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Abstract — The development of DNA barcodes for green algae would aid in their accurate
and rapid identification. This is particularly important for the green algae because in many
species structural characters are few or difficult to observe. In this study we test the utility of
several DNA barcode loci in seven distantly related species groups of freshwater charo-
phytes and chlorophytes. The ITS rDNA and COI markers were the most variable, although
COI was least applicable because it was successfully amplified and sequenced in only one
test genus. The ITS1 and ITS2 rDNA regions each successfully amplified in only a subset of
the charophytes. Both rbcL and fufA were moderately variable, although fufA may pose
challenges in some lineages where the gene is encoded in the nucleus. The 18S rDNA and
UPA were the least variable loci tested. Of the markers tested, rbcL, ITS2 and tufA (in chlo-
rophytes) are the most promising for use as DNA barcodes. However, none of the loci
tested were ideal for use across all tested lineages of green algae because of taxon-specific
applicability, because none of the markers could distinguish closely related species in all
groups tested, and because of overlap in the level of intraspecific and interspecific variation.

DNA barcode / green algae / Charophyceae / Chlorophyceae / Zygnematophyceae /
18S rDNA / COI/ITS rDNA /rbceL / tufA / UPA

Résumé — Le développement d’'un marqueur code-barres ADN pour les algues vertes
améliorerait leur identification fiable et rapide. Cette étape est particulierement importante
pour les algues vertes pour lesquelles les caracteres structuraux sont peu nombreux ou diffi-
ciles a observer. Dans cette étude nous testons I'efficacité de plusieurs marqueurs de code-
barres ADN au sein de sept groupes d’especes dulcaquicoles, génétiquement distants et
appartenant tant aux charophytes et qu’aux chlorophytes. Les marqueurs ITS des ADNr et
COI étaient les plus variables, bien que le COI n’ait ét€¢ amplifiable et séquencable que pour
un seul genre teste. Les ITS1 et IITS2 ADNr n’ont été amplifiés avec succés que chez
certaine charophytes. La rbcL et le tufA n’étaient que modérément variables, cependant
tufA pourrait se révéler problématique dans certains groupes ol il serait code par le génome
nucléaire. Le 18S ADNr et 'UPA étaient les marqueurs les moins variables testés. Parmi les
marqueurs testés, ITS2 et tufA (chez les chlorophytes) sont les marqueurs les plus pro-
metteurs. Cependant, aucun des marqueurs testés s’est avéré le candidat idéal pour déve-
lopper le code-barres ADN chez les algues vertes car aucun marqueur n’a pu délimiter des
especes proches dans tous les groupes testés, en raison notamment du chevauchement des
distances intra et interspécifique.

Code-barres ADN / algues vertes / Charophyceae / Chlorophyceae / Zygnematophyceae /
18S rDNA / COI/ ITS rDNA / rbeL / tufA / UPA
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INTRODUCTION

The green algae comprise an ancient and taxonomically diverse lineage
that includes land plants (Lewis & McCourt, 2004; McCourt ef al., 2004; Hall &
Delwiche, 2007; Proschold & Leliaert, 2007; Becker & Marin, 2009). There are
more than 14,000 species of green algae recognized on the basis of anatomical and
ultrastructural characteristics (Norton et al., 1996; Proschold & Leliaert, 2007).
The lineage includes many microscopic algal species as well as large green sea-
weeds and the macroscopic freshwater Charophyceae. Although green algae have
a long history of study, they are still poorly understood taxonomically and phylo-
genetically. New species are discovered each year and molecular investigations
have revealed many cryptic species and unexpected phylogenetic relationships.

Identification of green algae can be difficult because many species lack
obvious structural features and some of the observable characteristics are variable
within species. Often, diagnostic characteristics are only detectable using light or
electron microscopy. Even in the macroscopic Charophyceae, some species can
only be distinguished based on sexual state, gametangial position and mesospore
membrane ornamentation — characteristics only apparent with magnification
(Allen, 1888; Wood & Imahori, 1965; Sakayama et al., 2004a; 2004b; Casanova
& Karol, 2008). Microscopic green algae are identified based on the general shape
of their vegetative cells, the shape and position of chloroplasts and pyrenoids,
ultrastructural characteristics — such as the architecture of swimming cells — and
developmental or life history stages (Bourrelly, 1990; Ettl & Girtner, 1995;
Watanabe & Floyd, 1996; Skaloud ef al., 2006). Although some species of micro-
scopic green algae are easily recognizable, many require careful examination of
actively growing cultured cells for identification. Because identification typically
requires the use of a microscope, sometimes at very high magnification, taxonomy
of green algae is somewhat inaccessible to non-specialists and rapid identification
of some species even by microscopy is impossible. DNA barcodes would allow
non-specialists to identify green algae consistently and rapidly regardless of life
stage. They would also make it possible for researchers to identify suboptimal
material and potentially recognize cryptic species or intraspecific variation corre-
lated to geographic distribution.

The ideal DNA barcode would be sufficiently variable to distinguish
among closely related species. The marker should be found in all taxa, amplify
using universal primers and sequence cleanly. Finding an ideal molecular barcode
for all green algae is complicated by the fact that green algae are an ancient and
diverse lineage. Although little is known about the arrangement of their nuclear
genomes it is now clear that organellar genomes in green algae vary considerably
in content and organization (Turmel ef al., 2002; Bélanger ef al., 2006; Turmel et
al., 2007; 2009a; 2009b).

Molecular barcoding methods have been applied to land plants (e.g.,
Cbol Plant Working Group, 2009; Kelly ef al., 2010) and a number of algal groups
including some green algae (e.g., O’Kelly ef al., 2010). DNA barcodes in the strict
sense have not been widely used in green algae and no study has investigated the
utility of proposed DNA markers in most lineages. In practice, however,
researchers are using ‘barcodes’ — nearly all published work on microscopic
green algae includes at least one molecular marker and taxonomists now routinely
use DNA markers to distinguish species of green algae (e.g., Fawley ef al., 2004;
2005; Hegewald et al., 2010).

Several loci have been proposed for algae and land plants. The 5" end of
cytochrome oxidase I (COI) is widely used in animals (Ferri et al., 2009; Wilson,
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2010, and references therein) and some algal lineages including red algae
(Sherwood et al., 2008; Le Gall & Saunders, 2010), brown algae (McDevit &
Saunders, 2010) and some diatoms (Evans ef al, 2007). However, COI can be
difficult to amplify from some taxa (Moniz & Kaczmarska, 2009). In green algae,
this gene can contain several introns (e.g., five in Chaetosphaeridium, Turmel et
al., 2002) although the position and number of introns in the gene are not known
for most species.

The internal transcribed spacer (ITS) of the nuclear ribosomal operon
also has been proposed as a DNA barcode for algae and land plants (e.g., Moniz
& Kaczmarska, 2010) and has been widely used in species-level phylogenetics of
green algae (Sakayama et al., 2004a; Verbruggen ef al., 2006; Coleman, 2007; Mei
et al., 2007; Keller ef al., 2008; Sluiman et al., 2008; O’Kelly et al., 2010) and at
deeper nodes (Hershkovitz & Lewis, 1996). The locus lies between the large and
small nuclear ribosomal subunit genes and includes the 5.8S rDNA gene. The
length of the ITS varies from a few hundred to more than a thousand base pairs
depending on the taxon. Interpretation of ITS phylogenies is not always
straightforward due to within-species variation, difficulties with alignment and
determination of orthology (reviewed in Feliner & Rosseld, 2007; Poczai &
Hyvonen, 2010), although incorporation of information from secondary structure
and compensatory base changes holds promise (Friedrich et al., 2005; Wolf et al.,
2008; Coleman, 2009).

A third barcode has been recently proposed for plastid-containing
organisms: a portion of the chloroplast ribosomal large subunit (23S), sometimes
called the Universal Plastid Amplicon (UPA) (Sherwood & Presting, 2007). This
locus has not been broadly sampled and recent investigations suggested that it is
less variable than other markers, including other chloroplast markers (Sherwood
et al., 2008; Clarkston & Saunders, 2010).

Many different molecular markers have been proposed for use in land
plants, especially angiosperms. In addition to the ITS region, plastid markers such
as matK, rpoB, rpoCI and the trnH-psbA spacer have been proposed. One recent
study suggested that matK and rpoC1 are the most variable (Kelly ef al., 2010).
The Cbol Plant Working Group (2009) recommended the use of rbeL. and matK
as the molecular barcodes for land plants. However matK is only found in a subset
of charophytic plastid genomes (Turmel ef al., 2005; Lemieux ef al., 2007) and is
completely absent from chlorophytes (Pombert ef al., 2005).

The plastid encoded rbcL gene has been widely used for phylogenetic
inference in green algae. Saunders and Kucera (this volume) present data
indicating that the 3’ end of rbcL may be sufficiently variable to identify species
of marine green algae. Truly universal primers are not available for rbcL,
although some primers can be used on a wide range of taxa (Lewis ef al., 1997).
Given that variable portions of the gene are small enough to be sequenced in a
single reaction and a large amount of sequence data is available from a wide range
of taxa through GenBank (http://www.ncbi.nlm.nih.gov/genbank/) it is possible to
design lineage-specific primers.

Several additional molecular markers have been developed to address
phylogenetic questions in various groups of green algae. One of these, ufA, is
generally conserved and has been investigated in marine algae (Fama ef al., 2002).
Although fufA may be useful as a DNA barcode in chlorophytes (Saunders &
Kucera, this volume), the gene was transferred from the plastid to the nuclear
genome in some lineages of charophytic algae and in land plants (Baldauf ef al.,
1990) and in a few cases a copy is maintained in each genetic compartment.
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In this study, we assessed the utility of the markers COIL, ITS, UPA, rbcL
and fufA in seven species groups of phylogenetically diverse green algae: the
charophytes Chara, Desmidium, Micrasterias and Nitella, and the chlorophytes
Bracteacoccus, Chlorosarcinopsis and Scenedesmus. In chlorophytes we also
contrasted these results with information from 18S rDNA data. Species groups
within these genera were used to test and quantify marker variability.

MATERIALS AND METHODS

Taxon selection

Seven different species groups were used to test the utility of proposed
DNA barcodes. These include four charophytic and three chlorophytic groups
(Figs 1-8). Of these, Chara and Nitella are macroscopic and the rest are
microscopic. Two of the microscopic groups belong to the species-rich desmids,
algae that have varied and intricate structural characteristics. The remaining three
groups contain microscopic and morphologically cryptic species. Although these
are all freshwater or terrestrial species, they represent distantly related lineages of
green algae. These groups also represent taxonomically difficult groups for which
DNA barcodes would be a valuable aid to more accurate identification (described
more fully below). A complete list of taxa with GenBank accession numbers is
provided in Table 1.

Chara subsection Willdenowia — The genus Chara (Charophyceae)
includes macroscopic freshwater algae with a complex thallus with whirls of
branchlets at nodes and specialized reproductive structures. The internode is
comprised of a single cell that may be naked or covered in a layer of cortical cells.
The subsection Willdenowia (Fig. 1) includes those species whose branchlets are
corticated except at the first (basal) segment, which remains ecorticate throughout
the lifecycle (Wood & Imahori, 1965). The subsection is monophyletic (Karol,
unpublished) and in many cases the species are known to be reproductively
isolated (Proctor et al., 1971; Proctor & Wiman, 1971). Eight species in the
subsection were sampled (Table 1). Many of these species have overlapping
distributions and can only be distinguished morphologically when reproductive
structures are present.

Nitella hookeri species complex — This species group is comprised of
several Australasian species of Nitella (Charophyceae). Previous work has shown
these species to be closely related phylogenetically yet morphologically distinct
(Casanova et al., 2007). Seven named species and two unnamed species were
sampled (Table 1). The unnamed species are structurally similar to Nitella cristata
(Fig. 2) but are phylogenetically distinct (based on previous work). Both are from
Australia while strains of N. cristata are from New Zealand (Table 1). One form
is more robust than the other. Although difficult to identify, understanding species
diversity and distribution in this group will provide valuable information about
biogeographic patterns in Australia, New Zealand and the Pacific Islands.

Desmidium — The genus Desmidium (Zygnematophyceae) includes
filamentous species that are angular in apical view. Species of this genus are
common in freshwater habitats around the world. Five taxa in four species were
sampled (Table 1). Desmidium swartzii and D. pseudostreptonema can be difficult
to distinguish from D. aptogonum (Fig. 3) in some circumstances (Croasdale et al.,
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1983). Some distantly related species with cylindrical cells that were historically
included in Desmidium (e.g. Didymoprium grevillei Ralfs) were excluded
(Gontcharov et al., 2003; Hall ef al., 2008b).

Micrasterias — Species of the genus Micrasterias (Zygnematophyceae) are
among the most recognizable microscopic green algae. Their cells are compressed
with a deep medial incision that divides the cell into two halves (semicells) each
of which is lobed and often dissected. Fourteen taxa in twelve species were
sampled (Table 1). Although both M. apiculata var. fimbriata and M. furcata var.
dichotoma have been considered as species distinct from the nominal variety by
some authors (Ralfs, 1848; Wolle, 1884), they were treated as conspecific with
their nominal varieties in our analyses. In general, species of Micrasterias are
easily recognized, however there is considerable variation within taxonomic
characters and occasionally cells are encountered that are difficult to identify. In
this study, strain JH0024 is structurally similar to M. apiculata var. fimbriata,
however it is phylogenetically related to M. rotata and was treated as conspecific
with the latter species when calculating distances. Micrasterias muricata (Fig. 4)
and M. nordstedtiana are very closely related (Hall, unpublished) and yet
morphologically distinct and easily recognized. They serve as a test case for
distinguishing closely related species using molecular barcodes.

Bracteacoccus — The spherical cells of Bracteacoccus (Chlorophyceae),
when observed at maturity, possess multiple plate-like parietal plastids and
multiple nuclei, lack pyrenoids and occasionally reproduce by formation of
zoospores with two flagella of slightly unequal length. All known representatives
of Bracteacoccus are terrestrial and are found in soils worldwide, ranging from
polar to tropical habitats. The genus contains fourteen described species and two
subspecific taxa, although some of these taxa are now being transferred to other
genera (Fucikovd et al, unpub.). Within Bracteacoccus, subtle morphological
differences found in zoospores are used to distinguish among species (Bischoff
& Bold, 1963). Bracteacoccus cohaerens (Fig. 5), B. giganteus, and B. pseudominor
are impossible to tell apart without observing the full life cycle, particularly
zoospores, which often are not readily produced. As a result, morphological
characterization can be difficult.

Chlorosarcinopsis eremi species complex — The genus Chlorosarcinopsis
(Chlorophyceae) commonly forms packets of 2-8 cells and it is found in soils or
damp locations. Watanabe ef al. (2006) demonstrated the non-monophyly of this
genus. Several species, including Chlorosarcinopsis eremi (Fig. 6), were shown to
be outside the phylogenetic lineage containing the type species of Chlorosarci-
nopsis. A new genus has not yet been designated for C. eremi. During a broad
scale survey of green algae from desert soils several strains were isolated that are
phylogenetically related to C. eremi. To determine if these strains represent one
or more species, a phylogenetic study using several different barcode markers was
conducted (Lewis ef al., unpublished). Eight isolates of C. eremi from five diffe-
rent locations in arid western North America were included. Nine isolates were
also included of a related yet unnamed species, Chlorosarcinopsis sp. A, collected
from four locations in South Africa and one location in North America (localities
at Biotic Crust Project, http://hydrodictyon.eeb.uconn.edu/bep/). Chlorosarcinopsis
eremi and Chlorosarcinopsis sp. A are not distinguishable using light microscopy
yet are always monophyletic and distinct in phylogenetic analyses.

Scenedesmus — Best known for its numerous planktonic species (Prescott,
1962; Hegewald & Silva, 1988), the freshwater genus Scenedesmus (Chloro-
phyceae) also contains three newly described yet cryptic species, S. rotundus
(Fig.7), S. deserticola (Fig. 8), S. bajacalifornicus, from western North American
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desert soils designated based on divergent ITS2 data (Lewis & Flechtner, 2004).
This study included additional isolates from different geographic locations, in
order to improve the estimation of within and among species variation for these
species.

DNA extraction and amplification

DNA was extracted using previously described methods (Hall et al,
2008a) or using the Qiagen DNEasy Plant Extraction kit (Qiagen Inc., Valencia,
CA, USA). When possible, published universal primers were tested. If these were
unsuccessful, published lineage-specific primers were used or new primers were
designed from the available published data (Table 2). Several different primer
pairs and amplification procedures were optimized to maximize DNA amplifi-
cation. Fragments were amplified using a single round of PCR with the exception
of rbcL in Charophyceae in which the product of the first round of amplification
was used as the template for a second round of amplification using Charophyceae-
specific primers. This was done to minimize contamination from epiphytes. The
most successful primers and parameter sets are presented in Table 3. Both rbcL
and 18S required internal sequencing primers to obtain full-length sequences.
These gene fragments were sequenced at the University of Washington Genome

Table 2. Primers

Primer Sequence Reference
GazF1 TCAACAAATCATAAAGATATTGG Saunders, 2005
GazR1 ACTTCTGGATGTCCAAAAAAYCA Saunders, 2005
cox1.50F TGGTCTGGTGTWATWGCTAC NEW
cox1.650R TCACCWCCACCWGCWGGC NEW
ITS 36F GGCGCTGTGAGAAGTTCATTGAACC NEW
ITSIR TTCTGCAATTCACACTACGTATCGC NEW
ITSIF CAACTCTCGGCAAACGGATATCITG NEW
ITSR GGTTGGTCCCGACCGATCTGAGGTC NEW
ITS1 AGGAGAAGTCGTAACAAGGT White et al., 1990 (modified)
ITS4 TCCTCCGCTTATTGATATGC White et al., 1990
rbcL Z1 ATGTCACCACAAACAGAAACTAAAGCAAGT McCourt et al., 2000
rbcL RH1 ATGTCACCACAAACAGAAACTAAAGC McCourt et al., 2000
rbcL 1385 AATTCAAATTITAATTTCTTTCC McCourt et al., 2000
rbcL 295F GCATATGTTGCTTATCCTCTT NEW
rbcL 972R ATCACCACCAGAAAGACGAAG NEW
rbcL M28 GGTGTTGGATTTAAAGCTGGTGT McManus & Lewis (accepted)
rbcLM1390R CTTTCAAAYTTCACAAGCAGCAG McManus & Lewis (accepted)
tufAF TGAAACAGAAMAWCGTCATTATGC Fama et al., 2002
tufA R CCTTCNCGAATMGCRAAWCGC Fama et al., 2003
tuf A.5S0F TGGATGGTGCTATTYTAGTTG NEW
tuf A.870R ATAGTGTCRCCTGGCATAGC NEW
p23SrV_fl GGACAGAAAGACCCTATGAA Sherwood & Presting, 2006
p23Srv_rl TCAGCCTGTTATCCCTAGAG Sherwood & Presting, 2006
SSuU1 TGGTTGATCCTGCCAGTAG Shoup & Lewis, 2003
SSuU2 TGATCCTTCCGCAGGTTCAC Shoup & Lewis, 2003

T 1§



» T

)_

MRS MV VA8 MG AR R RO v T T Al el f 1y Wit sy 2T A R

DNA barcodes in freshwater green algae 545

Table 3. Parameters used for PCR

cox1 Forward Reverse TaC S Note
Bracteacoccus cox1.50F cox1.650R 54 120 fresh DNA needed
Chlorosarcinopsis GazF1 GazR1 54 120
Scenedesmus GazF1 GazR1 54 120
ITS1 Forward Reverse TaC S Note
Chara, Nitella ITS 36F* ITSIR 55 45 DMSO
Desmidium, Micrasterias ITS 36F* ITSIR 55 45 DMSO
ITS2 Forward Reverse TaC S Note
Bracteacoccus ITS1 ITS4 52 105 DMSO
Chara, Nitella ITSIF ITSR 55 45 DMSO
Chlorosarcinopsis ITS1 ITS4 52 105 DMSO
Desmidium, Micrasterias ITSIF ITSR 55 45 DMSO
Scenedesmus ITS1 ITS4 52 105 DMSO
rbcL Forward Reverse TaC S
Bracteacoccus rbcL M28 rbecL M1390 56 135
Chara, Nitella RH1 1385R 48 45

RH1 972R 48 30

295F 1385R 48 30
Chlorosarcinopsis rbcL M28 rbcL M1390 56 135
Desmidium, Micrasterias Z1 1385R 48 45
Scenedesmus rbcL M28 rbeL M1390 56 135
tufA Forward Reverse TaC S
Bracteacoccus tuf AF tufAR 54 135

tuf A.S0F TufA.870R 54 135
Chlorosarcinopsis tuf AF tufAR 54 135

tuf A.S0F tufAR 54 135
Scenedesmus tuf AF tufAR 54 135
UPA Forward Reverse TaC S Note
Bracteacoccus p23SrV_fl p23SrV_rl 50 45 DMSO
Chara, Nitella p23SrV_fl p23SrV_rl 50 45
Chlorosarcinopsis p23SrV_fl p23SrV_rl 50 45 DMSO
Desmidium, Micrasterias p23SrV_fl p23SrV_rl 50 45
Scenedesmus p23SrV_fl p23SrV_rl 50 45 DMSO
18S Forward Reverse TaC S Note
Bracteacoccus SSU1 SSuU2 54 135 DMSO
Chlorosarcinopsis SSU1 SSuU2 54 135 DMSO
Scenedesmus SSU1 SSuU2 54 135 DMSO

Notes: Forward, forward primer; Reverse, reverse primer; Ta C, annealing temperature in degrees Centigrade;
tS, extension time in seconds. DMSO indicates that DMSO was added to the PCR mix.

* This primer site lies inside the 18S rDNA and amplifies an intron known to occur in the 18S rDNA of many
Zygnematophyceae (Besendahl & Bhattacharya, 1999).

Center (Seattle, WA) or on an ABI 3100 or 3130xl in the EEB Department at the
University of Connecticut (Storrs, CT). The reads were assembled and edited in
Sequencher v. 4.9 (GeneCodes, Ann Arbor, MI). Sequences for each genus were
aligned using ClustalX (Larkin ef al., 2007) and the alignments manually edited in
MacClade 4.06 (Maddison & Maddison, 2000). Alignments are available in Tree-
BASE (www.treebase.org) submission number S11032. Intra- and interspecific
distances (using Kimura 2-Parameter distances) were calculated for each species
group in PAUP* 4 (Swofford, 2003) or Mesquite v. 2.5 (Maddison & Maddison,
2008).
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Table 4. Comparison of barcode marker characteristics in freshwater green algae

Ccol n PRIMER SEQ NUC MAX MIN INTRA INTER
Chara 40(8) TS 0 n/a n/a n/a n/a n/a
Nitella 309 TS 0 n/a n/a n/a n/a n/a
Desmidium 23(4) TS 0 n/a n/a n/a n/a n/a
Micrasterias 38(12) TS 0 n/a n/a n/a n/a n/a
Bracteacoccus 8(3) TS 5 588 0.0478 0.0874 0.0163 +0.021  0.1070 + 0.019
Chlorosarcinopsis ~ 7(2) TS 0 n/a n/a n/a n/a n/a
Scenedesmus 5(2) TS 0 n/a n/a n/a n/a n/a
ITS1 n PRIMER SEQ NUC MAX MIN INTRA INTER
Chara 40(8) UNIV,TS n/a n/a n/a n/a n/a n/a
Nitella 30(9) UNIV,TS 8 381 0.0000 0.0000 0.0000 +0.000 0.0120 +0.018
Desmidium 23(4) UNIV 17 342 0.0643 02228 0.0339+0.018  0.3399 + 0.083
Micrasterias 38 (12) UNIV 23 486 0.0821 n/a 0.0311+0.033 n/a
Bracteacoccus 8(3) UNIV 8 312 0.0812 n/a 0.0565 +0.029 n/a
Chlorosarcinopsis 17 (2) UNIV 17 255 0.0206 0.0159 0.0056 +0.005  0.0240 + 0.005
Scenedesmus 14(3) UNIV 14 184 0.0165 0.0692 0.0055+0.005  0.1778 +0.125
ITS2 n PRIMER SEQ NUC MAX MIN INTRA INTER
Chara 40(8) UNIV,TS 20 354 0.0352  0.0232 0.0132+£0.011  0.0848 + 0.036
Nitella 30(9) UNIV, TS 22 207 0.0000 0.0000 0.0000 +0.000 0.0338 +0.018
Desmidium 23(4) UNIV n/a n/a n/a n/a n/a n/a
Micrasterias 38 (12) UNIV n/a n/a n/a n/a n/a n/a
Bracteacoccus 8(3) UNIV 8 413 0.0117 0.1319 0.0040 £ 0.002  0.1026 + 0.016
Chlorosarcinopsis 17 (2) UNIV 17 419 0.0112  0.0174 0.0021 £ 0.002  0.0200 + 0.002
Scenedesmus 14(3) UNIV 14 380 0.0133  0.0381 0.0046 +0.004  0.0588 + 0.018
rbeL n PRIMER SEQ NUC MAX MIN INTRA INTER
Chara 40(8) TS 40 1353 0.0052 0.0022 0.0006 +0.001  0.0065 + 0.003
Nitella 30(09) TS 28 1353 0.0000 0.0000 0.0000 +0.000  0.0097 + 0.005
Desmidium 23(4) TS 23 1239 0.0114 0.0172 0.0055 +0.004  0.0299 + 0.008
Micrasterias 38(12) TS 34 1239 0.0114 0.0000 0.0024 +0.003  0.0296 + 0.012
Bracteacoccus 8(3) UNIV,TS 8 1217 0.0127 0.0437 0.0078 +0.003  0.0563 + 0.009
Chlorosarcinopsis 17 (2) UNIV,TS 17 1258  0.0084 0.0139 0.0025+0.003  0.0192 + 0.003
Scenedesmus 13(3) UNIV,TS 12 1324 0.0048 0.0287 0.0017 +0.002  0.0483 + 0.019
tufA n PRIMER SEQ NUC MAX MIN INTRA INTER
Bracteacoccus 8(3) UNIV,TS 8 670 0.0105 0.0674 0.0067 +0.004  0.0851 + 0.010
Chlorosarcinopsis ~ 5(2) UNIV,TS 4 631 0.0000 0.0032 0.0000 +0.000  0.0032 + 0.000
Scenedesmus 13(3) UNIV 11 890 0.0057 0.0312 0.0015+0.002  0.0619 +0.031
UPA n PRIMER SEQ NUC MAX MIN INTRA INTER
Chara 40(8) UNIV 22 325 0.0093  0.0000 0.0002+0.001  0.0019 + 0.004
Nitella 30(9) UNIV n/a n/a n/a n/a n/a n/a
Desmidium 23(4) UNIV 12 334 0.0091 0.0339 0.0023 +0.003  0.0353 + 0.002
Micrasterias 38 (12) UNIV 16 328 0.0031  0.0000 0.0006 +0.001  0.0121 + 0.005
Bracteacoccus 7(3) UNIV 7 331 0.0030 0.0061 0.0010 +0.002  0.0081 + 0,003
Chlorosarcinopsis 16 (2) UNIV 15 347 0.0000  0.0000 0.0000 +0.000  0.0000 + 0.000
Scenedesmus 11(3) UNIV 9 375 0.0027 0.0081 0.0011 +0.001  0.0240 +0.014
188 n PRIMER SEQ NUC MAX MIN INTRA INTER
Bracteacoccus 8(3) UNIV,TS 8 1708  0.0018 0.0077 0.0006 +0.004  0.0113 + 0.004
Chlorosarcinopsis 17 (2) UNIV,TS 3 1748 0.0064 0.0006 0.0008 +0.001  0.0020 + 0.002
Scenedesmus 15(3) UNIV,TS 15 1684  0.0024 0.0024 0.0008 +0.001  0.0069 + 0.005

Notes: n, number of strains tested, number of species in parentheses; UNIV, universal primers; TS, taxon-
specific primers; SEQ, number of sequences obtained; NUC, number of usable nucleotides in the alignment;
MAX, highest intraspecific distance; MIN, lowest interspecific distance; INTRA, average intraspecific distance
+ 1 standard deviation; INTER, average intraspecific variation + 1 standard deviation.
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Notably, ITS1 data were sufficiently variable to distinguish between M. muricata
and M. nordstedtiana whereas other markers were not. The ITS1 data also
revealed high levels of variation in M. pinnatifida and M. truncata. By contrast,
ITS1 was not significantly more variable than other loci in Nifella, however, this
result is based on relatively few sequences (Table 4). In Chara and Nitella, the
ITS2 marker had average pairwise distances at least twice as great as in any other
marker. Even so, ITS2 was not sufficiently variable to distinguish among the
closely related species N. claytonii, N. masonae and N. tricellularis, which all
shared identical primary sequence (as in all markers tested). Among the chloro-
phytes, both ITS1 and ITS2 were successfully amplified, often as a single ampli-
con, and sequenced with universal primers (White ef al., 1990), although taxon-
specific primers were needed in some instances. The ITS1 region in the three
chlorophytic genera contained more variation than the ITS2 region, but it was also
more difficult to assess homology of sites in ITS1. This was especially true in
Bracteacoccus. In Bracteacoccus, 1TS2 showed less intraspecific variation than
either rbcL or tufA and more interspecific variation. In Chlorosarcinopsis, 1TS2
provided levels of variation similar to rbcL but much greater than fufA, although
this comparison was based on fewer fufA sequences in this genus. In Scenedesmus,
the ITS2 region showed more intraspecific variation than rbcL or tufA but less
interspecific variation than fufA.

The UPA amplified successfully from many strains. However, in charo-
phytes sequences were sometimes of poor quality resulting in short reads or
unusable sequence. Only about half of the strains of Chara, Desmidium and
Micrasterias were successfully sequenced. In Nitella, the universal primers most
often amplified non-target regions of the Nitella plastid genome (not shown). The
UPA primers amplified the target fragment in all Bracteacoccus and a majority of
the Chlorosarcinopsis and Scenedesmus isolates. In these taxa the UPA primers
provided clean sequence and intraspecific variation was low. However, inter-
specific distances in Bracteacoccus were lower than for any other marker except
18S and there was no variation across all strains of Chlorosarcinopsis tested
(Table 4).

Taxon-specific primers were designed for rbcL and sequencing success
rates were very high. This gene fragment was sufficiently variable to resolve all
species-level relationships except one species pair that was distinguished by ITS1
(Micrasterias muricata and M. nordstedtiana) and several species of Nitella
(N. claytonii, N. hookeri, N. masonae and N. ftricellularis). In Nitella and
Micrasterias, there was considerable overlap in intra- and interspecific distances
(Table 4). Amplification and sequencing of rbcL in chlorophytes was nearly
always successful using a small number of primers. In two isolates of Scenedesmus,
introns were found in the rbcL gene, making it necessary to design new primers
to sequence the exons. Unlike the charophytes, no overlap in intra- and
interspecific distances was observed in rbcL data in chlorophytes.

The fufA gene was generally easily surveyed in chlorophytes using a
set of universal primers. For two chlorophytic genera, Bracteacoccus and
Scenedesmus, the degree and pattern of variation observed in fufA and rbcL data
were similar, although fufA was slightly more variable among species (Table 4).
Fewer Chlorosarcinopsis isolates were tested using fufA primers, although these
sequences yielded very low levels of intra- and interspecific variation.

In chlorophytes, 18S rDNA showed similar patterns to those found in the
other markers examined. In Bracteacoccus, 18S rDNA performed well as a
species-level marker, with interspecific distances three times greater than
intraspecific distances, although variation levels overall were considerably lower
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than those observed in any of the other examined markers (Fig. 9). Species
delimitation based on 18S rDNA was the most problematic in Chlorosarcinopsis,
where the average divergence within one of the test species, C. eremi, exceeded
the average interspecific divergence (Fig. 9). In other markers, intraspecific
variation within Chlorosarcinopsis had high standard error, but mostly due to
greater variation within Chlorosarcinopsis sp. A (data not shown).

DISCUSSION

Both traditional morphological taxonomy and DNA barcoding focus on
identification and classification of species. The two methods are reciprocally
illuminating: well-defined morphological species groups are used to test the
efficacy of molecular markers (for barcoding or phylogenetics) and often
molecular markers reveal unexpected relationships or lead taxonomists to species,
strains or specimens requiring more careful examination. This study was designed
to test the utility of markers that have been proposed as DNA barcodes in
previously unstudied species groups. Some of these species groups were selected
because of their known phylogenetic relationships. Others were selected because
they contained taxonomically challenging species relationships that had not been
resolved by the molecular markers typically used for phylogenetics. We sampled
species from six genera in three diverse lineages (classes) of green algae: the
Charophyceae, Chlorophyceae and Zygnematophyceae. The species groups
represent a wide range of structural complexity including coccoid unicells,
filaments and thalloid species with specialized reproductive structures.

Taxon selection was also influenced by the availability of strains,
particularly for the microscopic species. While it is typical for studies of
macroalgae to include multiple representatives of each species in taxonomic
studies, microalgal species are more often represented by a single strain (although
this trend is changing). This study included as many strains of each species as were
readily available. The number of strains per species tested ranged from one to
eleven with an average number of four. Our taxonomic selection allowed us to
test markers for the ideal barcoding qualities: universality (of occurrence and
primer sites), ease of amplification and sequencing, ability to distinguish among
closely related species, and greater inter- than intraspecific distances.

Although 18S and UPA have ‘universal’ primers, these loci were found
to be the least variable (Table 4). The UPA primers were designed to amplify all
phototrophic algae and cyanobacteria (Sherwood & Presting, 2007), but ampli-
cons from Desmidium and Micrasterias did not sequence cleanly and in Nitella
non-target regions of the plastid genome were amplified. A fragment of the
plastid gene ufA was also amplified from Bracteacoccus, Chlorosarcinopsis and
Scenedesmus using universal primers. Although this locus holds promise for
species-level identification in chlorophytes (also see Saunders & Kucera, this
volume), the gene fufA was transferred to the nuclear genome before the diver-
gence of some charophytic lineages resulting in paralogs or pseudogenes (Baldauf
et al., 1990; Turmel et al., 2005) that may complicate species identification in some
lineages.

¢ Universal primers amplified ITS1 and ITS2 from chlorophytes but were
not as successful in charophytes. Taxon-specific primers for ITS1 and ITS2 were
designed for Charophyceae, although the success rate was still rather low: ITS1
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only amplified from eight strains of Nitella and ITS2 amplified from about half of
the samples of Chara and Nitella. Only ITS1 amplified successfully from
Desmidium and Micrasterias. Other primers may have been more successful. For
example, other studies have successfully amplified ITS from strains of Micrasterias
(Neustupa et al., 2010) and Nitella (Sakayama et al., 2004a) using a combination
of taxon-specific and universal primers. In this study, ITS2 amplified easily from
Charophyceae but often sequenced poorly. This could be due to the secondary
structure of the molecule or sequencing parameters or both, but it could also be
the result of contamination. Contamination is an important factor to consider
when using universal primers (e.g., Zhang et al., 1997), especially for macroalgae.
Charophyceae are often covered in microscopic epiphytic or endophytic algae
including other green algae (e.g., Cimino & Delwiche, 2002). Although apparently
epiphyte-free portions were selected for DNA extraction, the possibility of
contaminating DNA cannot be eliminated. Amplification of contaminating DNA
from most epiphytes could be eliminated by the use of taxon-specific primers.
Particularly in field-collected material, this could be an advantage.

An effective molecular barcode must be able to distinguish among closely
related species and have lower levels of intraspecific variation than interspecific
variation. None of the markers tested met these criteria in all groups. None was
sufficiently variable to distinguish among the closely related species of the Nitella
tricellularis species group. Only ITS1 was variable enough to distinguish between
Micrasterias muricata and the morphologically distinct M. nordstedtiana. Conse-
quently some intraspecific distances were higher than some interspecific distances
in all markers where data for Micrasterias and Nitella were obtained (Table 4). The
overlap of intra- and interspecific distances was also observed in some (but not all)
other species groups in all markers except fufA (which was not sampled in charo-
phytes). Among chlorophytes, there was no overlap in intraspecific and inter-
specific distances in rbcL, similar to the results of Fawley et al. (2010).

Without test cases, identifying markers that were sufficiently variable
would have been more subjective due to differences of scale between lineages and
markers. When comparing pairwise distances of a single marker, interspecific
distances in one species group were often more than two times greater than
interspecific distances in another (Table 4). In a few cases, intraspecific distances
in one species group were on the same scale as interspecific distances in another.
As a result, a particular locus may be sufficiently variable to distinguish between
closely related species in one group but insufficient in other groups of green algae.

The apparent disparity in intraspecific and interspecific distances among
the species groups may reflect evolutionary history, differences in rates of evolu-
tion, our incomplete taxonomic knowledge or a combination of these and other
unknown factors. The test cases are examples of extraordinarily low interspecific
distances. However, there were relatively few species that show high levels of
intraspecific variation: Chara zeylanica, C. foliolosa, Desmidium aptogonum,
Micrasterias pinnatifida and M. truncata. In the case of C. zeylanica and C. folio-
losa, these strains may have been incompletely identified. The most recent global
monograph of this group classified several species as synonyms, varieties or forms
of Chara zeylanica (Wood & Imahori, 1965). It is possible that the molecular data
are consistent with an older, narrower species concept (especially for strains of
C. foliolosa and C. zeylanica) and that these species have been named in the
literature. However, we cannot eliminate other possibilities such as the role of
geographic variation. Desmidium aptogonum, M. pinnatifida and M. truncata are
all relatively common and cosmopolitan species. Variation within these species
may reflect cryptic or pseudocryptic species or geographic variation.
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In the case of Desmidium aptogonum, intraspecific variation may also be
due to taxonomy. Many subspecific taxa have been assigned to D. aptogonum
including variety ehrenbergii. The level of variation and phylogenetic position of
the variety ehrenbergii are consistent with its treatment as either a variety of the
nominal species or a distinct species. A similar pattern was observed in
Micrasterias furcata and variety dichotoma. Treating these two varieties as distinct
species would affect the average values of intra and interspecific distances within
their respective genera, but would not affect the overall patterns of variation
observed among loci.

Our data suggest that 18S, UPA and COI would be poor choices for a
DNA barcode in green algae: 18S and UPA were insufficiently variable and COI
did not amplify from most taxa. Of the loci tested, ITS, rbcL and fufA (in
chlorophytes) were all sufficiently variable to distinguish among most species
tested and these could be amplified with relatively few primer sets. However, the
rbcL fragment required internal sequencing primers, which would greatly increase
the cost of sequencing this locus as a molecular barcode. None of the markers
could distinguish all species and none had truly universal primers. This is
especially the case in charophytes, which had considerable overlap in the level of
intra- and interspecific variation in both ITS and rbcL. None of the loci tested are
ideal as a molecular barcode for charophytes although rbcL could be used with
the caveat that some species cannot be distinguished using this marker alone. It
seems likely that more than one locus may be needed to meet the criteria of
universality and species-level variability. However, the possibility remains that
other loci will be identified which will better serve as molecular barcodes for
green algae, particularly charophytes.
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