
rectly and ideally are consistent with other forms of data, espe-
cially when evidence from ultrastructural features and molecular
phylogenies is in conflict or inconclusive. Previous molecular
phylogenetic analyses provided conflicting placements of I. tetra-
sporus: a Bayesian analysis of 18S rRNA placed I. tetrasporus
and its sister taxon Pseudocharacium americanum as early-
diverging members of the Ulvophyceae II clade, while a distance
analysis placed them at the base of the Ulvophyceae I, though
neither placement was strongly supported (Watanabe and Naka-
yama 2007). The authors hypothesized that I. tetrasporus belongs
with the Ulvophyceae I clade on the basis of their ultrastructural
analysis, which is consistent with our findings. Ignatius tetra-
sporus is only one of several putative ulvophyceans with uncer-
tain affinities, however, Trentepohliales are hypothesized to be
sisters to the Dasycladales and/or Siphonocladales, but their exact
placement is uncertain (López-Bautista and Chapman 2003). If
this hypothesis is correct, we would predict that this group also
possesses EF-1a, and their genetic code may be especially infor-
mative. The affinities of Oltmannsiellopsis viridis may also be
clarified by determining which elongation factor it encodes. It has
been shown to branch at the base of the Ulvophyceae with strong
support (Friedl and O’Kelly 2002), but because members of the
Ulvophyceae I clade were omitted, its precise position remains
unclear. Finally, certain trebouxiophytes show a weak affinity to
the Ulvophyceae I clade in small subunit rRNA trees (Watanabe et
al. 2001). It would be of interest to determine whether these taxa
also possess EF-1a and, by extension, whether they might be bet-
ter placed in the Ulvophyceae I.
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