
SUMMARY

Primer sequences are described for amplifying and
sequencing a large fragment (approximately 2500 b.p.)
of the nuclear-encoded large-subunit ribosomal RNA
gene (LSU) from red algae. In comparison to RuBisCo
large-subunit gene (rbcL) and nuclear-encoded small-
subunit ribosomal RNA gene (SSU) sequence data,
LSU sequence data was intermediate in the number of
phylogenetically informative positions and sequence
divergence. Parsimony analysis of LSU sequences for
16 Gelidiales species resolved some nodes unresolved
in rbcL and SSU parsimony trees. An analysis of LSU
sequences from 13 species of red algae classified in
11 orders suggests that this gene may be useful in
studies of higher-level relationships of red algae.
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INTRODUCTION

Red algal phylogenetic studies involving DNA sequence
analyses have predominantly used three sequence
regions: the nuclear-encoded small-subunit ribosomal
RNA gene (SSU), the internal transcribed spacer
regions (ITS) of nuclear ribosomal DNA, and the chloro-
plast-encoded RuBisCO large-subunit gene (rbcL).
Studies of species and higher level relationships have
generally used analyses of either rbcL or SSU
sequences to generate phylogenetic hypotheses (e.g.
Freshwater and Rueness 1994; Hommersand et al.
1994; Ragan et al. 1994; Saunders and Kraft 1996),
and recent studies have included both separate and
combined (Bailey and Freshwater 1997; Vis et al.
1998) analyses. Not only have both these sequences
proved useful for addressing phylogenetic questions,
but the large number of publicly available rbcL and
SSU sequences can greatly reduce the amount of
sequence data which needs to be generated by individ-
ual researchers for a particular study.

For these reasons, rbcL and SSU sequences are
obvious candidates for most phylogenetic studies in red
algae. There can, however, be potential problems with
the use of both genes. In comparison to SSU data, rbcL
data sets generally exhibit a higher rate of mutational
change (Bailey and Freshwater 1997). Although this
rate of change provides a useful tool for resolving inter-
specific and intergeneric relationships (e.g. Freshwater
et al. 1995; Fredericq and Ramírez 1996), it may lead
to branch attraction problems when addressing phylo-
genetic questions at higher taxonomic levels (e.g.
among orders; Felsenstein 1978; Graybeal 1998). For
example, long branch attraction was cited by Fresh-
water et al. (1994, p. 7284) as the probable cause for
the spurious position of the Rhodogorgonales within the
Florieophycidae based upon rbcL analysis. Care must
be taken when using rbcL sequence analyses for ex-
ploring higher level relationships to ensure sufficient
sampling of taxa in order to prevent this problem. Further-
more, because of extinction and other stochastic
causes, the problem of long branch attraction cannot
always be ameliorated by including additional taxa.

In contrast, SSU sequence data sometimes does not
exhibit enough variation to provide the necessary phy-
logenetic signal for addressing some lower level rela-
tionships. Whereas species level relationships for a set
of Gelidiales taxa were well resolved by rbcL data, SSU
data for those same taxa did not provide sufficient
phylogenetic signal to resolve relationships at that level
(Bailey and Freshwater 1997). Bailey and Freshwater
(1997) did find that some higher level relationships
which could not be determined with the rbcL data were
resolved with the SSU data, and similar results were
reported by Vis et al. (1998) in a study of the Batra-
chospermales.

In this study, the characteristics and utility of
sequence data for the nuclear-encoded, large-subunit,
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ribosomal RNA gene (LSU) in phylogenetic studies are
outlined, and primer sequences for amplifying and
sequencing portions of this gene are presented.

MATERIALS AND METHODS

Species and GenBank accession numbers of sequences
used in this study are given in Table 1. The generation
of rbcL and SSU sequence data was as described in
Freshwater and Rueness (1994) and Bailey and Fresh-
water (1997). The LSU sequence data were generated
using both manual and automated sequencing methods.
Manual sequencing was performed as described in
Freshwater and Bailey (1998).

For automated sequencing, amplification products

were cleaned of excess primer, enzyme and dNTPs
using either Wizard PCR preps (Promega, Madison, WI,
USA) or by PEG precipitation (Hillis et al. 1996).
Sequencing reactions were performed using the Big Dye
sequencing kit and protocol (Perkin-Elmer, Foster City,
CA, USA), and analyzed on an ABI Prism 310 Genetic
Analyzer (PE Applied Biosystems, Foster City, CA,
USA). The sequence data were compiled and edited
with Sequencher (Gene Codes Corp., Ann Arbor, MI,
USA), and aligned using SeqApp (Gilbert 1992).
Sequence data sets were analyzed with PAUP (v. 3.1.1,
Swofford 1993) and MacClade (v. 3.0, Maddison and
Maddison 1992).

RESULTS AND DISCUSSION

Two different LSU data sets were produced. One
included 16 Gelidiales species and the other 13
species representing 11 orders which will be referred to
as the ‘interordinal’ data set. The LSU gene in red algae
is approximately 3300 b.p. in length. Partial LSU
sequences were determined in this study using primer
sequences either described by Hamby et al. (1988),
designed from an analysis of six aligned vascular plant
sequences (Arabidopsis thaliana [X52320], Sinapsis
alba [X57137], Citrus limon [X05910], Fragaria
ananassa [X58118], Lycopersicon esculentum
[X13557], Oryza sativa [M11585]), or constructed via
primer walking (Fig. 1). All primers listed in Fig. 1 have
worked with at least some red algal species but those
described by Hamby et al. (1988) and those designed
from vascular plant sequences have not been used
successfully with all taxa included here. For example,
because of mismatches in the primer sequence,
sequencing reactions with the 28D primer only worked
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Table 1. Species and GenBank accession numbers of analyzed

sequences

na, sequence not analyzed in this study.

Fig. 1. LSU primer sequences and position within the Gelidiales

alignment. aPrimer sequence from Hamby et al. (1988). bPrimer

sequence from alignment of six vascular plant LSU sequences.

Accessions
Species LSU rbcL SSU

Gelidiales
Capreolia implexa AF039545 L22456 U60344
Gelidiella acerosa AF039551 L22457 U60342
Gelidium americanum AF039536 L22459 U60347
Gelidium caulacantheum AF039544 U00103 U60343
Gelidium floridanum AF039537 U00107 U60351
Gelidium latifolium AF039540 U00112 U60350
Gelidium pusillum AF039542 U00999 U60352
Gelidium ‘pusillum’ AF039543 U00981 U60355
Gelidium serrulatum AF039538 U01042 U60340
Gelidium sesquipedale AF039539 L22071 U60354
Onikusa pristoides AF039541 U01044 U60353
Pterocladia lucida AF039550 U01048 U60349
Pterocladiella capillacea AF039549 U01896 U60346
Pterocladiella melanoidea AF039548 U01046 U60341
Ptilophora pinnatifida AF039547 U16834 U60345
Ptilophora subcostata AF039546 U16835 U60348

Hildenbrandiales
Hildenbrandia sp. AFO97880 na na

Corallinales
Amphiroa dilatata AFO97876 na na

Batrachospermales
Paralemanea annulata AFO97877 na na

Nemaliales
Cumagloia andersonii AFO97878 na na

Palmariales
Palmaria palmata AFO97879 na na

Ceramiales
Spermothamnion repens AFO97881 na na

Rhodymeniales
Rhodymenia 

pseudopalmata AFO97886 na na
Plocamiales

Plocamium cartilagineum AFO97885 na na
Bonnemaisoniales

Bonnemaisonia 
asparagoides AFO97882 na na

Gigartinales
Chondrus crispus AFO97883 na na
Weeksia sp. AFO97884 na na



if that primer was also used to amplify the template
fragment. The automated sequencing scheme included
amplification of three separate fragments using primer
pairs B-G, 28C-28F and Z-J. Sequence contigs result-
ing from sequencing reactions using these same
primers showed good overlap and were easily assembled
to provide data for both strands except at the terminal
ends

Gelidiales data set

From 2525 to 2537 b.p. of LSU sequence were deter-
mined for 16 Gelidiales species. An alignment of 2519
sites was generated for these sequences. Manual align-
ment of these sequences was facilitated by the small
size of the insertion/deletion mutations (indels), and the
conserved nature of sequences adjacent to these sites.
Of the 18 indels in this alignment, only an apomorphic
insertion found in Ptilophora subcostata involved more
than three sites. The position of these indels within the
alignment indicates that they occur most often in por-
tions of the sequence experiencing the highest rate of
point mutations (Fig. 2a).

An exact alignment of these sequences with a
secondary structure model for the red algal LSU is
presently not possible because none is available, but a
comparison was made with the secondary structure
model of the land plant, Arabidopsis thaliana (De Rijk
et al. 1997). The basic LSU structure is a multi-
branched central loop. The structures branching from
the central loop are composed of helical paired strands
called stems, and unpaired loops. By convention, these
major branch structures are labeled A through I con-
secutively around the central loop (De Rijk et al. 1997).
The Gelidiales sequences contain a portion of major
branch B, all of C, D, E, F, and a portion of major
branch G (Fig. 2a).

A comparison of the LSU data set with rbcL and SSU
data sets generated from the same species shows it 
to be intermediate in both information content and
sequence divergence between taxa (Table 2). The per-
centage of parsimony informative sites for the rbcL,
LSU and SSU data sets were 22, 5.8 and 2.2%,
respectively. The range of uncorrected LSU sequence
divergence values between species was 0.4–2.2%, and
between the genera Gelidium, Gelidiella, Pterocladia
and Pterocladiella, 3.5–5.4%. These values are less
than those reported by Freshwater and Bailey (1998)
for a LSU data set of only 1032 sites, but are still inter-
mediate in comparison to the sequence divergence
values for rbcL and SSU data sets (Table 2). The dis-
crepancy with the Freshwater and Bailey (1998) values
is the result of adding a more conserved portion of the
LSU gene to the alignment. Of the approximate 1500
additional sites (vis-à-vis Freshwater and Bailey 1998),
approximately 750 were added to the 5′ end and
approximately 750 were added to the 3′ end of the orig-
inal 1032 site alignment. Few fixed changes were
found in the additional 3′ end sites for the included
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Fig. 2. Mutational changes (measured as steps on minimal parsimony trees) per non-overlapping 50 site segments, position of indels,

and secondary structure major branches for LSU gene sequences in two different data sets. (a) 16 Gelidiales species. (b) 13 species

representing 11 red algal orders.

Table 2. Total sites, number and percentage of parsimony infor-

mative sites, and percentage sequence divergence values at dif-

ferent taxonomic levels for rbcL, SSU, and LSU data sets of 16

Gelidiales species

*Due to the uncertain taxonomic status of Onikusa,
Capreolia, and Ptilophora, comparisons presented are based only
on Gelidiella, Gelidium, Pterocladia, and Pterocladiella.

rbcL SSU LSU

Total sites 1467 1646 2519
Informative sites 324 (22%) 36 (2.2%) 146 (5.8%)
Sequence divergence (%)

Between species 3.1–11.5 0.0–0.4 0.4–2.2
Between genera* 10.2–15.7 0.3–2.9 3.5–5.4



species (Fig. 2). The differences in number of fixed
mutational changes in different portions of the LSU
sequence are also reflected in the number of parsimony
informative sites. Whereas 7.7% of the first 1800 sites
were informative, only 0.98% of the remaining sites
were informative. This information could be important
for phylogenetic studies when the question of adding
additional sequence or additional taxa to answer a par-
ticular question is addressed.

Figure 3 shows the results of separate parsimony
analyses with the rbcL, SSU, and LSU data sets. Gaps
were treated as missing in these analyses. The results
were all similar with respect to the overall arrangement
of species, but differ in the resolution of different 
portions of the trees. The rbcL tree is fully resolved but
there is no bootstrap support for the arrangement of
some basal lineages. Parsimony analysis of the SSU
data results in 22 minimal length trees, the consensus
of which is poorly resolved. The SSU tree does provide
strong bootstrap support for positioning Pterocladiella
among the early diverging Gelidialean lineages. The
minimal length LSU tree does not resolve all the
branches seen in the rbcL tree, but does resolve more
than are found by analyses of the SSU data. The
arrangement at the base of the LSU tree, which indi-
cates that Gelidiella and Gelidium-like species are
sister taxa, and that Pterocladia and Pterocladiella are
sister taxa, is supported by high bootstrap values
(95–100%). In analyses of all three data sets, the order
of branching for the Capreolia implexa/Gelidium caul-
acantheum and Ptilophora pinnatifida/P. subcostata
lineages is not resolved (Fig. 3). It is uncertain if this is
a result of insufficient taxon sampling or phylogenetic
history. For a discussion of this question and other taxo-

nomic implications of these trees, see Bailey and
Freshwater (1997) and Freshwater and Bailey (1998).

Interordinal data set

The interordinal data set was produced from sequences
of the LSU gene fragment amplified using primer pair
28C–28F only. Successful amplifications and sequenc-
ing reactions for some taxa were also made with primer
pair BB–G, but are not included here. From 1141 to
1240 b.p. of sequence were determined for each
species. An alignment of 1073 sites was constructed
which excluded the 3′ ends of the sequenced fragments
because they could not be confidently aligned. This
alignment contains portions of the D and E major
branches of the secondary structure model (Fig. 2b). As
in the Gelidiales data set, indels are predominantly
found in regions of high mutational change (Fig. 2b).
There are 60 indels in the alignment which vary from 1
to 36 sites in size. As expected for an alignment of a few
phylogenetically diverse taxa, the assignment of gaps is
difficult but should be made easier as more closely
related species are added. Uncorrected interordinal
sequence divergence values for these taxa range from
4.1 to 24.9% when sites where gaps occur are removed.
Some of the interordinal divergence values such as the
4.1% between Cumagloia andersonii and Palmaria
palmata, and 5.4% between Chondrus crispus and Bon-
nemaisonia asparagoides are low in comparison to the
intergeneric differences seen in the Gelidiales (Table 2).
A low interordinal sequence divergence between the
Nemaliales and Palmariales relative to the intergeneric
differences in the Gelidiales is also seen in the SSU dis-
tance tree of Saunders and Bailey (1997, p. 1441).
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Fig. 3. Trees resulting from parsimony analyses of (a) rbcL, (b) SSU and (c) LSU data sets for 16 Gelidiales species: (a) one tree, L =

1086, CI = 0.50, RI = 0.52; (b) 22 trees, L = 93, CI = 0.73, RI = 0.81; (c) one tree, L = 258, CI = 0.65, RI = 0.75. SSU and rbcL trees

are from Bailey and Freshwater (1997). Bootstrap proportion values are shown above resolved internodes.



Due to the difficulty in exactly aligning these
sequences, parsimony analyses were performed on: (i)
a data set from which all sites where gaps occur were
removed; and (ii) a data set for which gap data were
coded separately and combined with the sequence
data. Results from analyses of these data sets are
shown in Fig. 4. These trees are topologically similar
except for the position of Amphiroa dilatata and Chon-
drus crispus. Even with the small number of species
included in these analyses, major groupings of taxa are
consistent with those found in the large SSU trees of
Saunders and Bailey (1997). This includes a clade
containing the Batrachospermales, Nemaliales, Palmar-
iales, and when gap data are included, the Corallinales.
These orders all possess pit plugs with two cap layers
(Pueschel 1990, 1994). These trees also resolve the
Ceramiales as an early diverging lineage within the
clade containing orders having pit plugs with a cap
membrane and no outer cap (Fig. 4).

CONCLUSIONS

Primers described for the amplification and sequenc-
ing of a majority of the LSU gene have been shown to
be widely applicable for a phylogenetically diverse set
of red algal species. Sequences generated for this
gene are intermediate in the number of informative
sites for phylogenetic analyses, and levels of sequence
divergence between taxa, as compared to rbcL and
SSU sequences. LSU sequence data may provide
resolution for phylogenetic problems where SSU
sequences are uninformative and the sampling
requirements for using rbcL sequences are prohibitive.
Analyses of LSU sequence data in combination with

rbcL and SSU data have also been effective in pro-
ducing robust phylogenetic hypotheses (Freshwater
and Bailey 1998). Known variation in the fixation of
mutational changes across the length of the LSU gene
allows researchers to restrict the generation of
sequence data to those regions exhibiting the rate of
change most appropriate for answering their specific
phylogenetic question. The characteristics of this gene
indicate that it will be a useful tool, alone and in com-
bination with other genes, for molecular evolutionary
studies of red algae.
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