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An evaluation of rbcL, tufA, UPA, LSU and ITS as DNA
barcode markers for the marine green macroalgae
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University of New Brunswick, Fredericton, NB E3B 5A3 Canada

Abstract — The universality and species discriminatory power of the plastid rubisco large
subunit (rbcL) (considering 5” and 3’ fragments independently), elongation factor fufA, and
universal amplicon (UPA), and the nuclear D2/D3 region of the large ribosomal subunit
(LSU) and the internal transcribed spacer of the ribosomal cistron (ITS) were evaluated for
their utility as DNA barcode markers for green macroalgae. Excepting low success for I'TS,
all of these markers failed for the Cladophoraceae. For the remaining taxa, the 3’ region of
the rbcL (rbcL-3P) and fufA had the largest barcode gaps (difference between maximum
intra- and minimum inter-specific divergence). Unfortunately, moderate amplification
success (80 % excluding Cladophoracae) caused, at least in part, by the presence of introns
within the rbcL-3P for some taxa reduced the utility of this marker as a universal barcode
system. The tufA marker, on the other hand, had strong amplification success (95%
excluding the Cladophoraceae) and no introns were uncovered. We thus recommend that
tufA be adopted as the standard marker for the routine barcoding of green marine
macroalgae (excluding the Cladophoraceae). During this survey we discovered cryptic
species in Acrosiphonia, Monostroma, and Ulva indicating that significant taxonomic work
remains for green macroalgae.
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INTRODUCTION

DNA barcoding, identifying organisms based on comparisons of short,
standardized DNA sequences as agreed upon by the Consortium for the Barcode
of Life (CBOL; http://barcoding.si.edu/), has been championed as a revolutionary
system for the identification and discovery of all of the world’s eukaryotic
organisms (Hebert ef al, 2003a; Hebert et al, 2003b). The benefits of such an
endeavour are multifold. First, developing a database of sequences against which
unknown biological materials can be compared greatly increases the speed at
which routine identification can be carried out. Across all taxa, DNA barcoding
removes the reliance on morphological characters traditionally used to
discriminate species. This is of particular importance for taxonomic groups that
have few characters on which to base identification and for which expert
taxonomists are required for even routine morphological identifications. Second,
during diversity surveys, specimens may be flagged as potentially new species,
alerting the taxonomist that further study is required, and ultimately leading to
the discovery of new records and/or description of new species. The case of
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marine macroalgae is an excellent example of the value and strength of DNA
barcoding; seaweeds are notoriously difficult to identify due to simple
morphologies, phenotypic plasticity and convergent evolution (see Saunders,
2005). DNA barcoding has proven a phenomenal tool that has aided in species
identification, discovery of cryptic species, or new records for red (Rhodophyta)
and brown (Phaeophyceae) seaweeds (Saunders, 2005; Robba ef al., 2006; Kucera
& Saunders, 2008; Saunders, 2008; McDevit & Saunders, 2009; Saunders, 2009;
Walker et al., 2009; Le Gall & Saunders, 2010).

Whereas DNA barcoding has been advanced for the red and brown sea-
weeds, the marine green macroalgae (most belong to one of the Bryopsido-
phyceae, Trebouxiophyceae or Ulvophyceae) are the final group of marine
macroalgae for which a DNA barcode marker remains to be developed. There are
several requirements when choosing an appropriate marker for DNA barcoding.
First, the genetic variability of the marker must be adequate for species level
resolution. To this end, species discrimination is considered successful when spe-
cimens from a single species cluster together in distance analysis (Hebert ef al.,
2003a) and the largest intraspecific divergence is less than the smallest interspe-
cific divergence - this difference termed the “barcoding gap” (Meier et al., 2008).
Second, and of equal importance, the marker should be universally recoverable
across taxa, meaning there is high PCR and sequencing success, ideally with a
near-universal set of PCR primers. Given current technologies, it is also of ben-
efit for the DNA barcode marker to be short enough to be sequenced in a single
read (<700bp) (see Hollingsworth et al., 2009b). Markers in which intra-individual
heterogeneity is common, or which can exhibit microsatellites or single nucleotide
runs (particularly of thymine or adenine) are not preferred because these cause
problems with direct sequencing of PCR product (Gribble & Anderson, 2007).
The ideal marker consists of a highly variable region, which provides for species
discrimination, flanked by highly conserved regions from which primers can be
designed.

During the development of DNA barcoding, several markers have been
proposed for different phyla. In animals, red and brown algae, the 5’ end of the
cytochrome c oxidase 1 gene (COI-5P) provides resolution at the species level
among most groups tested, and has come to be accepted as the barcode marker
and is now being applied to biodiversity and taxonomic studies across the globe
(e.g., Hebert ef al., 2004; Saunders, 2005; Ferri ef al., 2009; McDevit & Saunders,
2009). For the green macroalgae, COI-5P was our first marker of interest;
however, preliminary investigations failed to generate successful amplification,
despite extensive primer testing (Kucera & Saunders, unpublished data). Our
failure in designing primers for the successful amplification of green algal COI-5P
may be in part attributable to the lack of available mitochondrial sequences; only
two published ulvophycean mitochondrial genomes were available at the time of
study (Pombert et al., 2004; Pombert et al., 2006). However, the presence of
introns within the cytochrome c oxidase 1 of ulvophycean taxa (Watanabe ef al.,
1998; Pombert et al., 2004; Pombert et al., 2006) may be the largest obstacle to
developing the COI-5P as a DNA barcode marker for marine green macroalgae.
These difficulties make COI-5P unsuitable for DNA barcoding in green
macroalgae, leading us to ultimately abandon it as a potential marker (also see
Hall ef al. (2010) in this volume).

Similarly, difficulties in applying the COI-5P have been encountered in
land plants and fungi. In fungi, the presence of introns (Seifert et al., 2007) and
lack of species level resolution (Geiser ef al., 2007) meant that the COI-5P could
not be applied universally. The internal transcribed spacer region (ITS) had been
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used for fungal identification for at least a decade before the advent of DNA
barcoding in 2003, and is now recommended as the marker for barcoding fungi
(see Seifert, 2009). Finding a marker that is both universal and which provides
sufficient species discrimination was much more difficult in land plants. After four
years of extensive debate, the Plant Working Group members of CBOL have
settled on two plastid markers, the rubisco large subunit (rbcL) and matK, as the
DNA barcodes for plants (Hollingsworth et al., 2009b). Since 2005, the debate
over which marker (and eventually which combination of makers) would be used
for land plant barcoding has produced a wealth of data on a variety of markers
and some interesting conclusions. Firstly, a trade-off between universality and
species discrimination has affected the search for the plant barcode as there has
been no single marker studied to date that can achieve both of these criteria as
well as COI-5P does for animals, and therefore, typically two or more markers
have been recommended to be used in concert. Secondly, the optimal marker (or
marker combination) tends to vary based on the taxonomic group studied
(Hollingsworth ef al., 2009b).

We selected several markers to investigate as potential DNA barcode
markers for the marine green macroalgae. The rbcLL was an obvious choice for
testing since its utility as a DNA barcode has been established among plant groups
(Hollingsworth et al., 2009b) and because it has formed the basis of several
taxonomic and phylogenetic studies in marine green macroalgae. As an example,
in the genus Ulva the rbcL has been employed extensively to resolve taxonomic
issues (e.g., Hayden & Waaland, 2002; Hayden ef al., 2003; Hayden & Waaland,
2004). Unfortunately, the presence of introns in the rbcL of some marine green
macroalgae (Hanyuda et al., 2000) may negatively affect the universality of rbcL
as a barcode marker since the ability to amplify and sequence large fragments
with a single bidirectional read will be hampered. Given the fact that green algae
are particularly prone to acquiring intron sequences (Bhattacharya et al., 1996;
Haugen ef al., 2005), and that the extent to which introns are present among their
rbcL genes is unknown, the wider applicability of this marker as a barcode needs
to be evaluated empirically.

The plastid elongation factor fufA has similarly been used for phylo-
genetic analyses and to discriminate among green algal species and is known to
lack introns for the variety of green taxa tested to date (Fama et al., 2002; O’ Kelly
et al., 2004; De Clerck ef al., 2008; Verbruggen et al., 2009; Zuccarello et al., 2009;
Hindeler et al., 2010).

The universal plastid amplicon has been proposed as an alternative DNA
barcoding marker for photosynthetic eukaryotes (Sherwood & Presting, 2007;
Sherwood et al., 2008), but has had mixed results in different taxonomic groups.
For some red algal lineages it has worked as well as COI-5P to distinguish species
(Sherwood et al., 2008; Clarkston & Saunders, 2010) while in other groups it was
not sufficiently variable to identify species (Hamsher et al., in press; Kucera &
Saunders, unpublished data). The major advantage with the UPA is its univer-
sality. A single primer pair can reliably recover sequences from a broad taxonomic
range including green, red and brown marine macroalgae, diatoms, and even
cyanobacteria (Sherwood & Presting, 2007).

The D2/D3 region of the LSU is known to be variable at the species level
in some lineages and has been used to identify and screen for new species in
taxonomic groups including animals, plants and algae (e.g., Saunders &
Lehmkuhl, 2005; Subbotin ef al., 2005; Hajieghrari ef al., 2007; Heraty ef al., 2007).
Primers modified from those developed for the red algae (Harper & Saunders,
2001) are anchored in conserved regions and are expected to be broadly universal
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among green algae having amplified target sequence from a broad range of taxa
in our laboratory.

As well as serving as the DNA barcode marker for fungi, the internal
transcribed spacer region of the ribosomal cistron has been used extensively for
investigations of phylogeny, molecular ecology and evolution in a broad array of
taxa including marine green macroalgae (e.g., Bakker ef al., 1995; Hayden ef al.,
2003; Hayden & Waaland, 2004). White ef al.,’s (1990) now classic paper has
guided primer design for amplification of the ITS from many lineages including
the green algae (e.g., Bakker ef al., 1992). Despite the fact that there are potential
problems (such as intraindividual heterogeneity or difficulties with multiple
sequence alignments due to high levels of variation) with the ITS (Alvarez &
Wendel, 2003), it can also provide insightful results at the species level (Feliner &
Rossello, 2007).

The aim of this study was to conduct a preliminary test of the universality
and genetic variability of molecular markers for DNA barcoding of marine green
macroalgae. We focused our testing on three plastid markers (divided into four
putative barcodes) and two nuclear markers. From the plastid: 559 nucleotides of
the 5* end of the rbcL (rbcL-5P); approximately 735 nucleotides of the 3’ end of
the rbcL (rbcL-3P); 807 nucleotides of the fufA; and the universal plastid
amplicon (UPA) (Presting, 2006; Sherwood & Presting, 2007). From the nucleus:
the D2/D3 variable domains of the large ribosomal subunit (LSU-D2/D3); and the
internal transcribed spacer (ITS) region of the ribosomal cistron.

MATERIALS AND METHODS

Specimen collection and DNA extraction

For the initial screening of potential barcode markers, 99 samples were
chosen as a test group (referred to herein as “the test sample set”) (Table 1).
Samples were identified using taxonomic keys (Sears, 2002; Gabrielson ef al.,
2006) except for several Ulva specimens, which were given provisional names until
after sequencing (see below). The test sample set was chosen to include a broad
taxonomic range within the marine green macroalgae (universality), but with an
emphasis on the genus Ulva in order to evaluate intra- versus interspecific
variation for this genus (discriminatory power). In the genus Ulva, samples were
explicitly chosen to include a wide geographic distribution and variety of morpho-
logies for recognized species. Following collection, each sample was pressed on
herbarium paper as a voucher, while a subsample was dried in silica gel for DNA
extraction. The silica-dried portion was ground in liquid nitrogen using a mortar
and pestle. Extraction of total genomic DNA was carried out using the protocol
from Saunders (1993) with modifications (Saunders, 2008).

Primer design and selection

Because DNA barcode markers should be short enough to be sequenced
bidirectionally with a single primer pair, we divided the rbcL into 5 (rbcL-5P)
and 3’ (rbcL-3P) regions and treated them as separate markers. We made an
alignment of available green algal sequences from Genbank and designed the
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following primers: GrbLF (5 GTTAAAGATTAYCGWYTAAC 3°), GrbcLnF
(5 GCTGGWGTAAAAGATTAYCG 3’) and GrbcLR (5 TCACGCCAACG-
CATRAASGG 3°). GrbcLF and GrbcLnF are partially overlapping forward
primers at the 5” end of the rbcL, with GrbcLnF being the primer that produced
better quality data. GrbcLR is a reverse primer anchored 560bp downstream of
GrbcLF. Combinations of these three primers served to amplify and sequence the
rbcL-5P. For the rbcL-3P, the forward primer GrbcLFi (55 TCTCARCCWT-
TYATGCGTTGG 3’) was designed (and is a partial reverse complement of
GrbcLR). The reverse primer used for the rbcL-3P was 1385R as published by
Manbhart (1994).

To amplify tufA primers tufGF4 (5 GGNGCNGCNCAAATGGAYGG
3’) and tufAR (5° CCTTCNCGAATMGCRAAWCGC 3’ from Fama et al.,
(2002)) were developed. The UPA primers were p23SrV_fl, p23SrV_rl (Sher-
wood & Presting, 2007) and p23SnewR (modified from p32SrV_rl (Clarkston &
Saunders, 2010)). The primers used for the LSU-D2/D3 region were: T16N
(forward; 5> AMAAGTACCRYGAGGGAAAG 3’) modified from Harper and
Saunders (2001) and T24 (reverse) (Harper & Saunders, 2001). For the ITS, the
general primers P1 (forward) and G4 (reverse) (Harper & Saunders, 2001),
modified from White ef al., (1990), were used. Due to low success with P1 and G4
(see results), we also tested published primers ITS1 (forward; Bakker ef al., (1995)
modified from White (1990)), 1851763 (forward; Hayden et al, (2003) modified
from Blomster et al., (1998)) and JOG6 (reverse; Lindstrom & Hanic (2005)) in four
combinations: ITS1/JO6, ITS1/G4, 1851763/JO6 and 1851763/G4 on 16 samples
including representatives of the genera Blidingia, Bryopsis, Chaetomorpha,
Cladophora, Codium, Derbesia, Prasiola, Protomonostroma, Rhizoclonium, Ulva,
Ulvaria, and Urospora.

PCR protocols and sequence acquisition

PCR amplification was carried out using the Ex TaqTM DNA Polymerase
(Takara, Shiga, Japan) according to the manufacturer’s recommendations with a
final volume of 20 puL per reaction. PCR profiles were as follows: rbcL-5P — an
initial 2 min denaturation at 95 °C, 35 cycles of 93 °C for 1 min, 54°C annealing
for 45 s, 72 °C extension for 2 min, followed by 72 °C final extension for 7 min;
rbcL-3P — profile as for rbcL -5P except with an annealing temperature of 50°C;
fufA — an initial 4 min denaturation at 94 °C, 38 cycles of 94°C for 1 min, 45°C
annealing for 30 s, 72°C extension for 1 min, followed by 72°C final extension for
7 min; UPA - as published in Sherwood & Presting (2007); LSU-D2/D3 - an
initial 5 min denaturation at 94°C, 38 cycles of 94°C for 30 s, 50°C annealing for
30 s, 72°C extension for 1 min, followed by 72°C final extension for 7 min; ITS —
an initial 3 min denaturation at 94°C, 38 cycles of 94°C for 30 s, 54°C annealing
for 40 s, 72°C extension for 1.5 min, followed by 72°C final extension for 7 min.
All PCR products were held at 4°C following amplification. Amplification success
was evaluated using gel electrophoresis in a 0.8% agarose gel.

PCR products were cleaned using the Exo-Sap-IT kit (USB, Cleveland
OH, USA) or via the gel electrophoresis technique described by Saunders (1993).
Sequencing was done using the BigDye 3.0 kit (PE Applied Biosystems; Foster
City, CA, USA), employing the same primers as for PCR. Sequence trace files
were generated on an Applied Biosystems 3130 XL automated sequencer (PE
Applied Biosystems; Foster City, CA, USA). Sequences were edited using
Sequencher version 4.2 (Gene Codes Corporation, Ann Arbor, MI, USA) and
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multiple sequence alignments for the rbcL-5P, rbcL-3P, tufA, UPA, and LSU-D2/
D3 were constructed in MacClade version 4.08 (Maddison & Maddison, 2005).
The multiple sequence alignment for ITS data was assembled using the Clustalw2
(Larkin ef al., 2007) plugin for Geneious v4.8.3 (Drummond et al., 2009) with a
gap opening cost of 13.4 and a gap extension cost of 7.26, with free end gaps
option selected.

For each marker and each sample, up to two PCR trials were attempted
for each primer combination in an effort to achieve successful amplification.
Successfully amplified samples proceeded to sequencing, however, if no band was
detected, or if a sequence was found to be contaminated (messy or belonging to
a non-green algal organism), then a second PCR attempt was made. If multiple
bands were detected, and there was a strong band of the size expected for the
marker of interest, the band was isolated using gel electrophoresis purification
(Saunders, 1993). In cases where there were many bands and/or a weak or non-
existent band of the expected size, the PCR product was discarded. In the UPA,
some cases of two bands were detected — one of the expected size and one larger
band. In these cases both bands were isolated and sequenced.

Comparison of markers

To evaluate universality, PCR and sequencing results were pooled into
one of three descriptors of overall success as follows: i) successful sequence —
amplification and sequencing of the target organism successful; ii) unreadable/
contaminant sequence (U/C; Table 1) — amplification produced a single band, or
a band that could be isolated, however, the resulting sequence was either messy
due to contamination or read slippage, or belonged to a non-target organism; iii)
sequencing not attempted (NA; Table 1) — PCR failed, or produced multiple
bands of more or less equal strength or streaks. To evaluate the discriminatory
power of each marker, uncorrected-p distances were calculated for each marker
using PAUP* version 4.0b10 (Swofford, 2002). Distances were exported to
Microsoft Excel for Mac 2004 version 11.5.5 (Microsoft Corporation, Mississauga,
Ontario, Canada), transformed to percentages and the maximum and minimum
values were found using the MAX and MIN formula functions. Neighbor-joining
(NJ) analyses were also preformed on uncorrected distances using PAUP* for
each marker to test for clustering of isolates into genetic species groups.

Species identification within the test sample set subsequent to DNA sequencing

For specimens of Ulva that were given a provisional name, available
Genbank sequences were used to provide species names as follows. For every
Ulva species listed on Genbank as of July 14, 2009, up to five representative
sequences were downloaded. The sequences were aligned with our rbcL data,
which were included either by concatenating the 5° and 3" sequences for each
sample, or including singly whichever fragment was successfully sequenced. This
dataset was subjected to neighbor-joining analysis using PAUP* and names were
assigned to our specimens based on clustering with named specimens from
Genbank. In cases where Genbank sequences of more than one name were found
in the same group, the publications from which the sequences originated provided
information as to which name is currently accepted for that group. In cases where
our specimens did not cluster with any Genbank data, the specimens were given
interim names (e.g., Ulva sp. IGWS, etc.).
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Further evaluation of the rbcL-3P & tufA

Following initial evaluation of all markers using the test sample set, the
rbcL-3P and tufA were tested on an additional 164 samples (Table 2). The
datasets (total of 263 samples; “the extended sample set”) were used for a wider
assessment of species resolving power for these two markers.

RESULTS AND DISCUSSION

Universality of the markers

The BOLD and Genbank accessions for each marker successfully
sequenced from each sample in the test sample set are listed in Table 1. The
percent of samples sequenced for each marker is shown in Figure 1 with results
for the total test sample set (n=99) presented as the first bar in each case (T). For
the Cladophoraceae (n=19), the only data obtained were three ITS sequences,
which prompted us to present the test sample set results also as two subsets: one
with the Cladophoraceae excluded (n=80; E, Fig. 1); and another for the
Cladophoraceae only (n=19; C, Fig. 1).

Of the markers tested (excluding the Cladophoraceae), fufA had the
highest universality (94%) and lowest levels of contamination (1%) and highest
sequence (trace file) quality, followed by the rbcL markers (see Table 3 for a
marker summary). The rbcL-5P had higher universality (90%) and lower conta-
mination (4%) than the rbcL-3P (81 and 14%, respectively; Fig. 1), but it also had
the lowest sequence (trace file) quality (Table 3). For samples of the genus
Codium, rbcL-3P sequence could not be obtained, probably due to the presence
of introns within this region of the rbcL (Hanyuda et al., 2000). We were, however,
able to sequence the rbcL-5P for the Codium samples — the introns in this species
are likely confined to the 3’ end of the rbcL. The presence of introns within other
genera, such as Bryopsis, Caulerpa and members of the Chlorophyceae (Hanyuda
et al., 2000), potentially poses a significant shortfall for the universality of the rbcL
as a DNA barcoding marker in green algae (Table 3). The fufA marker, on the
other hand, showed no indications of containing introns for the studied samples
(Table 3).

Although the UPA had relatively high PCR success (dark plus light grey
bars, Fig. 1) (Table 3), 20 samples turned out to be contaminated or messy on
sequencing (light grey bars, Fig. 1). It is possible that epiphytic or endophytic
contaminants present in the samples were amplified preferentially or concurrently
to the target organism for one of the following reasons: a) the UPA primers were
a better match for the contaminants than the target organism; b) DNA extraction
was more effective for the contaminants than for the target organism; c) stochastic
PCR effects resulted in preferential amplification of the contaminant; or d) some
combination of the previous. Markers with highly universal primers, such as the
UPA, are particularly prone to these problems and effective isolation of target
DNA becomes critically important. There are, however, other explanations.

Previous to this study, the only marine green macroalgal genera for which
the UPA had been tested were Codium, Prasiola, Rosenvingiella, and Ulva
(Sherwood & Presting, 2007). It is, therefore, possible that the primers are not a
good match for other genera, though this is unlikely given the universality of this
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Fig. 1. Universality of each marker given as a percent of samples successfully sequenced. Dark
grey indicates percent of samples for which sequence was obtained, light grey indicates sequence
that either belonged to a non-target organism or was unreadable due to contamination or read
slippage, while white bars indicate failure of PCR or multiple/streaked bands, with sequencing
not attempted. First bar (T) — entire test sample set (n=99); second bar (E) — Cladophoraceae
excluded (n=80); and third bar (C) — Cladophoraceae only (n=19).

Table 3. A summary of marker performance for the purposes of DNA barcoding

Sequence

. Sequence . Number of Species
0 )
1 Shcoes % Contami- Medlum o quality {’utame indels per  resolution %  Barcode

Marker (F= forward; . high quality . introns 4

nation % o o 2  rating 3 sequence based on gap

R=reverse trace files % hich % 2 detected 4 4
. = high % length (n=samples)
primers used)

rbcL-5P 90 (F=2;R=1) 4 65.49 100 No 3/559bp 100 (n=41) 0.18
rbcL-3P 81 (F=1;R=1) 14 92.54 99.57 Yes 0/742bp 100 (n=139) 0.33
tufA 94 (F=1;R=1) 1 95.15 100 No /807 bp 100 (n=134) 0.39

UPA 69 (F=1;R=1) 25 66.98 81.82 Yes (/369 bp 36 (n=27) 0

LSUD2/D3 71 (F=1:R=1) 15 90.35 100 No 1/567bp 100 (n=36) 0

! Data for rbcL-3P and tufA based on the extended sample set; other markers based on the test sample set.
2 These values are an indication of the quality of the raw sequence data and the final edited sequence, respec-
tively, and were generated by BOLD (http://www.boldsystems.org/views/projectmenu.php?&).

Introns remain a possibility for all markers and may account for incomplete sequence success (e.g., introns in
the rbcL-5P region as defined here are reported in the literature). This value refers only to markers for which
introns were unequivocally confirmed here.

4 This parameter based on data for the genus Ulva, for which we have the most species diversity represented
including closely related species pairs.
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marker system across several kingdoms. More plausibly, it is possible that introns
occur within the UPA for some species. Indeed, we observed four cases of
putative introns (Tables 1, 3) within our test sample set for Ulva isolates that
produced two PCR products of different sizes. When the larger product was
isolated and sequenced the initial approximately 100-180 nucleotides matched
Ulva UPA sequence in BLASTn searches and had GC contents of ~42-53%
whereas the subsequent 200-500 nucleotides consisted of AT-rich regions (GC
content 20-33%) lacking BLASTn matches.

The LSU-D2/D3 had approximately the same sequencing success as the
UPA (Fig. 1; Table 3), but in this case spanned a lower taxonomic breadth with
no sequences obtained for any samples of the genera: Bryopsis, Codium, Derbesia,
Kornmannia, and Prasiola (Table 1). The LSU-D2/D3 primers used here are fairly
general and have been employed in a variety of diatom (Hamsher et al., in press),
red and brown algal studies in our lab (e.g., Lane ef al., 2006; Le Gall & Saunders,
2007; Phillips et al., 2008; Clarkston & Saunders, 2010). We, therefore, expected
these primers to have a higher success for green algae than observed here, but this
cannot be guaranteed and further primer development may resolve the low levels
of success encountered here. Again, given the high incidence of introns within
green algae (Bhattacharya et al., 1996; Haugen et al., 2005), introns in the LSU are
one possible explanation for our failure to recover sequence in some taxa
(although none were confirmed here; Table 3). The presence and co-amplification
of contaminating LSU sequences is another possible explanation for the diffi-
culties observed here given that amplification success and levels of contaminated
sequence were approximately on par with the UPA.

Sequencing success was lowest for the ITS with only 16 sequences
obtained (Table 1). The majority of samples in the test sample set produced
multiple or streaked PCR products and sequencing was not attempted. Similar to
the LSU-D2/D3, the broad universality of the primers employed (P1 and G4) for
red and brown algae (Harper & Saunders, 2001; Ross ef al., 2003; Kucera &
Saunders, 2008) led us to expect a high level of universality in the green algae as
well. It is likely that these primers do amplify the I'TS for green algae, but are also
amplifying contaminating organisms, leading to multiple-band or streaked PCR
product. In an effort to increase specificity for green algae, we tested several
published green algal primers (see Materials and Methods) on 16 samples.
Unfortunately, the prevalence of multiple bands in PCR product did not decrease,
and samples for which single bands were recovered produced contaminant or
messy sequence in most cases. Of the 16 samples tested with four primer
combinations, we were only able to acquire clean sequence for: single isolates of
Protomonostroma undulatum and Urospora sp. with the primer combinations
ITS1/J06, ITS1/G4, 1851763/JO6 and 1851763/G4, one isolate of Cladophora sp.
with ITS1/G4 and an Ulvaria obscura isolate with 1851763/J06. There was a
further problem with ITS, albeit more of an annoyance than a barrier. This region
was so variable that it was not possible to align specimens from different genera
making it difficult to subject ITS data to routine analyses (alignability owing to
excessive indels was not a concern, at least to the genus level, for the other
markers tested here; Table 3). We thus abandoned ITS as a candidate barcode
marker and did not pursue it further in this study.

One general trend among all markers, except the ITS, was the failure to
recover sequence from the included Cladophoraceae. We first questioned the
efficacy of our DNA extraction protocol for members of this taxon; however, we
excluded this explanation for three reasons: a) published molecular studies in the
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Cladophoraceae use similar protocols to ours with significant success (e.g.,
Leliaert ef al., 2007); b) we tried a modified DNA extraction protocol including
phenol/chloroform (as published in Saunders (1993) but without the final gel
electrophoresis cleaning step) for eight Cladophoraceae samples and still failed to
get rbcL, tufA, UPA or LSU-D2/D3 sequence; and c) we were able to recover ITS
sequences from some samples indicating that our extraction protocol was, in fact,
working. As in other cases of failure to recover sequence, primer mis-match or
introns may explain why we were unable to obtain rbcL, tufA, UPA or LSU-D2/
D3 sequence for the Cladophoraceae. For the chloroplast markers, attempts in
other labs have similarly failed to recover plastid DNA sequence from
Cladophoraceae and there are no plastid sequences for any representative of this
taxon in Genbank. For our nuclear markers, we compared published LSU
sequences for Cladophora (Leliaert et al., 2007) with our primers and found that
the T16N primer was mismatched with the Cladophora sequences at two sites, one
of them being the terminal 3’ nucleotide (G). Unfortunately, these published
sequences did not overlap with the region where the T24 primer is anchored so
we were unable to evaluate how well this primer would match with Cladophora.
Primer mismatch seems the more likely explanation for lack of LSU-D2/D3
sequence success for the Cladophoraceae in the current study.

Species-discrimination power of the markers

Higher species representation for Acrosiphonia and Ulva allowed for a
comparison of intra- versus interspecific distances in these genera, especially in
the rbcL and fufA markers (Table 1, Fig. 2). For rbcL-5P, rbcL-3P and (ufA,
samples assigned to the same species clustered together in neighbor-joining
analysis forming discrete monophyletic groups and interspecific divergences were
noted among all included species (Fig. 2). In the rbcL-3P, a barcoding gap of
1.49% divergence and 0.68 % divergence was observed for Acrosiphonia and Ulva,
respectively. The rbcL-5P had only a 0.18% barcoding gap for Ulva (differences
in the species successfully amplified for rbcL-5P from Acrosiphonia relative to
rbcL-3P precluded a meaningful interspecific comparison) and showed no
intraspecific divergence within Acrosiphonia and Ulva indicating lower variability
for this marker. The fufA region had a similar barcode gap to rbcL-3P at 1.82%
divergence and 0.52% divergence for Acrosiphonia and Ulva, respectively.
Conversely, for the UPA and the LSU-D2/D3, not all species formed independent
clusters owing to the absence of a barcode gap and some interspecific values as
low as zero were observed (Fig. 2). For example, of the Ulva species, UPA failed
to resolve differences among U. californica, U. flexuosa, U. linza, U. procera, U.
sp. IGWS, U. stenophylla and U. torta (Table 3), as well as between Urospora sp.
2penicilliformis and Uropora wormskioldii (not shown), while the two Codium
spp.. C. fragile and C. sp. 1fragile, differed by only a single substitution. On the
intraspecific level, no variation at all was recorded within Ulvaria obscura, in
contrast to rbcL-5P, rbcL-3P and tufA (Fig. 2). For the LSU-D2/D3, absence of
variation was noted among all the species of Acrosiphonia while Ulva virtually
lacked a barcode gap (i.e., intra- and interspecific variation almost overlapped;
Fig. 2), although in the latter case species did resolve as monophyletic groups
(Table 3) in neighbor-joining analysis (not shown).

Of the markers tested here, the fufA had the best combination of univer-
sality, sequence quality and discriminatory power, while rbcL-3P had similar
levels of discriminatory power, but suffered from reduced universality (introns
responsible, at least in part, for this weakness) (Table 3). We thus investigated the
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intra- versus interspecific divergences in the fufA and rbcL-3P for an additional
164 samples (Table 2). Neighbor-joining analyses (result for fufA presented in
Fig. 3) of these sequences combined with the respective test sample set sequences
(= extended sample set) produced genetic species clusters congruent with the indi-
vidual test sample set analyses and relative to one another. The DNA barcoding
gaps were greater for fufA than rbcL-3P (Fig. 4) and largely similar to those
uncovered for the same genera in the test sample set (Fig. 2). An exception
occurred for the genus Ulva, which had barcode gaps of 0.52 and 0.68 for fufA and
rbcL, respectively, in the test sample set (Fig. 2), but only 0.39 and 0.33, respec-
tively, in the extended analysis (Fig. 4; Table 3). Since taxon sampling was the
highest in Ulva (n=140), the likelihood of encountering closely related species
pairs was also highest (e.g., Meier et al., 2008), consistent with the observation that
the lowest interspecific divergences were observed in this genus. Higher sampling
overall also means that isolates with high intraspecific divergences, perhaps
representing isolated populations, are more likely to be encountered than for
groups in which sampling was lower. Indeed, the highest intraspecific variation in
Ulva was 0.52% (4 bp) in Ulva procera for tufA and 0.41% (3bp) in Ulva intesti-
nalis for rbcL-3P. In the case of fufA, two discrete haplotypes were uncovered
both occurring in the Atlantic with only one variant thus far encountered in the
Pacific. An increase in taxon sampling among the other genera studied would
allow a more detailed analysis of intra- versus interspecific divergence. The
magnitude of the barcoding gap will not necessarily be the same among different
genera, but wider ranges of both intra- and interspecific divergences are likely to
be observed as more individuals and taxa are sampled.

Taxonomic observations and putative cryptic species

Based on our survey of intra- versus interspecific variation, this study has
uncovered several putative cryptic species. Despite the thorough study of Ulva
conducted in the northeast Pacific by Hayden & Waaland (2004), several genetic
species groups of Ulva did not match published data and were more than 1.83%
and 1.1-2.72% divergent in their fufA and rbcL-3P, respectively, from their
nearest neighbor suggesting the occurrence of cryptic or overlooked species.
These include: Ulva sp. 1IGWS, a single collection from an estuarine habitat at the
end of a long, sheltered marine inlet; and Ulva sp. SGWS, consisting of three
winter collections from a single site in Bamfield, British Columbia. As most of the
specimens studied by Hayden & Waaland (2004) were collected during the
summer months, Ulva sp. SGWS is perhaps a winter annual.

Samples morphologically identified as Acrosiphonia arcta (Dillwyn)
Gain fell into two distinct genetic species groups: “Acrosiphonia arcta” and
“Acrosiphonia sp. IGWS” (1.95 and 1.64% divergent in fufA and rbcL-3P, respec-
tively). The “A. sp. IGWS” samples were all collected from the Pacific, whereas
the “A. arcta” samples were from the Atlantic indicating that A. arcta as currently
considered may not inhabit both oceans.

Samples identified as Monostroma grevillei (Thuret) Wittrock also segre-
gated into two clusters — M. grevillei sp. 1 and M. grevillei sp. 2 (1.16 and 1.09%
divergence in the fufA and rbcL-3P, respectively). Although the floristic guide to
the northwest Atlantic flora (Sears, 2002) lists a second species of Monostroma
(M. oxyspermum (Kiitzing) Doty), this species is now considered to belong to the
genus Gayralia. Gayralia oxysperma (Kiitzing) K.L. Vinogradova ex Scagel et al.,
rbcL sequence from Genbank did not match either of our Monostroma genetic
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Fig. 3. Unrooted neighbor-joining phylogram for extended sample set fufA alignment including
sequences from the test sample set plus 164 additional sequences.

species groups, supporting the presence of cryptic species within Monostroma

grevillei in the northwest Atlantic.

Samples of Ulvaria obscura (Kiitzing) P. Gayral ex C. Bliding fell into two
clusters (Fig. 3), which differed by 0.39 and 0.41% divergence in fufA and rbcL-3P,
respectively (Figs 2 and 4). These values are approaching the upper threshold for
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intraspecific variation observed here and have a biogeographic component with
one cluster consisting of our Atlantic and the other our Pacific collections. These
two clusters likely represent two isolated populations of Ulvaria obscura although
additional study to assess the status of these groups is warranted.

Results for both fufA (Fig. 3) and rbcL-3P led to some interesting obser-
vations within the genus Prasiola. In the Canadian Atlantic, only a single species,
P. stipitata Suhr ex Jessen, is recognized (Sears, 2002). Samples of P. stipitata
grouped with and were identical in fufA and rbcL-3P to Pacific samples identified
as Prasiola meridionalis Setchell et N.L. Gardner (based on our interpretation of
Gabrielson ef al., (2006)). Whether these two entities are conspecific requires fur-
ther alpha taxonomic investigation (see Rindi ef al., 2007). Another Prasiola
genetic cluster consisted of two samples with vastly different cellular arrange-
ments. Sample GWS005101 consists of cells arranged in groups of 4-8, and what
appeared to be a fungal infection (Fig. 5) — both of these characteristics typical of
P. borealis M. Reed (Gabrielson ef al., 2006). On the other hand, sample
GWS005076, Prasiola delicata Setchell et N.L. Gardner, had cells arranged more
regularly, not in groups of 4, and did not have an obvious fungal infection (Fig. 6).
Given that these two samples had identical fufA and rbcL sequences, we hypo-
thesize that they may belong to the same species (P. borealis having priority, how-
ever, see comments below) and that the fungal infection is responsible for the
morphology observed in GWS005101. However, Rindi ef al. (2007, fig. 1) asso-
ciated the P. borealis morph with an unidentified species in the P. crispa (Light-
foot) Kiitzing cluster rather than with P. delicata as uncovered here (Fig. 3)
suggesting that the contemporary concept of P. borealis may include a variety of
‘fungal-infected’ species (lichenization; Pérez-Ortega ef al., 2010). Sequence data
from the type or topotype collections are thus essential to establish the true iden-
tity of the phycobiont to which the name P. borealis should be applied. Both of
the previous hypotheses (viz. synonym for P. stipitata/meridionalis and P. borealis/
delicata) are based on only a few samples and require further investigation. An
alternative explanation for both of these observations is that plastid introgression
has occurred between species in these two putative pairs of taxa.

Conclusions and future research

In light of the research here, the high amplification success and sequence
quality relative to other markers, and apparent lack of introns and slightly wider
barcode gap relative to rbcL-3P, fufA is the best candidate for a green macroalgal
barcode (Table 3; also see Héndeler ef al., 2010). We are also advocating LSU-D2/
D3 as a secondary marker for all protists (for which it is not the primary marker;
see Hamsher et al., in press). While the ability of this marker to provide reason-
able species discrimination is supported here, substantial primer design (assuming
that the presence of introns is not the main cause for our low success at amplifying
this marker from green algae) is necessary before this marker can be applied to
marine green macroalgae in this capacity. Although not as variable as the primary
barcode marker recommended, it can typically assign samples to species clusters
(Table 3) and will provide a tool for more global environmental surveys for which
researchers are willing to sacrifice some taxonomic resolution for broader univer-
sality (Hamsher ef al., in press).

The previous conclusions obviously do not apply to the Cladophoraceae,
a taxon (perhaps even to higher taxonomic levels, e.g., Cladophorales) for which
further marker development is needed (note that Handeler ef al., (2010) indicated

T 1§



HE NS SRS SN R S CRRESE — -

oV vaw T ity

B iy o ]

523

Assessing green algal barcode markers

*(z pue T sa[qe], 225s) sasA[eur asay) I0] ‘DI2YaP/Sipai0q "J pue vivjiduys/sypuorpuu g ‘sdnois
OM) O} PAIJ)SN[O SN} 21oM BIR(] "so10ads a[Furs v Jo ‘Ajoanpadsar ‘sydiow pajoajuruou pue pajoajul [efuny juasaidal 0} Wads ppolap J pue siypaioq "q
os[y ‘saads swes 2y 2q 03 1vadde onuepy Yy woiy vyvidis voISPiJ pue dHded ) WOY SyPUOIPUNU DIOISPA] o (VM Ul [edNUIPT I[IYMm
dE-T2g4 10J SUOTIO[[OO I2YI0 ) WO JUITIAIP %7 ST INQ JURUTUIRIUOD SNOIAGO UR JOU ST JT 0§ ‘BXe) I2)0 IO Jo Aue yojewr jou saop) 20uanbos
dE-T294 snofeuwroue ue sey YoM ‘6I8C00SMD HIPUOS pruoydiso.idl SIPNOXa aN[eA SIY], , "BIEP JUADIPNSUI I0] spue)s (J Uoneiaaiqqy *(sopdures
Teuonippe 971 snd jas ajdures Jso)) syuowruSIe Je-J2g4 pue y//n 1os ojdures papuaixa a1} 103 (20U2FI2AIP 9, ) uoneLIeA oynadsioul pue -enuy 4 51y

art 9€'T-TI'T al €0 184 8EY - LED 920 1 (¢ * g) vaodsoin
art art w0-0 0°1 art art 6£0-0 0°1 (€2 * £7) vravayn
£€°0 S6F-HL0 w0-0 9T* €T 6£0 9101~ 160 60-0 ST €l (091 *091) 24112
ar art LT0-0 0°1 ar art 0 0°1 (g ) pydiowo5uodg
art art LT0-0 0°1 art art €10-0 0°1 (L% L) pwoysouowoyoig
q9€T €T~ 9T 0 qC°C q6LE 68°€-6LE 0 qC°C (9:9) vjorsmug
780 01T~ 60T LT0-0 T 911 0ET-91°T 0 T (01 % 01) Pruoysouopy
LTE 0T'€-LTE 0 Tl LSS $19-9 €10 T (gt ¢) vrsaquaq
art art ai 0°0 art SOPT- 1 ai r:0 (0*) wmpop
$9°¢ $96 0 1 LS0T LSOT 0 1 (¢ *¢) sisdodag
19°8 198 0 1 8501 0TF1 - 801 0 ve1 (g* ) oiSupng
LET 9~ 491 eLT0-0 vy L9T 8ETT- 66 820-0 vy (g vg) pruoydisosoy
ENNSSUNBU ENRNNSUNQQ
P o S o gy (o ) 10
otfivads-syuy  oyf1vads-vauy ..E.L: Yoy wo 2o otfivads-sauy  ofvads-vauy ..E.?.. I wo paavdwios saduws fo
sa10ads Jo & sa12ads fo 4oquunu s $3192dg
dE-Tq1 vim
o



y | I

A A upY vaeT Ty 47y v vty d A s 22

524 G.W. Saunders & H. Kucera

Figs 5-6. Cellular arrangement of Prasiola. 5. “ Prasiola borealis”. 6. * Prasiola delicata”. Scale bars
=200 pm.

that fufA data had been acquired for this members of this taxon, but none was
included in their paper so this result awaits confirmation). Subtle modifications to
the LSU-D2/D3 primers should easily facilitate amplification of the secondary
marker, but identification of a primary marker may prove a considerable
challenge. Alternatively, as in land plants, a combination of markers may need to
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be used to achieve a balance of universality and species discrimination (see
Newmaster ef al., 2006; Hollingsworth et al., 2009a; Hollingsworth et al., 2009b).
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