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Abstract
We use a comprehensive subset of Canarian angiosperms corresponding to 23 families, 35 genera and 60 Canarian endemic taxa to test whether this flora is suitable to taxonomic identification with the two proposed plant DNA
barcode sequences and whether these sequences may reveal the existence of cryptic species overlooked by morphology. The rate of discrimination success between the insular congeneric samples using the rbcL+matK combination
and a ‘character-based’ approach (where we use only the combination of nucleotide positions in an alignment that
allows unambiguous species identification) is higher (82.29%) than that obtained with the ‘distance-based’ approach
(80.20%) used by the CBOL Plant Working Group in 2009 and also when compared with tests conducted in other floras. This suggests that the molecular identification of the Canarian endemic flora can be achieved as successfully as
in other floras where the incidence of radiation is not as relevant. The facts that (i) a distance-based criterion was
unable to discriminate between congeneric and conspecific comparisons and (ii) only the character-based discrimination criterion resolved cases that the distance-based criterion did not, further support the use of a character discrimination approach for a more efficient DNA barcoding of floras from oceanic islands like the Canaries. Thus, a
barcoding gap seems not to be necessary for the correct molecular characterization of the Canarian flora. DNA barcodes also suggest the possible existence of cryptic taxa to be further investigated by morphology and that the current taxonomic status of some of the taxa analysed may need revision.
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Introduction
To provide an universal framework for the routine use of
DNA sequence data in species identification is important
from a wide range of biological perspectives, encompassing (i) the rapid assignation of specimens to their correct species when morphological traits are not sufficient
(Kress et al. 2005; Savolainen et al. 2005); (ii) the identification of possible cryptic species overlooked by morphology (Hebert et al. 2003, 2004; Ragupathy et al. 2009; Gao
et al. 2011); (iii) the assistance to classical taxonomy in the
elaboration of censuses of plant biodiversity (Hajibabaei
et al. 2007; Lahaye et al. 2008; de Vere et al. 2012) or (iv)
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the application of these data to conservation and management strategies (Hollingsworth 2008; Kress et al. 2009;
Bruni et al. 2012). These and other distinctive areas of
interest have triggered ‘DNA barcoding’ for species-level
identification (i.e. the use of short-standardized DNA
sequences to tag species; Barret & Hebert 2005).
Unlike animals, where the application of cytochromeoxidase-I (COI) has been highly successful in a wide
range of taxa (Smith et al. 2008; Hebert et al. 2010), the
quest for efficient ‘DNA barcodes’ in plants is still under
way (Fazekas et al. 2009, 2010; Chen et al. 2010). Following the assessment of 12 potential plant DNA barcoding
regions (Kress et al. 2005; Chase et al. 2007; Kress &
Erickson 2007; Fazekas et al. 2008; Newmaster et al.
2008; Ford et al. 2009), some members of the Plant
Working Group within the International Consortium for
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the Barcode of Life (PWG from now on) recommended
the cpDNA two-locus combination rbcL-matK as the universal DNA barcode for land plants (CBOL Plant Working Group 2009). The potential applicability of plant
DNA barcodes has been evaluated using these and other
regions [such as trnH-psbA or internal transcribed spacer
region (ITS)] and in different taxonomic and floristic contexts (Chase et al. 2007; Kress & Erickson 2007; Lahaye
et al. 2008; Hollingsworth et al. 2009; Burgess et al. 2011;
Li et al. 2011; de Mattia et al. 2011). Also, although the
existence of a barcoding gap (i.e. a clear separation
between the average intraspecific distances relative to
the interspecific distances) is usual in animals and has
resulted in high species discrimination success rates, it is
not frequent in plants. Certainly, some authors have
used a barcoding gap to distinguish plant groups above
the species level (de Vere et al. 2012; Zhang et al. 2013) or
have detected the gap in congeneric species (e.g. within
the lichen family Parmeliae, Leavitt et al. 2013). However,
there are also numerous studies in plants where the
detection of a barcoding gap did not result in species discrimination (e.g. Pettengill & Neel 2010; Jiang et al. 2011;
Yang et al. 2012; Ashfaq et al. 2013). Notably, Fazekas
et al. (2009) found out that the degree of overlap between
intra- and interspecific distances is generally much
greater in plants than in animals, and they suggested
that the higher the overlap, the more reduced the ability
to discriminate species is.
In plants, the discriminatory power of the rbcL+matK
sequence combination is of ca. 72% (CBOL Plant Working Group 2009; Hollingsworth et al. 2011) and thus still
very far from the usually higher (though variable) rate of
over 90% success of COI in animals, fungi and red algae
(Hebert et al. 2010; Ran et al. 2010; Buchheim et al. 2011;
Assuncß~ao et al. 2012). Consequently, many of the recent
efforts led by PWG members are driven toward complementing this cpDNA ‘core barcode’ with other sequence
regions (e.g. Hollingsworth et al. 2011; Li et al. 2011).
Among other reasons, elusiveness in the discrimination of ca. 30% of land plant species by cpDNA barcodes can be explained by highly speciose genera, by
closely related species belonging to recently evolved
lineages (radiation) or by processes such as hybridization and/or introgression (Hansen et al. 2003; Hoban
et al. 2009). Radiation (i.e. the rapid evolution of phenotypic diversity within a lineage, with or without the
stimulus of natural selection) is of concern for molecular identification because often conspicuous morphological differences are not paralleled by comparable
levels of molecular polymorphism. Likewise, hybridization (i.e. the process that begets offspring by cross-fertilization between individuals belonging to different
taxa or populations) plays an important role in plant
and animal evolution (Harrison 1990; Arnold 2006).

© 2014 John Wiley & Sons Ltd

However, the species of hybrid origin may be elusive
for plant barcoding because cpDNA sequences would
not detect differences between the ancestral mother
species and the derived ones.
Oceanic island floras host a much higher incidence of
these two processes that may hamper the applicability of
DNA barcodes (Whittaker & Fern
andez-Palacios 2007;
Losos & Ricklefs 2009; Caujape-Castells 2011) and may
also give rise to ‘false negatives’ when little or no
sequence variation in the barcoding fragments is found
between different biospecies (Wiemers & Fiedler 2007).
Thus, oceanic insular floras are important and challenging test grounds for the applicability of molecular barcodes in land plants.
The Canary Islands are a Spanish oceanic archipelago
formed by seven major islands situated ca. 100 km off
NW Africa that feature the greatest number of endemic
plant species per unit area compared with any continental or insular area of its size in the northern quarter of
Africa and Europe (Martın-Esquivel et al. 2005). The flora
of the Canary Islands is highly diverse, harbouring
around 1457 native taxa, 23 endemic genera (encompassing 46 endemic Canarian species; Moreno Saiz 2011), and
between 592 (Fern
andez Palacios & Martın Esquivel
2001) and 680 (Reyes-Betancort et al. 2008) terrestrial
endemic plants. As in many oceanic archipelagos worldwide, a considerable proportion of the Canarian endemic
flora consists of species belonging to morphologically
radiating lineages (Bramwell 1975) where molecular
polymorphism is moderate or low, at best, for example:
Argyranthemum (Francisco-Ortega et al. 1996), Aeonium
(Mort et al. 2002), Convolvulus (Carine et al. 2004), Sideritis (Barber et al. 2007), Sonchus (Kim et al. 2007) or Echium
(Garcıa-Maroto et al. 2009). Examples of interspecific
hybridization also have been reported for a wide representation of the Canarian endemic flora, for example, in
Micromeria (Perez de Paz 1978), Argyranthemum (Brochmann 1984), Aeonium (Ba~
nares 1990), Sideritis (Marrero
1992), Sonchus (Kim et al. 1996), Rubus (Alice et al. 2001),
Pericallis (Van Hengstum et al. 2012) or the Bencomia and
the Gonospermum alliances (Francisco-Ortega et al. 2001).
In this investigation, we evaluate the ‘core’ markers
for plant identification (matK and rbcL, CBOL Plant
Working Group 2009) in a sample of Canarian endemic
angiosperms to answer three crucial questions concerning the applicability of these two cpDNA regions in a
barcoding context: (i) does a DNA barcoding gap exist in
the Canarian endemic species considered in this study?
(ii) how efficiently does a character-based discrimination
criterion retrieve the identities of different taxa with
respect to the distance-based criterion used by the CBOL
Plant Working Group (2009)? and (iii) may the plant barcode regions reveal the existence of cryptic species overlooked by morphology?
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This investigation represents the first comprehensive
test of the two plant barcode regions encompassing a significant number of endemic angiosperms of the Canarian
Flora and can thus be a relevant contribution to the literature on DNA barcoding of insular plants.

Material and methods
Taxon sampling
We analysed 75 Macaronesian plant taxa containing 60
Canarian endemics (45 species, 12 subspecies and three
varieties) that belong to 35 genera (eight of them endemic to Macaronesia). This sample represents 23 families
that encompass 314 taxa (264 species and 50 subspecies),
of which 179 are endemic of the Canary Islands (see
Tables S1 and S2 for details, Supporting information).
Remarkably, this sample contains representatives the
taxonomically richest families in the Canarian flora
(especially Asteraceae, Brassicaceae, Crassulaceae, Fabaceae, Lamiaceae and Poaceae), all the ecosystems in the
archipelago, radiating and nonradiating genera, and
endangered and nonendangered species (see Tables S1
and S3 for details, Supporting information).
Overall, we sampled 140 populations (118 Macaronesian [102 Canarian, 11 Madeiran and five Azorean] and
22 non-Macaronesian; Table S2, Supporting information), collecting between two and five individuals in each
of them (herbarium voucher numbers shown in Table S1,
Supporting information). We refrained from sampling
larger numbers of individuals because the general lack
of resolution in most available phylogenies of Canarian
endemics based on rbcL and matK (Doebley et al. 1990;
Soltis et al. 1993; Kim et al. 1999) led us to expect low
intraspecific polymorphism levels for these two cpDNA
sequences. The main goal of our sampling was to have a
subset of the Canarian endemic angiosperms sufficiently
representative to test the performance of the barcode
sequences in the identification of the rich plant diversity
of this oceanic archipelago.
Although the DNA barcode sequences are tools for
identification and not taxonomy, we were especially
interested in assessing whether they provide additional
information to assist morphology in the evaluation of
taxonomically conflictive cases (see Table 1 for definitions). Thus, the 75 Macaronesian endemic angiosperms
analysed include 35 taxa unambiguously identified by
classical taxonomy (nonconflictive cases, see Table 1 for
definitions) and 40 species, conspecific populations and/
or subspecies that are difficult to identify based only on
available morphological characters (conflictive cases, see
Table 1 for definitions). We also considered four
Macaronesian and 22 non-Macaronesian populations of
taxa unambiguously identified by classical taxonomy

Table 1 Definitions of basic concepts used throughout the
paper
Concept

Definition

Taxonomically
nonconflictive
cases
Taxonomically
conflictive
cases
Potentially
cryptic taxa

Species unambiguously identified by
taxonomy, based on morphological
characters
Species with conspecific populations
difficult to identify based on available
morphological characters
Taxonomically nonconflictive conspecific
populations which are morphologically
indistinguishable, but where we detected
a substantial number of diagnostic
characters with the barcode sequences
Proportion of nucleotide differences
detected between two aligned sequences,
excluding indels
Each of the positions in an alignment
(including indels) that allows the
differentiation between sequences
belonging to individuals of either of two
congeneric species within a given sample
Each of the variable positions in an
alignment that is shared by two or more
taxa, and therefore cannot be used for
species identification
Inter-specific genetic variation exceeding
intra-specific variation to such an extent
that a clear gap exists which enables the
assignment of unidentified individuals
to their species with a negligible error
rate (Hebert et al. 2003; Meyer & Paulay
2005)

p-distances

Diagnostic
character

Polymorphic
character

Barcoding gap

(sequences available in GenBank, see Table S2, Supporting information) with the aim of assessing the robustness of eventual discrimination.

DNA isolation, amplification and sequencing
DNA extractions were performed from either silica gel
dried or fresh material using the CTAB protocol (Doyle
& Doyle 1987; Palmer et al. 1988). The concentrations of
the extracted DNA were measured with the spectrophotometer ND-1000 (NanoDrop), and aliquots were deposited in the DNA Bank of the Canarian Flora at the Jardın
Bot
anico Canario ‘Viera y Clavijo’-Unidad Asociada
CSIC of the Cabildo de Gran Canaria (JBCVCSIC hence
forward). Whereas the PCR conditions and primers used
in all the taxa assessed were the same for rbcL, they were
case dependent for matK (Table 2). PCRs were performed in a 25 lL total volume containing 2 lL of
extracted DNA; 20 lL ReddyMixTM PCR Master Mix
(ThermoScientific, Abgene, UK); 0.5 lL of each primer
(20 lM); and 2 lL of bovine serum albumin (20 mg/mL
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Table 2 Primer pairs and annealing temperatures used to amplify the DNA barcode sequences
Region

Primer

Sequence (50 -30 )

AT

Reference

rbcL

rbcL-F
rbcL-R
matK-F
matK-R
AST-F
AST-R
matK -XF
matK -5R
3F_KIM
1R_KIM
matk-1F
matk-1R
390-F
1326-R

ATGTCACCACAAACAGAGACTAAAGC
GAAACGGTCTCTCCAACGCAT
AATTTACGATCHATTCATTCMATWTTT
AGTTYTARCAAGAAAGTCGAARTATATA
CCTTACCCAGCTCATCTGGAAAT
CAAATAATATCCAAATACCAA
TAATTTACGATCAATTCATTC
GTTCTAGCACAAGAAAGTCG
ACCCAGTCCATCTGGAAATCTTGGTTC
CGTACAGTACTTTTGTGTTTACGAG
ACTGTATCGCACTATGTATCA
GAACTAGTCGGATGGAGTAG
CGATCTATTCATTCAATATTTC
TCTAGCACACGAAAGTCGAAGT

55°C
48°C

CBOL Plant Working
Group (2009)
Schaefer et al. (2011)

48°C

Dunning & Savolainen (2010)

46°C

Ford et al. (2009)

58°C

K. J. Kim (unpublished)

53°C

Sang et al. (1997)

48°C

Cuenod et al. (2002)

matK
matK
matK
matK
matK
matK

AT, annealing temperature.

BSA, Sigma). The PCR products that provided a single
band of sufficient intensity after running a 1.8% agarose
gel were sent to Macrogen Inc. in Korea for bidirectional
sequencing on an ABI 3730XL (Applied Biosystems, Foster City, CA, USA). In all cases, multiple individuals
were sequenced in each species analysed to assess polymorphism. Previous to any further analysis, we used a
fragment of each obtained sequence as a query in GenBank’s BLAST algorithm to check that we retrieved congeneric sequences.
The GenBank codes of the individual sequences are
given in Table S1 (Supporting information), and the
aligned matrices with the sequences generated de novo
are deposited as attachments in the genetic diversity
digest D-DNASE-89 (for matK) and D-DNASE-90 (for
rbcL) in the Demiurge information system (URLs http://
www.demiurge-project.org/matrix_digests/D-DNASE-89
and http://www.demiurge-project.org/matrix_digests/
D-DNASE-90).

Sequence alignment and data analyses
The consensus DNA sequences (contigs) obtained with
paired forward and reverse sequences for each region
were aligned using eight iterations of the option ‘Muscle
alignment’ implemented in GENEIOUS version 5.4 (Drummond et al. 2011). To assess the interspecific discriminatory power of the two-locus combination, the alignments
for rbcL and matK were assembled in a combined matrix.
The p-distances were calculated using DNADIST version
3.5c (Felsenstein 1993) as implemented in BioEdit (Hall
2007). Diagnostic characters (see Table 1 for definition)
in the alignments for congeneric taxa were scored to
assess their power of discrimination relative to p-distances (see below). The performance of the two plant bar-
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code sequences under (i) the two discrimination criteria
assessed; and (ii) different biological variables were
tested using Kruskal–Wallis test (Kruskal & Wallis 1952)
as implemented in XLSTAT version 2009.1.01 (Addinsoft
2009). This is a nonparametric statistical procedure that
allows the comparison between average values from
more than two groups of independent samples that can
be of unequal size.

Discrimination criteria
For both matK and rbcL, we scored (i) the intra- and interspecific p-distances (see definition in Table 1) and (ii) the
number of diagnostic positions (Table 1) including indels (i.e. those that allow the differentiation between
individuals belonging to either of two congeneric species
within a given sample; note that such positions can be
monomorphic or polymorphic). The distribution of intervs. intraspecific p-distances was compared to assess the
existence of a DNA barcoding gap (see Table 1 for definition). For each tested species pair, we diagnosed discrimination as successful if (i) the minimum uncorrected
interspecific p-distance was higher than the maximum
intraspecific p-distance (criterion-1, following CBOL
Plant Working Group 2009) or (ii) there was at least one
diagnostic position in our sample of individuals
(criterion-2).

Results
We generated 438 (rbcL+matK) sequences (GenBank
Accession numbers and other details in Table S1, Supporting information) that were analysed together with 52
sequences downloaded from GenBank (corresponding to
26 taxa, Table S2, Supporting information). PCR success
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levels for rbcL and matK were 99% and 85%, respectively,
and sequencing success rates were 98% in rbcL and close
to 90% with matK. The sequence quality for the two markers was generally high for both sequencing directions,
although we encountered problems to obtain high-quality
reverse sequences for matK in some taxonomic groups.
We carried out 1314 pairwise comparisons (657 for
each rbcL and matK) to evaluate the discriminatory
power of each DNA barcode region for 147 nonconflictive cases and 67 conflictive cases. Also, we calculated
intra- and interspecific p-distances for, respectively, all
species and species pairs analysed. We scored diagnostic
and polymorphic characters (see definitions on Table 1)
for congeneric taxa only. The results of Kruskal–Wallis
tests are shown in Table 3.

Character analyses
We detected over 2.5 times more diagnostic characters
with matK than with rbcL for nonconflictive cases
(respectively 9.156 vs. 3.381, P < 0.0001), and more than
twice as many as with rbcL for the conflictive cases
(respectively 1.179 vs. 0.493, P < 0.0001; Table 3). The
average number of polymorphic nondiagnostic positions
detected with matK was significantly higher (P < 0.006)
for the conflictive cases (0.896) than for the nonconflictive
cases (0.469), while for rbcL, the differences were not significant (3.164 and 1.980, respectively). Similar figures
were obtained when we analysed only insular taxa
(Table 3).

Distances vs. characters (rbcL+matK)
Distance analyses
At the intraspecific level, rbcL was nonsignificantly more
variable than matK, with p-distances ranging from 0 to
0.047 and from 0 to 0.027, respectively. At the interspecific level, matK was significantly (P < 0.0001) more variable than rbcL (p-distances from 0 to 0.080 and from 0 to
0.068, respectively). The highest average interspecific
p-distance found with matK within a genus [0.0800, in
Silene (Caryophyllaceae)] was much higher than that
found with rbcL [0.0624, in Erica (Ericaceae)]. The largest
overlap between intra- and interspecific distances was
found in the family Ericaceae. Although the average
interspecific p-distance was significantly higher than the
average intraspecific p-distance for both DNA barcode
regions (P < 0.0001), we did not detect a barcoding gap
because intra- and interspecific p-distances overlapped
(see Fig. 1).

When comparing all the taxa assessed (147 nonconflictive and 67 conflictive cases), criterion-1 was less discriminating than criterion-2 (see the methods for the
description of discrimination criteria). Also, when comparing only insular taxa (96 nonconflictive and 67 conflictive cases), p-distances resolved a lower number of
cases than diagnostic characters.

matK vs. rbcL
Within all comparisons (taxonomically nonconflictive
and conflictive cases), matK showed a much higher proportion of resolution success under either criterion than
rbcL (Table 4), and each individual region provided a
much higher proportion of discrimination with criterion-2 than with criterion-1 (Table 4). Similarly, within
only insular taxa (Canarian and Macaronesian), matK

Fig. 1 Boxplots of the normalized inter- and intraspecific p-distances for rbcL+matK, rbcL and matK in all taxonomically clear cases compared in this study. The crosses correspond to the averages, and the solid lines within the box plots to the medians. Outliers are marked
with a diamond.
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NS, nonsignificant.
*P < 0.05; **P < 0.01; ***P < 0.001.

All taxa (insular and noninsular)
By cases
Nonconflictive (147)
vs. conflictive (67)
By taxonomic level
Genera (22) vs. species
(138) vs. subspecies (10)
vs. conspecific populations (44)
By growth-habit
Trees (64) vs. other (150)

Only insular taxa
By cases
Nonconflictive (96)
vs. conflictive (67)
By taxonomic level
Genera (12) vs.
species (97) vs.
subspecies (10) vs.
conspecific populations (44)
By Island distribution
Same island (26) vs.
different islands (137)
Gran Canaria (7) vs.
La Gomera (15) vs.
Tenerife (4)
By growth-habit
Trees (49) vs.
other (114)

Categories tested

(8.625, 5.820)NS

(0.013, 0.010)NS

(8.501, 3.965)NS

(0.012, 0.007)NS

(10.500) (8.500)
(0.200, 0.432)***

(0.429 [6.000) 12.500]*

(0.002 [0.009) 0.018]*

(0.018, 0.013)
(0.001, 0.001)***

(5.500, 5.314)NS

(0.008, 0.008)NS

(9.156) (1.179)***

(11.500) (7.340)
(0.200, 0.432)***

(0.015, 0.012)
(0.001, 0.001)***

(0.014) (0.003)***

(8.250) (1.179)***

Diagnostic
characters

(0.012) (0.003)***

p-distances

matK

(0.750, 0.540)NS

(0.182 [0.580,
1.100) 0.773]*

(0.469) (0.896)**

(0.776, 0.482)NS

(0.013) (0.004)***

(0.008, 0.008)
(0.001, 0.005)***

(0.008) (0.004)***

(0.013) (0.003)***

(0.000 [0.005) 0.013]**

(0.286, 0.600, 0.500)NS

(3.500) (2.040)**

(4.545) (2.957)
(0.000, 0.500)***

(3.381) (0.493)***

(3.510) (1.307)**

(0.000 [1.400) 5.000]**

(1.577, 2.044)NS

(6.333) (2.299)
(0.000, 0.500)***

(0.011) (0.006
[0.005) 0.001]***

(0.005, 0.006)NS

(3.00) (0.493)***

Diagnostic
characters

(0.007) (0.004)***

p-distances

(0.500, 0.584)NS

(0.000, 0.495,
1.100, 0.77)NS

(0.344) (0.896)**

Polymorphic
characters

rbcL

(7.344) (0.220)***

(0.000 [2.203,
1.600) 4.159]**

(1.980, 3.164)NS

(6.837) (0.211)***

(0.000, 2.800, 5.250)NS

(2.423, 2.161)NS

(0.000) (1.649,
1.600) (4.159)**

(1.531, 3.164)NS

Polymorphic
characters

Table 3 Average values of the parameters used to assess the taxonomic discrimination of the barcode sequences for different grouping categories under Kruskal–Wallis tests. The
averages of groups supported significantly by the tests are separated by brackets and parentheses (note that, in some cases, the averages of certain categories fall in more than one
statistical group). The integer numbers in brackets after the group names correspond to the sample sizes of each group
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Table 4 Summary of the percentage of discrimination success (all taxa vs. only insular taxa) provided by matK and rbcL under a distance-based (CR-1) or a character-based (CR-2) criterion, between conspecific species pairs for taxonomically nonconflictive cases (‘Nonconflictive’) and for taxonomically conflictive cases (‘Conflictive’)
All taxa
Cases/criterion
‘Nonconflictive’
CR-1
CR-2
‘Conflictive’
CR-1
CR-2

Only insular taxa

matK (%)

rbcL (%)

rbcL+matK (%)

matK (%)

rbcL (%)

rbcL+matK (%)

85.03
85.71

65.77
66.44

86.39
87.07

79.16
81.25

45.16
53.22

80.20
82.29

23.88
32.85

7.46
11.94

24.18
33.29

21.39
36.95

8.69
10.86

21.60
37.31

The results for only Canarian taxa are not shown because the percentage of discrimination success was the same (75.38%) under either
criterion for matK and for rbcL+matK, although for rbcL, criterion-2 performed better than criterion-1 (45.16% and 38.70%, respectively).

showed again a much higher proportion of resolution
than rbcL, and each region provided a much higher proportion of discrimination with criterion-2 than with criterion-1 (Table 4). While the character-based diagnosis
significantly distinguished between conspecific and congeneric comparisons in our sample of the Canarian
Flora (Table 3), the distance-based criterion could not
discriminate between both taxonomic levels. Under criterion-2, matK resolved more nonconflictive cases than
rbcL for all 214 comparisons carried out (126 vs. 102,
respectively) and also more conflictive cases (22 vs. nine,
respectively). Furthermore, matK resolved more cases
than rbcL based on p-distances (140 vs. 106, respectively). A total of 42 cases (26 nonconflictive and 16 conflictive) were resolved only by matK and not by rbcL,
while only four cases (two nonconflictive and two conflictive) were resolved by rbcL and not by matK. However, as shown in Table 4, the highest resolution for the
taxonomically nonconflictive cases tested is provided by
the combination of the two barcode sequences using a
discrimination criterion based on diagnostic characters
(criterion-2): 87.07% for all taxa examined and 82.29%
for only insular taxa.

Possible cryptic species overlooked by morphology
Although DNA barcode sequences generally distinguished well between nonconflictive species, they provided no discrimination in other such cases (for instance
the species in the genus Parolinia, see Table 5 and Discussion).
On the other hand, unexpectedly, we detected a number of diagnostic molecular characters that allowed us to
differentiate among several morphologically very similar
conspecific populations that may be indicating potentially cryptic taxa (see definition in Table 1) in Erica
canariensis (Ericaceae); Argyranthemum broussonetii ssp.
broussonetii and ssp. gomerensis (Asteraceae); Festuca

agustinii (Poaceae); Lolium canariense (Poaceae); Galium
scabrum (Rubiaceae); Picconia excelsa (Oleaceae), and Viola
riviniana (Violaceae). Table 5 summarizes different
aspects regarding these and other cases and provides
some future recommendations for each concerned taxon.
Although these considerations should be taken with precaution and be supported by further investigation, they
are necessary to assess the taxonomic status of these
especially divergent populations.

Discussion
The radiations that characterize many oceanic island floras entail that conspicuous morphological differences
between congeneric species are generally paralleled by
only low (if at all) sequence polymorphism levels. The
Canaries are no exception to this general pattern (e.g.
Carine et al. 2004; Barber et al. 2007; Kim et al. 2007; or
Garcıa-Maroto et al. 2009), thus posing a challenge for
‘DNA barcoding’, whose usefulness is contingent upon
the ability of the proposed sequence regions to discriminate between congeneric species which are readily
diagnosable by taxonomy. Cogent with this fact, low levels of species discrimination have been reported when
barcoding plant and animal species on islands, for
instance, in several genera of Asteraceae from Gal
apagos
(Seberg & Petersen 2009), of Leguminosae from Macaronesia (Ojeda et al. 2008), or in the arthropod genus Copelatus (Dytiscidae) from the Fijian archipelago (Monaghan
et al. 2005).
Despite these potentially challenging issues inherent
to island taxa, our proportions of success in the identification of either the Canarian and Macaronesian endemic angiosperm taxa with no taxonomic conflict
(75.38% and 82.29%, respectively) are both above the
72% obtained in floras of nonoceanic regions of the
world (CBOL Plant Working Group 2009; Hollingsworth et al. 2011). This and previous results (Jaen-Moli-
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Morphologically and genetically very similar
(Ba~
nares 1990; Gonz
alez-Perez et al. 2009)

Morphologically very similar, and ‘some populations
of P. ornata (Veneguera & Agaete) have been
integrated based on their morphology into the
andezpopulational complex of P. filifolia’ (Fern
Palacios 2009)
Morphologically very similar and their taxonomy has
long been discussed (Seubert & Hochstetter 1844;
Tutin 1933)
Morphologically very similar where they share
ecozones, and some authors have questioned their
status as different species (Poiret 1816; Pitard &
Proust 1909)
Morphologically very similar (Kunkel 1992)

Morella rivas-martinezii (G)
Morella faya (G)

Parolinia filifolia (C)
Parolinia ornata (C)

Silene bourgeaui (G)
Silene lagunensis (T)

Polycarpaea divaricata (C)
Polycarpaea latifolia (C)

Picconia excelsa (G, M)
Picconia azorica (A)

27

1

1 (G-A)
1 (M-A)

0

1 (C-P)
1 (T-P)
2 (G-P)
0

1 (G-A)
1 (M-A)

Although the recognition of L. azorica as the only
Laurus endemic to Mac and southern Morocco
(Barbero et al. 1981; Jalas & Suominen 1991) is
supported by molecular data (Arroyo-Garcıa et al.
2001; Rodrıguez-Sanchez et al. 2009), in 2002 RivasMartınez proposed a new name (L. novo-canariensis)
for the Madeiran and Canarian populations
Morphologically very similar, and some intergrades
have been observed (unpublished data)

Laurus novocanariensis (G, M)
Laurus azorica (A)

Lolium canariense (C, T, G)
Lolium edwardii (P)

0

0

Morphologically very similar (Santos 1988; Molero et al. 2002)

Morphologically very similar (Mesa Coello et al. 2003)

Congeneric species
Apollonias ceballosii (G)
Apollonias barbujana (G, M)

matK

Euphorbia bourgeauana (T)
Euphorbia lambii (G)

Case description

Level of comparison/taxa

6

0

13 (G-A)
2 (M-A)

0

0

0

0

0

0

rbcL

Keep separation

Keep separation

Keep separation

Their current taxonomic
separation is not supported by
the two barcode sequences.
Revise, including populations
from H (the locus classicus of
M. rivas-martinezii) and P
Their current taxonomic
separation is not supported by
the two barcode sequences

Keep separation & revise

Their current taxonomic
separation is not supported by
the two barcode sequences
Their current taxonomic
separation is not supported by
the two barcode sequences
Keep separation & revise

Recommendation

Table 5 Conflictive congeneric and infra-specific taxa assessed in this study and nonconflictive populations which are morphologically indistinguishable but where at least one of
the two barcode regions suggests that there could be possible cryptic taxa overlooked by taxonomy
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Infra-specific taxa
Argyranthemum
broussonetii ssp.
broussonetii (G)
Argyranthemum
broussonetii ssp.
gomerensis (G)
Cistus chinamadensis ssp.
gomerae (G)
Cistus chinamadensis ssp.
chinamadensis (G)
Euphorbia mellifera var.
canariensis (G, T)
Euphorbia mellifera var.
mellifera (M)
Ilex perado ssp.
lopezlilloi (G)
Ilex perado ssp.
platyphylla (G)
Micromeria varia ssp.
gomerensis (G)
Micromeria varia ssp.
canariensis (C)
Micromeria varia ssp.
rupestris (F)
Micromeria varia ssp.
thymoides (M)
Teline stenopetala ssp.
pauciovulata (G)
Teline stenopetala ssp.
microphylla (G)
Conspecific populations
Erica canariensis (G)
Erica canariensis (T)
Erica canariensis (M)
Festuca agustinii (C)
Festuca agustinii (T)
Festuca agustinii (G)

Level of comparison/taxa

Table 5 (Continued)

0

0

0

0

1 (G-M)
8 (T-M)
2 (C-T)
2 (C-G)

0

0

0

0

3 (G-M)
3 (T-M)
1 (C-T)
1 (C-G)

The populations from G and M are morphologically
different to the population from T (Molero & Rovira
2005), and we suspected that there could be
differences in T worth of taxonomic consideration
Morphologically distinct, but not always clear
(Kunkel 1977; Andrews 1983) and low genetic
differentiation (Werner et al. 2007; Gonz
alezGonz
alez 2011)
M. varia is morphologically highly variable in the
Canary Islands and Madeira (Perez de Paz 1978).
Some taxonomists consider that the differences of
some current subspecies may deserve a specific
status (unpubl.)

Morphologically very different and substantial
molecular diversity between these subspecies (Percy
& Cronq 2002) may question their current taxonomic
status
Desamore et al. (2011) report a low level of haplotype
diversity in Macaronesia for E. canariensis (earlier
known as E. arborea, Rivas-Martınez 2011)
Morphologically very similar and the latest molecular
study does not support differences between the
populations of this species within the Canaries
(Dıaz-Perez et al. 2012)

0

0

Morphologically quite distinct, showing a geographic
disjunction

0

rbcL

3

matK

Different morphologically and genetically
(Humphries 1976; Francisco-Ortega et al. 1996)

Case description

Revise

Revise

Keep separation & revise
(include other subspecies of
T. stenopetala, and other species
of Teline)

Keep separation

Keep separation & revise

Keep separation

Keep separation

Keep separation & revise (their
current taxonomic status should
probably be hoisted).

Recommendation
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It shows a high morphological variability in the
Canary Islands, and all plants from G are
glabrescent, unlike those from T (Bornm€
uller 1904)
Morphologically very similar, although, Scholz et al.
(2000) contend that some plants from H previously
considered L. canariense should be included within
L. edwardii
A high sequence variation was detected within
P. excelsa in a phylogenetic study with the cpDNA
region trnH-psbA (Ferreira et al. 2011)
Viola riviniana is taxonomically complex, and the
definition of best morphological diagnostic
characters remains obscure (Mu~
noz Garmendia
1993)

Case description

3

0

1 (G-T)
1 (G-C)

1

matK

0

8

0

0

rbcL

Revise

Revise

Revise (further studies need to
include populations from H)

Revise

Recommendation

The column ‘Case description’ summarizes relevant aspects related to the taxonomic identification of the taxa compared, based on available evidence. The abbreviations correspond
to G, La Gomera; P, La Palma; T, Tenerife; C, Gran Canaria; F, Fuerteventura; M, Madeira; A, Azores; Mac, Macaronesia. Columns matK and rbcL are the number of diagnostic characters detected with either region. ‘Recommendation’ summarizes the decision on the taxonomic status of the concerned taxa if the barcodes were the only variable available; the meaning of the different indications is as follows. ‘Keep separation’: The DNA barcodes support the current separation of the species or infra-specific taxa compared (note that because
DNA barcoding only applies to species, we keep separation in the infra-specific taxa where no diagnostic characters were detected); ‘Revise’: the number of diagnostic differences
detected with the core barcode sequences suggests the need of further taxonomic studies in the compared taxa. Ad hoc considerations are given when needed.

Viola riviniana (G)
Viola riviniana (M)

Picconia excelsa (G)
Picconia excelsa (M)

Lolium canariense (G)
Lolium canariense (T)
Lolium canariense (C)

Galium scabrum (G)
Galium scabrum (T)

Level of comparison/taxa

Table 5 (Continued)
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na et al. 2010) are in line with the finding that discrimination success rates are considerably higher when studies are focused on geographically defined species (Li
et al. 2011; de Vere et al. 2012), thus agreeing with the
suggestion of Hollingsworth et al. (2011) that geographically focused studies may be the best use of DNA barcoding.
Our tests also compellingly indicate that only our
character-based criterion-2 permits to distinguish comparisons between congeneric species (the basic target of
DNA barcoding) from those involving conspecific populations (Table 4). Furthermore, criterion-2 resolved nine
cases that criterion-1 did not, whereas no case was
resolved only by criterion-1. Thus, a character-based
discrimination criterion seems to be the best choice for
maximizing the success rate of molecular identification
in the Canarian Flora using rbcL and matK sequences.
This does not mean, however, that distance-based
approaches could not be viable in other areas or that
character-based alternatives to criterion-2 may not be
developed (e.g. the BLOG software system, Weitschek
et al. 2013).
As expected, the highest percentage of resolution
(rbcL+matK) for the insular taxa analysed with no taxonomic conflict is much higher than that for conflictive
cases (respectively 82.29% and 37.31%). However, discrimination for the conflictive cases is again much
higher with criterion-2 (32.85% with matK and 11.94%
with rbcL) than with criterion-1 (23.88% with matK and
7.46% with rbcL). Thus, taxonomic conflict in our sample
is closely associated with a much lower number of diagnostic characters and a higher number of polymorphic
characters with respect to nonconflictive cases (see
Table 3). Notably, the much higher discriminating success of criterion-2 with respect to criterion-1 in taxonomically conflictive cases further highlights the potential of
character-based diagnosis in the molecular identification
of species belonging to the recent radiations that characterize the floras of many oceanic insular hotspots like
the Canaries.
Although the situation of ‘taxonomic conflict’ prevents us from discussing discrimination success further
in these cases (i.e. we cannot decide which of these cases
are indeed conspecific and which ones are not), we give
in Table 5 some indications based on the results with the
barcode sequences. In general, because matK and rbcL
often show no variation between closely related species,
additional DNA regions and a more intensive sampling
of these conflictive cases would be necessary to provide
a better molecular basis to substantiate any taxonomic
reinterpretation. The only conflictive infraspecific taxa
between which we detected diagnostic characters (three
characters, with matK only) were the two subspecies of
Argyranthemum broussonetii (Table 5).

We could not retrieve the taxonomic separation
among some of the nonconflictive species pairs analysed,
most notably in the case involving some of the currently
recognized species of the Canarian endemic genus
Parolinia (Brassicaceae). Overall, these cases underscore
that DNA barcoding should be used as a complement to
morphological data and never as a surrogate. In the cases
where the sequence variation detected with matK and
rbcL might suggest the existence of cryptic taxa (see
Results and Table 5), further studies with an increased
sampling and/or other DNA markers may be needed to
confirm the existence of diagnostic molecular characters.
If that was the case, it would be necessary to investigate
the possible existence of morphological characters previously disregarded.
A plethora of approaches has been used to analyse
plant DNA barcoding data, but there is still a burgeoning
debate about which method is the best (DeSalle et al. 2005;
Meier et al. 2006; Little & Stevenson 2007; Meier 2008;
Fazekas et al. 2009; CBOL Plant Working Group 2009; Lou
& Golding 2010). It is important to note that phylogenetic
or distance trees are highly informative about the genetic
affinities between sequences from different species in a
sample, but they are built based either on distances or on
synapomorphies (i.e. derived shared nucleotide changes),
and they may be misleading to discuss DNA barcoding
(which relies on exclusive differences between the taxa or
autapomorphies). By contrast, diagnostic character methods like our criterion-2 ignore within-species variation
that may obscure discrimination and use the differentiating nucleotides only (see also DeSalle et al. 2005; Reid
et al. 2011). Therefore, although distance-based criteria
can be applied when there is a barcoding gap (e.g. Hebert
et al. 2004; Barrett & Hebert 2005; de Vere et al. 2012), their
usefulness probably decreases in contexts where the gap
does not exist (Lahaye et al. 2008; Jiang et al. 2011), like in
the Canarian endemic flora.
Plant DNA barcoding has proven to be very important in the conservation and management of biodiversity
(Lahaye et al. 2008; Kress et al. 2009; de Vere et al. 2012).
Notably, oceanic islands harbour around one quarter of
all known extant vascular plant species worldwide (Kreft
et al. 2008; Kier et al. 2009); the unique characteristics of
these enclaves (mostly derived from their volcanic origin,
their isolation and geographical ruggedness) make their
plant endemics much more sensitive to rapid environmental changes than those from other enclaves (CaujapeCastells et al. 2010). Our tests provide evidence for the
applicability of the two core DNA barcoding sequences
as identification tools for the Canarian endemic flora (see
also Jaen-Molina et al. 2010). Taking into account that we
have combined the creation of a reference database of
DNA barcode sequences with reliable taxonomic information, these data are of wide applicability to conserva-
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tion and management efforts encompassing any element
of this highly diverse and distinctive flora.

Concluding remarks
Our results indicate that the combination of matK and
rbcL sequence data under a character-based discrimination criterion provides the most useful approach to
complement morphology in the taxonomical identification of the Canarian endemic angiosperms, for which a
DNA ‘barcoding gap’ was not detected. Cogent with the
high discrimination levels obtained using diagnostic
characters for the nonconflictive taxa both in our sample
of Macaronesian angiosperms (82.29%) and in all comparisons conducted (87.07%), we can conclude that a barcoding gap is not a necessary prerequisite for the correct
molecular identification of the Canarian flora, similarly
as found in other organisms and geographical contexts
(Wiemers & Fiedler 2007; Ross et al. 2008; Lou & Golding
2010; Pettengill & Neel 2010; Zou et al. 2011). However,
our estimate of success has to be considered tentative;
the addition of new samples to our data set may either
reduce the number of diagnostic characters per species
(ultimately leading to a decrease in our success percentage in some comparisons) or, in other cases, reveal putative cryptic species. Our results also suggest that
combining traditional morphological taxonomy with
DNA barcoding is useful to identify possible cryptic species in plants (Table 5) and thereby reveal previously
hidden biodiversity (Blaxter 2004).
The technical difficulties found in the amplification of
matK represent a glaring breach of the universality requisite underlying ‘DNA barcoding’ (Fazekas et al. 2008,
2009; Dunning & Savolainen 2010; Hollingsworth et al.
2011). However, matK clearly resolved many more cases
and offered many more diagnostic characters than rbcL
(Table 3). Therefore, we believe that every effort toward
the improvement of matK’s amplification universality is
highly needed.
Despite the high discrimination success rate obtained
with only these two sequences, additional regions are
needed to resolve the approximately 20% of cases for
which we did not find diagnostic characters. Being aware
of this limitation in many floras of the world, the PWG
has been exploring new markers to complement the official barcode core. For instance, Kress et al. (2005) suggest
that the nuclear ITS and the plastid trnH-psbA intergenic
spacer are more suitable regions for use in the DNA barcoding of land plants (Kress & Erickson 2007), and Yao
et al. (2010) and Chen et al. (2010) suggested that ITS2
should be used as a DNA barcode for plant identification. Similarly, Li et al. (2011) recommended that the
nuclear ITS region should be incorporated into the core
barcode for seed plants (see also Hollingsworth 2011a).

© 2014 John Wiley & Sons Ltd
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