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The DNA barcode potential of three regions (the nuclear ribosomal ITS and the plastid psbA-trnH and trnT-trnlL
intergenic spacers) was investigated for the plant genus Aspalathus L. (Fabaceae: Crotalarieae). Aspalathus is
a large genus (278 species) that revealed low levels of DNA sequence variation in phylogenetic studies. In a
S1-species dataset for the psbA-trnH and ITS regions, 45% and 16% of sequences respectively were identical
to the sequence of at least one other species, with two species undiscriminated even when the two regions were
combined. In contrast, rnT-trnL discriminated between all species in this dataset. In a larger ITS and trn7-
trnL dataset, including a further 82 species, 7 species in five pairwise comparisons remained undiscriminated
when the two regions were combined. Four of the five pairs of species not discriminated by sequence data were
readily distinguished using a combination of qualitative and quantitative morphological data. The difficulty of
barcoding in this group is increased by the presence of intraspecific variation in all three regions studied. In the
case of psbA-trnH, three intraspecific samples had a sequence identical to at least one other species. Overall,
psbA-trnH, currently a candidate for plant barcoding, was the least discriminatory region in our study.

KEYWORDS: 4spalathus, DNA barcode, 1TS, psbA-trnH, species identification, trnT-trnL

[l ~TroDUCTION

Since the first calls for the application of DNA se-
quences as a means of large-scale species identification
(Tautz & al., 2002, 2003; Blaxter, 2003; Hebert & al.,
2003a; Stoeckle, 2003), and the introduction of the term
DNA “barcodes” to describe such sequences (Hebert
& al., 2003a), case studies examining the feasibility of
universal DNA barcoding in the animal kingdom have
dominated the literature. Whilst many animal DNA bar-
coding studies suggest the mitochondrial cytochrome
oxidase subunit I (cox!) alone is almost 100% accurate
(e.g., Hebert & al., 2003a, 2004b; Barrett & Hebert, 2005;
Hogg & Hebert, 2005), the plant barcoding community
recognises a need for more than one barcoding region
(Chase & al., 2005, 2007; Kress & al., 2005; Cowan & al.,
2006; Newmaster & al., 2006; Kress & Erickson, 2007,
Taberlet & al., 2007; Lahaye & al., 2008). The choice of
barcoding regions has yet to be made, but the following
regions have been suggested as candidates: the internal
transcribed spacer region, ITS, rbcL and another plastid
region such as psbA-trnHY® (Chase & al., 2005); ITS
& psbA-trnH (Kress & al., 2005); rbcL (Newmaster &
al., 2006); rpoClI, rpoB & matK or rpoCl, matK & psbA-
trnH (Chase & al., 2007); matK, atpF-atpH & psbA-trnH

or matK & psbK-psbl (proposed by Ki-Joong Kim and
co-workers, University of Korea, Seoul; Pennisi, 2007);
psbA-trnH & rbel (Kress & Erickson, 2007); psbA-trnH
(Shaw & al., 2007); trnL™* (Taberlet & al., 2007); matK
& psbA-trnH (Lahaye & al., 2008).

In particular, the plastid intergenic spacer psbA-trnH
has been highlighted as a prime candidate due to its high
level of variation. In the first published flowering plant
barcoding study, Kress & al. (2005) found psbA-trnH to
have the highest mean percentage sequence divergences
(1.24%) of the ten plastid regions examined, and based on
this result, together with general concordance with their
two additional criteria for barcode selection (sequence
length and ease of amplification from universal primers),
they suggested further testing should be undertaken for
these regions. In subsequent publications (Chase & al.,
2005, 2007, Kress & Erickson 2007; Shaw & al., 2007,
Lahaye & al., 2008) psbA-trnH remains a strong candidate
locus for plant barcoding. Current research is focussing on
plastid regions for barcoding, although Kress & al. (2005)
and Kress & Erickson (2007) recovered their highest mean
percentage sequence divergence for ITS (2.81% and 5.7%
respectively). Though the effectiveness of nuclear regions
such as ITS has been questioned in the light of complex
evolutionary patterns, some feel it should not be ruled
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out (pers. comm., Second International Barcode of Life
Conference, Taipei, Taiwan).

An opportunity for testing DNA barcoding in a large
plant genus is provided by Aspalathus L. (Fabaceae: Cro-
talarieae). Aspalathus comprises 278 species, and is the
largest plant genus endemic to South Africa, with 272
species distributed in the Cape Floristic Region, an area
of just 90,000 km?. A comprehensive key is available for
Aspalathus (Dahlgren, 1988), and species delimitations
are presented in an extremely thorough monograph (Dahl-
gren, 1960, 1961a, b, ¢, 1962, 1963a, b, c, d, 1965, 1966,
1967a, b, 1968a, b, c, d, 1969, 1971) and Flora treatment
(Dahlgren, 1988), in which the genus was divided into
34 infrageneric groups. Nevertheless, the identification
process is difficult and time consuming, and since the
key is dependent on floral characters, the identification
of sterile specimens is in most cases impossible. An elec-
tronic multi-access/interactive key could speed the iden-
tification process and permit identification from sterile
material, even in the field using palm-top computers. Even
electronic keys demand some user expertise, however,
and this, together with the difficulties with identification
through traditional morphological means and the sympat-
ric distribution of a large number of species in a relatively
small area, suggests that Aspalathus is a group that might
also benefit from barcoding. Phylogenetic analysis of the
regions tested here (ITS, psbA-trnH & trnT-trnL"**) re-
covered a poorly resolved phylogeny (Edwards, 2006).
Reconstruction of a resolved phylogeny for Aspalathus
may require the use of other regions which are not suitable
for universal barcoding, such as the CYCLOIDEA nuclear
region which has been used for phylogeny reconstruction
in another closely related species rich group, the lupins
(Hughes & Eastwood, 2006). The failure of the three
regions investigated here to recover resolved phylogeny
suggests that barcode identification of Aspalathus species
using these three regions may prove challenging.

Two of the DNA regions used for the phylogeny re-
construction of Aspalathus (the nuclear ITS and plastid
psbA-trnH) have been proposed as barcoding regions for
plants (Chase & al., 2005; Kress & al., 2005; Shaw & al.,
2007, Lahaye & al., 2008). The third region, the plastid
trnT-trnL, was found to have a more than 95% probability
of identifying the correct species of Sinningia s.l. (Ges-
neriaceae) in the barcoding study of Cowan & al., (2006)
and also generally shows good concordance with the three
criteria as proposed by Kress & al. (2005): (1) The region
has been employed in a number of species-level studies and
is often reported as amongst the most variable chloroplast
regions (Bohle & al., 1994; Cronn & al., 2002; Shaw & al.,
2005). (2) Although universal primers for the region were
published alongside those for the trnL-trnF region (Taber-
let & al., 1991), trnT-trnL has not been as widely employed
in phylogenetic studies as the trnL-trnF region. Shaw &
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al. (2005) suggested this might be due to PCR amplifica-
tion problems that had been encountered in a number of
groups when using the universal primer A from the study
of Taberlet & al. (1991), but reported that a new primer
(Cronn & al., 2002) worked in all of the widely sampled
taxa surveyed. (3) In a departure from one of the criteria
of Kress & al. (2005), published trnT-trnL sequences range
from ~400-1,500 bp (Shaw & al., 2005). Nevertheless,
Kress & al. (2005) selected the psbA-trnH region as their
most potential barcoding chloroplast region even though
41% of the psbA-trnH sequences in their study were outside
their 300—800 bp criterion, with minimum and maximum
outliers of 119 and 1,094 bp respectively. Thus, further
investigation of the trn7-trnl region appears warranted.

The successful application of DNA barcoding for spe-
cies identification depends on a threshold of sequence
divergence above which species can be distinguished and
below which intraspecific variation is encountered. In the
plant kingdom, Cowan & al. (2006) reported that for 33
species, two to five accessions per species revealed no or
very low levels of nucleic acid substitution intraspecific
variation for psbA-trnH (0.0-0.8%). Kress & Erickson
(2007) and Lahaye & al. (2008) also reported lower lev-
els of genetic divergence within species than between
species. Baldwin & al. (1995) showed low intraspecific
variation in ITS, but see Feliner & al. (2004), Rauscher
& al. (2004), Noyes (2006), and Koch & Matschinger
(2007), who found remarkable amounts of intraspecific
variation in ITS. Multiple sampling of Aspalathus species
for the three targeted DNA regions will permit assessment
of levels of intraspecific divergence for each region, and
hence, their utility in barcoding.

[l MATERIALS AND METHODS

Sampling and molecular methods. — Total ge-
nomic DNA was isolated from field-collected leaf mate-
rial preserved in silica-gel (Chase & Hills, 1991) for 141
specimens representing 133 Aspalathus taxa (and 30 of
the 34 Aspalathus infrageneric groups, Dahlgren, 1988)
using a small-scale hot CTAB DNA extraction protocol
(Harris, 1995), a modification of the method of Doyle &
Doyle (1987). The following amendments were made to
the protocol of Harris (1995): the leaf material, sealed in
an Eppendorf tube, was initially cooled in liquid nitrogen;
a few grains of sand were added to the leaf material to aid
grinding; and 0.2% of B-mercaptoethanol was added to the
CTAB extraction buffer at the time of extraction. For trou-
blesome extractions, 1% polyvinyl polypyrrolidine (PVPP)
was added to the stock CTAB extraction buffer and samples
were left overnight at —20°C at the precipitation stage.

PCR amplifications were performed in 50 pl reactions
comprising: 1-5 pl of undiluted DNA; Reaction Buffer
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x1 (Opti Buffer, 10X, Bioline); MgCl, 2 mM; dNTP mix
0.2 mM; 0.35 uM of each primer; 10 ug of bovine serum
albumin (BSA, New England Biolabs); and 2 units of
Tag DNA polymerase (Bioline, London, U.K.). For a few
amplicons that were troublesome to optimise for the ITS
region, 2.5 mM MgCl, ReddyMix™ PCR Master Mix
(Abgene, Epsom, Surrey, U.K.) was used. The primers
and PCR profiles used are listed in Table 1. PCRs were
run on a GeneAmp®™ PCR system 2700 machine (Applied
Biosystems). A Qiaquick™ PCR Purification kit (Qiagen
Ltd, Dorking, Surrey, U.K.) was used to clean the result-
ant PCR products, eluting them into 30 pul of EB buffer.
Sequencing was carried out using ABI PRISM® BigDye™
Terminator 100 Reaction Ready kit (Applied Biosystems).
The cycle-sequencing products were purified using
PERFORMA® DTR V3 96-well short plates (Edge Bio-
systems, U.S.A.), and separated on an ABI PRISM® 3100
automated capillary sequencer (DNA sequencing service,
School of Biological Sciences, University of Reading).
Accession details for all taxa, indicating taxonomic posi-
tion according to Dahlgren (1988), are presented in the
Appendix in Taxon online issue.

Alignment and barcoding analyses. — Raw se-
quence data were assembled and edited using SeqMan™
II, one of the programmes of the Lasergene® software
package (DNASTAR, Inc.), and verified by a Blastn search
on GenBank. The edited sequences were aligned using the
multiple alignment Clustal W algorithm (Thompson &
al., 1994) as implemented in MegAlign™ (Lasergene®,
DNASTAR, Inc.), with further adjustment by eye using
MacClade v. 4.0 (Maddison & Maddison, 2001). All vari-
able sites were rechecked to the original trace files. The
alignments are available on TreeBase (Piel & al., 2002).

Study 1. — Alignments were generated for sequences of
51/278 (18%) Aspalathus species for each of the three DNA
regions (ITS, psbA-trnH and trnT-trnl), to investigate the

Table 1. PCR primers and profiles.

interspecific discriminatory power of the individual re-
gions. Combined alignments were assembled to assess the
discriminatory power of the three pairwise combinations
and all three regions combined. A total of 22 of 34 infrage-
neric groups (Dahlgren, 1988) were represented, with more
than one species sampled in eleven of the groups.

Study 2. — In a second examination of interspecific
variation for ITS and frnT-trnL, individual and combined
alignments were prepared for 133/278 (48%) Aspalathus
species. In these two larger datasets, 30 of the infrage-
neric groups were represented, with more than one species
sampled for 24 of these groups.

Study 3. — To provide a preliminary examination of
levels of intraspecific DNA divergence in Aspalathus, a
second taxon was sequenced for each of the three regions
for three species and for a further five species for ITS and
trnT-trnL only. Pairwise alignments were generated for
each pair of conspecific sequences.

For studies 1 and 2, pairwise comparisons for each
species pair in the MacClade multiple sequence align-
ments were made by calculating sequence divergence lev-
els using the total character difference function in PAUP*
v. 4.0b4a (Swofford, 2002). A method was devised to en-
sure that information from indels, as well as nucleotide
substitutions was utilised. Dashes (-) in an alignment
are treated as missing data in pairwise comparisons in
PAUP*, and are not scored, so that species pairs differing
only in the presence or absence of an indel are incorrectly
identified as identical. To ensure indel information was
utilised, each position in an indel was recoded to a number
1, whilst retaining terminal gaps as missing data. Unlike a
dash, a 1 is treated as a fifth character state, and included
in pairwise comparison calculations. For each region and
combination of regions for studies 1 and 2 the number
of species pairs which were not discriminated (i.e., were
identical), was recorded. In study 3, pairwise comparisons

Region Primer sequence (5’ to 3') Reference
ITS 17SE:  ACG AAT TCATGG TCC GGT GAAGTG TTC G Sun & al. (1994)

26SE: ATG AAT TCC CCG GTT CGC TCG CCG TTAC
psbA-trnH  psbB:  GTT TAC TTT TGG GCA TGC TTC G Hamilton (1999)

psbF: CGCAGT TCG TCT TGG ACC AG
trnT-trnL A: CAT TAC AAA TGC GAT GCT CT Taberlet & al. (1991)

B: TCT ACC GAT TTC GCC ATATC
Region PCR profile

Initial denaturation = Denaturation Annealing Extension Final extension No. of

temp./time temp./time temp./time temp./time temp./time cycles

ITS 97°C/1 min 97°C/1 min 52°C/1 min 72°C/2 min 72°C/7 min 30
psbA-trnH 96°C/S min 96°C/45 s 53°C/1 min 72°C/30 s 72°C/7 min 35
trnT-trnL 94°C/5 min 94°C/1 min 56°C/1 min 72°C/1 min 72°C/7 min 25-30
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were calculated for each conspecific taxon pair, and num-
bers of taxon pairs showing divergence were recorded.
Where the additional sequences showed intraspecific vari-
ation, they were added to the appropriate single region
alignments of studies 1 and 2 and interspecific divergence
levels calculated. For each region, intraspecific variants
that were identical to other species were recorded.
Morphological studies. — To test the species
delimitations used by the author of the most complete
treatment of the genus (Dahlgren, 1988), we examined
herbarium specimens representing five species pairs that
were not distinguished by #rnT-trnL and ITS in concert
(see below). Herbarium specimens examined included ma-
terial determined by Dahlgren, as well as field collected
material which we identified using the key presented in
his treatment and checked for overall similarity against
determined specimens. The published descriptions (Dahl-
gren, 1960, 1961a, b, c, 1962, 1963a, b, ¢, d, 1965, 1966,
1967a, b, 1968a, b, ¢, d, 1969, 1971, 1988) were examined
to identify potentially diagnostic quantitative and quali-
tative characters. Qualitative characters were presence/
absence characters which were not measurable; we were
careful not to erroneously consider continuous variables
as qualitative where botanical terminology obscures
potentially overlapping quantitative variation (Stevens,
1991). Qualitative characters were scored from all speci-
mens. Wherever quantitative data could be collected we

Fig. 1. Graph showing the
number of species pairs
with identical sequences
for each region and com-
bination of regions for
studies 1 and 2.

- Study 1:

Single region
(51 species dataset)

70

No. of species pairs/species not discriminated

1l

ITS psbA-trnH  trnT-trnL

0
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made six measurements for each of the vegetative and
calyx characters and three for the petal characters from
each sheet. We considered quantitative characters as di-
agnostic if there were absolute gaps in the distribution of
variation i.e., ranges were non-overlapping (Theile, 1993).
Morphological characters which showed qualitative or
diagnostic quantitative differences across all specimens
for the species pairs examined were tabulated.

Bl ResuLTs

Interspecific variation. — Figure 1 shows the
number of species pairs with identical sequences for each
region and combination of regions for studies 1 and 2. In
study 1, a total of 64 species pairs, representing 23 out of
51 species, were not discriminated in the psbA4-trnH data-
set, each of these species having a sequence identical to
at least one other species. For ITS, the sequences of seven
species pairs were identical representing eight species that
could not be discriminated from at least one other spe-
cies. Even when combined, psbA-trnH and ITS failed to
separate one species pair. n contrast, the trnT-trnL region
distinguished all species pairs by the presence of at least
one base pair difference (including indels). However, in
study 2, which employed a denser taxon sampling, both of
the individual 133 species datasets for ITS and trnT-trnL

M No. of species pairs not discriminated Study 2:

Single region and

combination of
regions

(133 species dataset)

O No. of species not discriminated
Study 1:

Combinations of regions
(51 species dataset)

e

ITS& ITS & trnT- psbA-trnH ITS & ITS trnT-trnl. ITS & trnT-
psbA-trnH trnL & trnT-trnL.  psbA-trnH trnL

& trnT-trnL
Alignments
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and a combination of the two datasets included species
pairs which could not be discriminated (ITS, 75 species
pairs representing 39 species; trnl-trnL, 11 species pairs
representing 16 species; ITS & trnT-trnL, 5 species pairs
representing 7 species). Of the three regions studied, trn1-
trnL was the most indel-rich region. In the 51 species
dataset, indels were present for at least one species in 33%
of base pair positions across the alignment, compared with
1% in ITS and 9% in psbA-trnH.

Intraspecific variation. — As is shown in Table 2,
all three regions displayed intraspecific variation (ITS 2/8
species; psbA-trnH 3/3 species; and trnT-trnL 6/8 species).
In the case of psbA-trnH, one of the intraspecific variants
of each species sampled was identical to at least one other
Aspalathus species, and for ITS one of the variants of one
species showed identity to at least one other species. All
of the intraspecific variants recovered for the trnT-trnL
region were distinct from other species.

Morphological studies. — Qualitative and quanti-
tative differences between species pairs are summarised
in Table 3. Four of the five species pairs could be reliably
distinguished.

[l oiscussion

Interspecific variation. — The strictest test of the
utility of a DNA region for barcoding is whether discrimi-
nation is possible between all species pairs within the study
group, in other words that there are no identical sequences.
None of the three DNA regions tested (the nuclear ITS, and
the plastid psbA-trnH and trnT-trnl) is individually able
to discriminate all species pairs tested in Aspalathus, and
sometimes may not even distinguish between species from
different infrageneric groups sensu Dahlgren (1988): ITS
26/39, psbA-trnH 18/23, and trnT-trnL 5/16 undiscrimi-
nated species were identical to species across infrageneric
boundaries. These results are in contrast to previously pub-
lished studies examining the feasibility of DNA barcoding,
which report 100% species discrimination from just one
DNA region: cox! in animals (e.g., Hebert & al., 2003a,
2004b; Hogg & Hebert, 2004; Barrett & Hebert, 2005,
although see Hebert & al., 2003b, Meyer & Paulay, 2005).
The first studies to densely sample plant genera are those
reported in Chase & al. (2005) and Cowan & al. (2006).
Chase & al. (2005) report on surveys of 170 species of the

Table 2. Intraspecific results showing the numbers of species with intraspecific divergence
and the numbers of species with at least one intraspecific variant identical to at least one other

species.

3-region study ITS psbA-trnH trnT-trnL
Number of species showing intraspecific

divergence 173 373 2/3
Number of species with at least one intraspecific

variant identical to at least one other species 0/3 373 0/3
2-region study

Number of species showing intraspecific

divergence 1/5 N/A 4/5
Number of species with at least one intraspecific

variant identical to at least one other species 1/5 N/A 0/5

N/A indicates that psbA-trnH was not sampled for this study.

Table 3. Morphological qualitative and quantitative differences between species pairs.

Species 1 Species 2 Diagnestic qualitative characters Diagnostic quantitative characters
A. barbata A. cordata Leaf margin ciliate/not Keel length; ratio of leaf width to length
A. acifera A. corrudifolia  Leaf tip pungent/not; calyx lobes pungent/not Standard blade length; wing blade length;
keel blade length
A. chenopoda  A. incurva Leaf tip pungent/not; inflorescences terminal/ Standard blade length; wing blade length;
on lateral short shoots; inflorescences unifloral keel blade length
or bifloral/3 or more flowers; bract tips pungent/
not; calyx lobes pungent/not
A. chenopoda  A. spicata Leaf tip pungent/not; inflorescences terminal/ None
on lateral short shoots; inflorescences unifloral
or bifloral/3 or more flowers; bract tips pungent/
not; calyx lobes pungent/not
A. spicata A. incurva None None
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250 species of Moraea (Iridaceae) and 88 taxa represent-
ing the ca. 85 species of Protea (Proteaceae) respectively.
Cowan & al. (2006) used a complete species sampling
for the 96 species of Sinningia s.l. (Gesneriaceae). These
surveys showed more than 95% probability of identifying
the correct species using trnL-trnF, rbeL & rpsl6 for Mo-
raea; rps16 & ncpGS for Protea; and trnS-trnG, trnT-trnL,
rpll6, trnL-trnF, atpB-rbcL & ncpGS for Sinningia). The
lowest discrimination for Protea was using the trnL-trauF
region (60%) and the atpB-rbcL (85%). Neither of these
poorly performing regions has been proposed as candidate
barcode regions. In contrast, in our study we find lower
levels of discrimination (55% for psbA-trnH and 84% for
ITS), although these, in particular psbA-trnH, have been
advocated as barcode regions of choice (Chase & al., 2005,
2007; Kress & al., 2005; Kress & Erickson, 2007; Shaw &
al., 2007; Lahaye & al., 2008).

The championing of Kress & al. (2005) of ITS as one
of the regions suitable for barcoding in plants finds sup-
port here. The region generally satisfied all three of their
criteria: ITS was the second most useful region under con-
sideration, discriminating the second highest number of
Aspalathus species; all taxa were successfully sequenced
using universal primers (Sun & al., 1994), and further
universal primers, nested within those used here, are also
available for the region (White & al., 1990) and the length
of the sequences, ranging from 698 to 829 bp, more or
less conforms to the proposed length of 300—800 bp of
Kress & al. (2005). ITS, nevertheless, is not a panacea for
plant barcoding studies. Kress & Erickson (2007) showed
that universal primers failed in gymnosperms, ferns and
mosses. Although the most commonly used DNA region
for species-level phylogeny reconstruction (Alvarez &
Wendel, 2003), ITS has not always displayed sufficient
variability to resolve species-level (Richardson & al.,
2001; Edwards, 2006), or even higher-level relationships
(Klak & al., 2004), and as been shown here, may not per-
mit total species discrimination in groups with low DNA
variation. There is also the undesirable potential of ITS
to comprise paralogous sequences from processes such as
gene duplication and incomplete concerted evolution (Al-
varez & Wendel, 2003). In some cases, secondary peaks
resulting from sequencing of paralogous copies can be
so severe as to render some groups of plants unsequence-
able without recourse to cloning. These are not universal
problems—they were not apparent in our study, and there
are other taxa where ITS identifications have not been
problematical (e.g., Asteraceae tribes Lactuceae and An-
themideae; Gemeinholzer & al., 2006). In our case ITS
presented no technical problems and was considerably
more informative than psbA-trnH.

For the chloroplast pshA-trnH region, in concord-
ance with the criteria of Kress & al. (2005), all Aspal-
athus taxa were successfully sequenced using universal
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primers (Hamilton, 1999). The range of sequence lengths
was from 271-331 bp, with only eight sequences falling
below the suggested minimum length of 300 bp of Kress
& al. (2005). However, although the region has revealed
sufficient variation to be successfully employed in species-
level phylogenies (Sang & al., 1997; Chandler & al., 2001),
and, with the inclusion of indel information, successfully
discriminated all species pairs in the eight genera intrage-
neric examination of Kress & al. (2005), and showed the
highest plastid region mean percent sequence divergence
in the studies of Kress & Erickson (2007) and Lahaye &
al. (2008), psbA-trnH showed the lowest discriminatory
power of the three regions examined in this study, with
45% of species undiscriminated. This result in Aspalathus
agrees with a three species survey of five chloroplast re-
gions conducted during a phylogenetic study of Aspalathus
(Edwards, 2006), which revealed psbA-trnH to have the
lowest phylogenetic informativeness: psbA-trnH (using the
primers from Hamilton, 1999), 9 potentially informative
characters; psbB-psbF (using the primers from Hamilton,
1999), 11; aceD-psal (using the primers from Small & al.,
1998), 17; atpB-rbcL (using the primers from Hoot & al.,
1995), 18; and trnT-trnL (using the primers from Taberlet
& al., 1991), 25, where potentially informative characters
were calculated from numbers of nucleotide substitutions
and indels following Shaw & al. (2005).

In contrast to psbA-trnH, trnT-trnL was revealed as
a tractable candidate for the plastid region, displaying
the highest discriminatory power of all three regions ex-
amined in 4spalathus. In further support of the utility of
trnT-trnL, all Aspalathus taxa were sequenced using the
universal primers from the study of Taberlet & al. (1991),
and the lengths of the sequences ranged from 694 to 792
bp. The recent reports of high levels of variability in trnT-
trnL (Small & al., 1998; Shaw & al., 2005), together with
the development of a new primer (Cronn & al., 2002) to
replace the A primer shown to be problematic by Tab-
erlet & al. (1991), may lead to an increase in popularity
for the application of #rnT-trnL in species-level phylo-
genetic reconstruction. An increase of the generation of
sequences for the region would further support a proposal
for zrnT-trnL to be considered as a potential DNA barcode
in flowering plants.

Aspalathus, as suspected, due to the low levels of DNA
sequence variation recovered for phylogeny reconstruction
(Edwards, 2006), has proved a challenging barcoding test
case. The molecular data’s relatively low discriminatory
power could be due to over-zealous taxonomic splitting.
However, our morphological survey shows that four out
of five species pairs with identical sequences can be read-
ily distinguished using morphological characters. The
formalisation of a traditional morphological species con-
cept is sometimes attributed to Van Steenis (1957) who
noted that “sets of characters (differences) occur in nature
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discontinuously in combinations, facilitating the distinc-
tion of groups of specimens, species or other taxa charac-
terised by these sets of characters”. Operationally, Nixon
& Wheeler (1990) appeal to a comparable procedure for
species delimitation. Their phylogenetic species concept is
also based on observations of pattern, makes no reference
to ability to interbreed and does not require any analysis,
phenetic or cladistic. The phylogenetic species sensu Nixon
& Wheeler (1990) are the smallest aggregate of populations
or lineages diagnosable by a unique combination of char-
acter states in comparable individuals. Thus for Nixon &
Wheeler (1990), a single character difference is sufficient
for species delimitation. Van Steenis (1957) argued that if
the contrasted taxa only differ in one character then the
separation will mostly prove to be artificial, and that good
species are generally also characterised by additional eco-
logical features. Four of the five species pairs we consider
here are separate species sensu Van Steenis (1957).

For some authors, a phylogenetic species concept
sensu Nixon & Wheeler (1990) results in the recogni-
tion of too many species, since it has been shown that the
concept may lead to recognition of a far greater number
of much less inclusive units. A review by Agapow & al.
(2004) showed a 48% increase in species numbers when
non-PSC species were revised using the PSC. In our study
we found a trend in the opposite direction. Under the PSC
fewer Aspalathus species were recognised than had been
accepted by Dahlgren (1988). This suggests that Dahlgren
was using a species concept which results in the recognition
of notably large numbers of species. In this case, it might be
argued that current taxonomy is oversplit. However, many
in workers in South Africa have found Dahlgren’s species
to be robust, reliably identifiable, geographically coherent
and valuable units for conservation planning and evolu-
tionary analysis (e.g., Oliver & al., 1983; Edwards, 2006;
Edwards & Hawkins, 2007; Forest & al., in prep.). There
has been a debate about whether barcoding differences
might be a useful in species delimitation (e.g., Hebert &
al., 2004a; Hebert & Gregory, 2005; Meyer & Paulay, 2005;
Will & al., 2005). Our morphological survey shows that
barcodes have failed to discriminate species recognised in
the most recent and thorough monograph, but which are not
species sensu Nixon & Wheeler (1990). This is the case for
one of our species pairs, 4. spicata and 4. incurva. These
species have been described based on combinations of a
number of character states with overlapping ranges (i.e., a
non-explicit polythetic species concept). Further study us-
ing genetic markers, a more comprehensive morphometric
dataset and consideration of distribution ranges are needed
to provide insights into the status of these species.

The role of indels. — The contribution indels can
make to barcoding has been highlighted here. The indel-
rich frnT-trnL region proved to be the most useful region
in the discrimination of Aspalathus species, in support of
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the report of Kress & al. (2005) that indels in the psbA-
trnH region permitted discrimination of otherwise identical
species pairs in Solidago, and their suggestion that indels
will most likely improve resolving power in barcoding.
However, if a criterion for the selection of DNA barcoding
regions is that sequences are also to be used in phylogeny
reconstruction (Seberg & al., 2003; Blaxter, 2004), then
difficult to align indel-rich regions might be discounted. For
the Aspalathus phylogeny reconstruction (Edwards, 2006),
anumber of poly A/T-rich indel regions were excluded from
trnT-trnL phylogenetic analyses due to alignment difficul-
ties. Nevertheless, even after the exclusion of these regions,
trnT-trnL had a higher number of parsimony informative
characters than ITS (98 parsimony informative characters
for trnT-trnL and 91 for ITS in a 145 taxon dataset).

There is a large literature which describes the best use
of indel regions in phylogeny reconstruction (Graham &
al., 2000; Simmons & Ochoterena, 2000; Miiller, 2006).
This literature emphasises the number of presumed evo-
lutionary events as informative when seeking to recon-
struct phylogeny, and considers an entire gapped region
in an alignment as a single binary character, not a col-
lection of characters in which the number of differences
depends on the total length of the indel, with the caveat
that indels of different length in the same region of DNA
necessarily represent more than one event. In contrast, in
the case of barcoding, the absolute numbers of base pair
differences are significant. In the case of barcoding, for
example, confidence in an identification will be greater
when a pair of species differ in length by two base pairs
than when they differ by one, whether or not those indel
differences are adjacent and the result of one or two events
in evolutionary time. Species identification using a DNA
barcode database should not be hampered by the use of
an indel containing region. Indeed, the incorporation of
indel rich regions could increase the discriminatory power
of barcode regions (e.g., Kress & al., 2005; Cowan & al.,
2006). However, problems arise when attempting to assess
the potential utility of indel-rich barcoding regions.

The multiple sequence alignment comparison method
used here recognises both nucleotide substitution and indel
information in determining whether species pairs can be
discriminated. Table 4 shows that using multiple sequence
alignment might not accurately determine numbers of
differences between species pairs when a sequence con-
tains an indel that is ambiguously aligned. Although the
multiple sequence alignment shown is reasonable when
species 1 and 3 are considered as a single pair, an alter-
native pairwise sequence alignment is preferred which
reduces the number of differences recorded for that spe-
cies pair from two (a point mutation and a single base
pair indel difference) to one (a single base pair indel dif-
ference). Potentially, all species pair differences above
zero in multiple sequence alignments could be affected
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by ambiguously aligned indels. For this reason we prefer
to determine whether sequences differ or not, rather than
to calculate the number of point mutation and indel differ-
ences by which species pairs are distinguished.

Whilst the strictest test was employed in this study
(i.e., the determination of whether each region can dis-
criminate all species pairs by at least one base pair differ-
ence, including indels), for the successful implementation
of identification using DNA barcodes, it may be desirable
to determine levels of divergence for selected regions in
order to identify thresholds by which inter- and intraspe-
cific variation can be determined (Hebert & al., 2004b).
For accurate calculation of divergence levels between
large numbers of species for indel containing regions,
either the alignment must contain no ambiguously aligned
indels, or pairwise comparisons must be made for all pos-
sible two-taxon alignments. In this study 18,831 two-taxon
alignments and pairwise comparisons would have to be
prepared for the single region datasets of studies 1 and 2
alone. This is clearly not a realistic proposition, and there
is a need for an algorithm to calculate these comparisons
in a more tractable way, so that the value of indel contain-
ing regions can be fully examined.

Intraspecific variation. — The intraspecific study
conducted here has further highlighted the low utility of
the psbA-trnH region as a DNA barcode for identifica-
tion of Aspalathus species. All three of the pairwise in-
traspecific comparisons sampled for the region showed
divergence. More problematically, in every case, one of
the two intraspecific variants was identical to at least one
other species. For example, the Aspalathus costulata pair
displayed one base pair difference and the 4. crenata pair

four differences, with one of the variants in each case
identical to another species, specifically a species from
another infrageneric group. Similarly, A. spinosa subsp.
spinosa showed five intraspecific differences in psbA-
trnH between the two individuals sampled, but in this
case one of the variants was not discriminated from eleven
other species from eight different infrageneric groups.

The ITS region posed the same problems. Two in-
traspecific taxon pairs showed divergence, with one of
the intraspecific variants of one of the species, 4. seta-
cea, identical to eight other species spread across three
infrageneric groups. In contrast, although six of the eight
species pairs sampled for z7nT-trnL displayed intraspecific
variation, all variants were distinct from other species.

These results can be compared to the reports in
Cowan & al. (2006) of low intraspecific sequence varia-
tion. Cowan & al. (2006) do not report the distributions
of the samples, although the phenomenon of intraspecific
variation in space is well documented (e.g., Vargas, 2003;
Lorenz-Lemke & al., 2005; Lihova & al., 2006 for the ITS
region). Documented intraspecific variation in these and
other studies, alongside our results, suggests a need for
a more critical evaluation of the distribution of intraspe-
cific samples. It is notable in that regard that all but one
of the species pairs displaying intraspecific variation in
our study are widely separated. Just for one species pair,
A. lebeckioides, were the samples collected within a very
short distance of each other. The other pairs were sampled
from separate mountain ranges, were separated from each
other by mountains, or in the case of the two samples of
A. linearis, were collected from far ends of the Cedarberg
mountain range.

Table 4. Simulated alignments showing how an ambiguously aligned indel, although optimally aligned in a multiple se-
quence alignment, may align differently in a pairwise alignment and give different numbers of differences between spe-
cies. In the case of the multiple alignment there are two differences between species 1 and species 3, one is an indel
mutation at position 9 (boxed) and the second is a point mutation at position 10 (in bold). However, when this species pair
is aligned without reference to other species only one difference between species 1 and species 3 is recovered, this is an

indel at position 10 (boxed).

Simulated multiple sequence alignment with indels treated
as a 5th character state

Alignm. position no. — 11111111112 2 2 No.ofdifferences be-
Species | 1234567 8901234526 789 01 2 tweenspeciesl&3
Species 1 - --GATTCTAGCTAGCGGCCTA
Species 2 CATTATTCATI11TAGCGTTC - -
Species 3 CATGATTCTGCTAGCGGCC—— 2
Species 4 CATTATTCATI11TAGCGTTTC - -
Species 5 AATGACTCATGCTAGCGGCC - -

Simulated pairwise comparison between species 1 & 3 with indels treated

as a 5th character state

Species 1 - - -GATTCTAG

Species 3 CATGATTCT[I]G

CTAGCGGCCTA
CTAGCGGCC - -
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Our study suggests that at least three regions will
be necessary for species discrimination in Aspalathus.
A decrease has already been observed in the discrimi-
natory power of ITS and ##nT-trnL with increased sam-
pling. Sampling was broad across the genus and the four
unrepresented infrageneric groups are monotypic; thus,
further sampling would mostly be gap-filling of species
closely related to those already sampled, and failure to
discriminate between species is predicted to become more
problematic. For successful discrimination of all species
within Aspalathus it is likely therefore that at least one
more region with a greater level of variation than psbA-
trnH will be required if ITS and trnT-trnL remain the most
appropriate regions.

As suggested by other authors (Chase & al., 2005,
2007; Kress & Erickson 2007; Shaw & al., 2007; Lahaye
& al., 2008), this study highlights that complete species
identification for all plants from a small suite of just two
or three universal barcoding regions may remain elusive.
At least some plant genera will require additional barcode
regions to those proposed as universal to achieve com-
plete species identification, whether to address issues of
complex evolution, technical issues regarding successful
amplification, or as in the case of Aspalathus, low DNA
sequence variation at species level, coupled with examples
of high intraspecific variation, most notably in the region
psbA-trnH, the most popular choice for inclusion as a uni-
versal plant barcoding region. The low level of barcoding
success in Aspalathus may be uncommon, but further
densely sampled studies are needed, including more case
studies with 100% species sampling, to explore more fully
the performance of the proposed universal regions and
the extent to which groups would need specific case-by
case investigation.
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