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Abstract

The island of Madagascar is a key hot spot for the genus Euphorbia, with at least 170 native species, almost all ende-
mic. Threatened by habitat loss and illegal collection of wild plants, nearly all Malagasy Euphorbia are listed in
CITES Appendices I and II. The absence of a reliable taxonomic revision makes it particularly difficult to identify
these plants, even when fertile, and thereby compromises the application of CITES regulations. DNA barcoding,
which can facilitate species-level identification irrespective of developmental stage and the presence of flowers or
fruits, may be a promising tool for monitoring and controlling trade involving threatened species. In this study, we
test the potential value of barcoding on 41 Euphorbia species representative of the genus in Madagascar, using the
two widely adopted core barcode markers (matK and rbcL), along with two additional DNA regions, nuclear internal
transcribed spacer (ITS) and the chloroplastic intergenic spacer psbA-trnH. For each marker and for selected marker
combinations, inter- and intraspecific distance estimates and species discrimination rates are calculated. Results
using just the ‘official” barcoding markers yield overlapping inter- and intraspecific ranges and species discrimina-
tion rates below 60%. When ITS is used, whether alone or in combination with the core markers, species discrimina-
tion increases to nearly 100%, whereas the addition of psbA-trnH produces less satisfactory results. This study, the
first ever to test barcoding on the large, commercially important genus Euphorbia shows that this method could be
developed into a powerful identification tool and thereby contribute to more effective application of CITES regula-
tions.

Keywords: conservation, DNA barcoding, Euphorbia, illegal trade, matK and rbcL, psbA-trnH and ITS, species identifica-
tion
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plant barcoding, although they have not yet been tested

Introduction across the full diversity of plant groups. Given the rap-

During the last decade, DNA barcoding has been pro-
moted as a new tool to facilitate species-level identifica-
tion of organisms (Hebert et al. 2003a,b) by accelerating
and automating the process using short, standardized
DNA regions as species tags. Material that might be
unidentifiable using traditional morphological methods
alone can, by means of barcoding, easily and reliably be
assigned to a species. The Plant Working Group of the
Consortium for the Barcode of Life (CBOL Plant Work-
ing Group 2009) has recently selected a set of markers for
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idly increasing use of DNA sequencing as both technical
and financial constraints diminish, barcoding is becom-
ing an increasingly promising approach, particularly in
the context of large-scale biodiversity surveys for which
rapid, accurate identifications are required (Lahaye et al.
2008; Vernooy et al. 2010). Moreover, there is an urgent
need to develop a cost-effective system for easy and reli-
able identification in fields such as drug discovery, verifi-
cation of herbals and other plant-based products,
ecological studies and the national and international reg-
ulation of trade involving biological materials—for
example, species regulated by the Convention on Inter-
national Trade in Endangered Species of Wild Fauna and
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Flora (CITES; Chase et al. 2005; Cowan et al. 2006; Ogden
et al. 2009; Valentini et al. 2009; Johnson 2010; Yesson
et al. 2011). However, the practical use of DNA barcod-
ing is still in a developmental stage, and it is therefore
crucial to conduct real-life tests to evaluate its effective-
ness as an identification tool, particularly in the context
of applied uses such as the control and management of
threatened and/or protected organisms, for which bar-
coding is often promoted. To our knowledge, only two
studies evaluating the barcoding approach for CITES
listed plants have been published to date (see Yesson
et al. 2011 and Parveen et al. 2012), which points to the
need for additional research to assess its general utility
for the conservation and management of illegally traded
endangered plants.

Malagasy Euphorbia provide a good model for testing
the utility of DNA barcode methods for plant identifica-
tion. Euphorbia, the second largest genus of flowering
plants (with c. 18502000 species), is present in almost
every part of the globe (Govaerts et al. 2000; Steinmann
& Porter 2002; Mabberley 2008). Nevertheless, no reliable
taxonomic revision or authoritative reference work is
available for the genus, and the most recent comprehen-
sive treatment is that of Boissier (1862, 1866), published
150 years ago. Recent taxonomic and phylogenetic
studies of Euphorbia have focused on establishing a new
subgeneric classification (Bruyns et al. 2006; Yang et al.
2012) or on revising geographically localized species
(Binojkumar & Balakrishnan 2010; Pahlevani & Riina
2011; Pahlevani et al. 2011) and thus contribute to an
ongoing revision of the entire genus.

The island of Madagascar has at least 170 species of
Euphorbia, 98% of which are endemic, making it a key
hot spot for the genus (Haevermans 2003). Despite this
exceptional diversity, no general treatment of Malagasy
Euphorbia is available, and only few recent taxonomic
and phylogenetic works have attempted to encompass
the full diversity of Malagasy Euphorbia (see Haevermans
2003; Rebmann 2007; and also Rauh 1995, 1998 for succu-
lent taxa).

Micro-endemism is a common phenomenon within
Malagasy Euphorbia, as many species are restricted to
small areas and comprise fragmented populations
(Haevermans 2003). Owing both to severe degradation
and destruction of their natural habitats (Harper et al.
2007) and to excessive pressure from illegal collecting,
around 80% of Malagasy Euphorbia species are threa-
tened, that is, they are either vulnerable, endangered or
critically endangered (Haevermans et al. 2004), according
to the International Union for Conservation of Nature
(IUCN) risk of extinction criteria and categories IUCN
2001). Many Malagasy species of Euphorbia are illegally
collected in the wild by unscrupulous collectors (X. Aub-
riot and T. Haevermans, personal observations) and

internationally traded, presenting significant threats as a
result of overexploitation, sometimes leading to the total
decimation of entire populations. Consequently, nearly
all native species are listed in CITES Appendices I or II
(Haevermans et al. 2004). All taxa currently listed in
Appendix I belong to the endemic subgenus Lacanthis
(Raf.) M.G.Gilbert (c. 110 taxa sensu Haevermans et al.
2009, 2004), which includes the most critically threatened
life forms (i.e. spiny and succulent species as well as geo-
phytes). Moreover, Malagasy Euphorbia are notoriously
difficult to identify, and most taxa have been described
by amateurs in obscure publications, making reliable
application of species concepts and identification even
more problematical. Consequently, although the genus
shows a tremendous range of morphologies, closely
related species are often difficult to distinguish from one
another, even when in flower or fruit. Because Malagasy
Euphorbia are highly threatened by habitat loss and
illegal collection for commercial purposes and are per-
plexingly difficult to identify, they constitute an exem-
plary group for which DNA barcoding might serve as a
particularly valuable identification tool for management
and control.

The work presented here is based on a representative
sample comprising around 25% of the Malagasy Euphor-
bia species, which is used to estimate sequence quality
and the discriminatory power of barcode markers.
Specifically, we aim to determine whether the currently
adopted core barcode markers, matK and rbcL, are
adequate to identify Malagasy Euphorbia. We also seek to
test the potential value of two additional markers, psbA-
trnH (Kress et al. 2005, CBOL Plant Working Group
2009) and nuclear internal transcribed spacer (ITS; Kress
et al. 2005; Sass et al. 2007), taken alone or as comple-
ments to the core markers. Then, we explore the poten-
tial use of the DNA barcoding method to help clarify
species limit within Malagasy Euphorbia. And finally, we
examine issues regarding the technical feasibility of
DNA barcoding for identifying and managing threa-
tened species, including those covered by CITES.

Materials and methods

Taxon and marker sampling

Recent targeted fieldwork in Madagascar, supplemented
by the study of living plants in several European collec-
tions (in particular those in Wageningen and Heidel-
berg), allowed us to compile our core sampling, which
covers at least 60% of Malagasy species (i.e. around 100
species). However, given the diversity of the genus in
Madagascar (at least 170 spp.) and the current lack of
clarity regarding the delimitation of some members of
the group, taxon selection is a key issue for any molecular

© 2012 Blackwell Publishing Ltd
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study aiming to test species concepts. To minimize errors
in identification, we therefore limited our sampling for
the present study to material that could be identified
unambiguously. We also excluded a few specimens
belonging to possible new species or for which species-
level identification was uncertain. In fine, the core sam-
pling comprised material of 41 species (representing
around 25% of the total in Madagascar), including mem-
bers of each of the infrageneric groups defined by Ha-
evermans (2003), with the sole exception of the
monotypic E. antso group. At least two accessions of
each species were used, resulting in a total of 148 sam-
ples and 592 sequences (Table 1; Appendix S2, Support-
ing information). Following the recommendations of the
CBOL Plant Working Group (2009), we sequenced the
two core barcodes (matK and rbcL), both of which repre-
sent portions of coding plastid genes. In an attempt to
explore other potentially useful loci, we also sequenced
the plastid intergenic spacer psbA-trnH and the nuclear
ribosomal ITS region (comprising ITS1, 5.8s and ITS2)
(For a complete list of the molecular markers used, see
the Appendix S1, Supporting Information).

DNA extraction, amplification, sequencing and data
assembly

Total DNA was extracted from leaf fragments, flowers or
young green shoots (for leafless individuals), which were
dried immediately after collection in silica gel (Chase &
Hills 1991). Dried material was ground using a Mixer
Mill MM 300™ with tungsten carbide beads (Qiagen
Inc.) and with molecular grade Fontainebleau sand. Total
DNA was extracted with the Dneasy™ Plant kit (Qiagen
Inc.) following the manufacturer’s protocol. All PCRs
were performed in a total reaction volume of 25 uL con-
taining 15.75 uL. of autoclaved ion-exchanged water,
5 uL of Taq & Load Mastermix (MP Biomedicals Inc.),
0.75 uL of DMSO (1 m), 1 uL of each primer (10 um) and
1.5 pL of unquantified DNA template.

The entire ITS region was amplified using the follow-
ing PCR protocol: 2-min initial denaturation at 94 °C, 30
cycles of 1-min denaturation at 94 °C, 1-min annealing at
52 °C and 3-min extension at 72 °C followed by a final
extension of 7 min at 72 °C. PCRs for matK were
performed with a 2-min initial denaturation at 94 °C, 32
cycles of 1-min denaturation at 94 °C, 1-min annealing at
53 °C, and 1.5-min extension at 72 °C followed by a final
extension of 4-min at 72 °C. PCRs for rbcL were carried
out with a 1-min initial denaturation at 94 °C, 35 cycles
of 1-min denaturation at 94 °C, 1-min annealing at 48 °C,
and 1.5-min extension at 72 °C followed by a final exten-
sion of 4-min at 72 °C. Finally, PCRs for psbA-trnH were
performed with a 5-min initial denaturation at 96 °C, 34
cycles of 1-min denaturation at 96 °C, 1-min annealing at

© 2012 Blackwell Publishing Ltd

Table 1 List of the Malagasy Euphorbia species included in the
present study, sorted by infrageneric clade affiliation

No. of
accessions
sequenced
for all 4
markers

Sub-generic

clades (fide

Haevermans

2003) Species

Clade of E. milii Euphorbia 2
ambarivatoensis
Euphorbia ankarensis
Euphorbia banae
Euphorbia berorohae
Euphorbia bulbispina
Euphorbia
capmanambatoensis
Euphorbia 4
capsaintemariensis
Euphorbia cf. milii 5
Euphorbia cylindrifolia
ssp. cylindrifolia
Euphorbia didiereoides
Euphorbia gotltebei
Euphorbia hoffstaetteri
Euphorbia horombensis
Euphorbia iharanae
Euphorbia labatii
Euphorbia leuconeura
Euphorbia lophogona
Euphorbia millotii
Euphorbia neohumbertii
Euphorbia paulianii
Euphorbia rossii
Euphorbia thuarsiana
Euphorbia viguieri
Euphorbia waringiae
Euphorbia ankaranae
Euphorbia
mahabobokensis
Euphorbia martinae 2
Euphorbia alluaudii 14
Euphorbia cedrorum
Euphorbia
mananarensis
Euphorbia mandravioky
Euphorbia analalavensis
Euphorbia decorsei
Euphorbia enterophora
Euphorbia intisy
Euphorbia kamponii
Euphorbia
randrianjohanyi
Euphorbia rauhii
Euphorbia tirucalli
Euphorbia denisii
Euphorbia orthoclada
41 Species 148
Accessions

G N WD

w

Clade of E. pyrifolia

AN WWWWNNNWWWNoWNeN

Clade of E. alluaudii

N

Clade of E.
pachysantha

'S

Clade of E. tirucalli
and E. tetraptera

BN W bR WO

Clade of E. denisii
Clade of E.
orthoclada

= s U1

All four markers (matK, rbcL, psbA-trnH and internal transcribed
spacer) were sequenced for each accession.
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52 °C, and 0.5-min extension at 72 °C followed by a final
extension of 5-min at 72 °C.

Purification and sequencing of PCR products was per-
formed by the National Centre for Sequencing (Géno-
scope) in Evry, France, using the same primers, except
for ITS and rbcL, for which a pair of interior primers was
used (see Appendix S1, Supporting information). The
complete sequences were assembled and manually edi-
ted using Sequencher® 4.9 (Gene Codes Corp.). The
sequences and voucher information are archived in Gen-
Bank (Appendix S2, Supporting information; GenBank
Accession number JQ951967-JQ952558).

Data analysis

To estimate the quality of Euphorbia sequences, we used
a recently published Barcode quality index, Bsy (Little
2010; Jeanson et al. 2011), which takes into account
sequence quality and the extent of the overlap between
complementary DNA strands of the same sequence. Bjg
values that tend towards 1 indicate that sequence quality
is maximal and that overlap between the DNA strands is
nearly complete. By index values were calculated for
each sequence (with the exception of those lacking qual-
ity values and those with mono-strand sequences), and
variation in sequence quality among and within marker
was tabulated. We used the pairwise t-test in r (R 2.14.0;
http:/ /cran.r-project.org/) to assess statistical differ-
ences in sequence quality among barcode markers.

For each marker, sequences were automatically
aligned using MuscLE 3.6 software (Edgar 2004), visually
adjusted as needed and trimmed to the outermost exter-
nal barcoding primers. However, when the sequences
obtained at the 5" and 3’ extremities were of poor quality,
as was often the case, they were deleted to avoid biases
in the analyses. Thus, for the matK barcoding region, the
first 53 bases and the last 40 bases were excluded from
the aligned matrix. Similarly, for psbA-trnH, the first and
last 47 bases were removed, and the last 14 bases were
trimmed off the 3" extremity of ITS sequences. The pair-
wise p distances were calculated and analysed for each
region using the MEGA 5.0 Kimura two-parameter (K2P)
model (Tamura et al. 2011). The frequency distributions
of interspecific and intraspecific sequence divergences
for each barcode region were then estimated.

To test the rate at which accurate identifications of
material were made based on the barcode sequences in
our data set, we used the program TAXONDNA (Meier et al.
2006), both for each marker taken individually and for
selected combinations of two or more markers. By
assessing the pairwise p distances of an aligned data set,
this software determines the closest match of a given
sequence by comparing it to all others. To determine the
proportion of successful identifications for each marker

taken individually, we used the ‘Best match” and ‘Best
close match’ criteria in TAXONDNA. We then assessed the
identification scores for the concatenation of the two core
barcodes (matK and rbcL), to which we subsequently
added the ITS and psba-trnH sequence data. The ‘Best
match” method determines the closest match for a given
sequence; if the closest match belongs to the same species
the identification is considered a success, if it belongs to
another species it is regarded as a misidentification and
if several equally good ‘best matches’ are recovered
referring to two or more different species, the identifica-
tion is scored as ambiguous. Using the frequency distri-
bution of the intraspecific pairwise distances, the
TAXONDNA program calculates a similarity threshold value
below which are found 95% of all intraspecific pairwise
distances (Meier et al. 2006; Newmaster et al. 2008). The
“‘Best close match” method identifies all barcode matches
whose value exceeds this threshold; these are regarded
as unidentified. If a barcode match is lower than the
threshold value, the results are interpreted in a manner
similar to that of the ‘Best match’ criteria.

Results

Sequence quality

The best sequence qualities were obtained for psba-trnH
(mean Bsy = 0.86) and the two core barcodes matK and
rbcL (mean Bsp = 0.85 for both); 75% of the sequences
obtained from rbcL, matK and psbA-trnH had a Bsg value
above ca. 0.80. Sequence quality for these three markers
was not statistically different (Pairwise t-test, P = 0.05).
Internal transcribed spacer had the lowest sequence
quality (mean B3y = 0.74), a value that is statistically dif-
ferent from those of the other three markers (Pairwise
t-test, P = 0.05); 25% of ITS sequences had a low Bj,
falling below 0.66 (Fig. 1).

Sequence divergence and identification success

The two core barcode markers (matK and rbcL). The aligned
rbcL matrix (excluding external primers) was 1450 pb in
length, with 70 variable sites and no indels. Interspecific
distances (ranging from 0 to 0.027) were generally larger
than intraspecific values (0-0.002). However, no disconti-
nuity was found between intra- and interspecific ranges.
Around 30% of the interspecific distances are below
0.002 (Fig. 2). On its own, rbcL is of very limited value
for correctly matching sequences to species: under both
the ‘best match” and ‘best close match’ models, <50% of the
rbcL sequences were correctly identified and most of the
identifications (c. 55%) were ambiguous (Table 2).

The matK region was 825 pb long when aligned, with
121 variable sites and two gaps (resulting from insertions

© 2012 Blackwell Publishing Ltd
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below 0.005 (Fig. 2). As with rbcL, matK alone does not
perform well for making identifications based on
sequences, with only c. 50% proving successful.

When data for the two core barcodes are concate-
nated, they still performed rather poorly, with only
c. 60% successful identifications. Intraspecific distances
(0-0.003) overlapped with interspecific distances
(0-0.05), with around 23% of the latter below 0.003.

Additional markers: psbA-trnH and ITS. When aligned, the
psbA-trnH region was 1128 pb in length, with 219 vari-
able sites, numerous indels, and a single inversion
(from bases 69 to 92). The effect of inversions on the
barcode analyses has been documented in several stud-
ies (Whitlock ef al. 2010; Jeanson ef al. 2011). Depending
on the data set, correcting for inversion resulted either
in a positive impact on species identification (Whitlock
et al. 2010) or a negative one (Jeanson ef al. 2011). To
estimate the effects of the inversion found in psbA-trnH
sequences on the identification of Malagasy Euphorbia
species, we first conducted our analyses using an
‘uncorrected” psbA-trnH matrix and then a ‘corrected’
matrix, in which the sequences of the inversion were
manually reinverted.

matK
o Y & D > © v

N > N W N > A

N D N N Q S N
‘corrected’ psbA-trnH

Q 5 > \e} o g 9 b v
N Q it N Q N Q N

D NN SN T :

Fig. 2 Histograms of the frequencies (y-axes) of pairwise intra- and interspecific divergence distances (x-axes) among all 148 samples of

Malagasy Euphorbia for each barcoding marker.
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Table 2 Identification success of Malagasy Euphorbia based on the ‘best match’ and ‘best close match” functions of the program TAXON-
DNA (Meier et al. 2006) for each barcoding marker and for selected combinations of two or more markers

Best match Best close match
Succesfuly Succesfuly No
identified =~ Ambiguous Misidentified fidentified ~Ambiguous Misidentified match Threshold
Regions (%) (%) (%) (%) (%) (%) (%) (%)
matk 72 (48.64) 70 (47.29) 6 (4.05) 71(47.97) 70 (47.29) 6 (4.05) 1(0.67) 0.27
rbcL 63 (42.56) 82 (55.4) 3(2.02) 58 (39.18) 76 (51.35) 3(2.02) 11 (7.43) 0.06
matk + rbcL 88 (59.45) 55 (37.16) 5(3.37) 87 (58.78) 54 (36.48) 5(3.37) 2(1.35 0.13
psbA-trnH ‘mon-corrected’” 118 (79.72) 17 (11.48) 13 (8.78) 118 (79.72) 17 (11.48) 13 (8.78) 0(0.0) 190
psbA-trnH “corrected’ 119 (80.4) 16 (10.81) 13 (8.78) 119 (80.4) 16 (10.81) 13 (8.78) 0(0.00 093
matk + rbcL + psbA-trnH 123 (83.1) 11 (7.43) 14 (9.45) 123 (83.1) 11 (7.43) 14 (9.45) 0(0.00 050
‘non-corrected’
matk + rbcL + psbA-trnH 125 (84.45) 12 (8.1) 11 (7.43) 125 (84.45) 12 (8.1) 11 (7.43) 0(.00 033
‘corrected’
matk + rbcL + nrITS 147 (99.32)  0(0.0) 1(0.67) 147 (99.32)  0(0.0) 1(0.67) 0(0.00 040
matk + rbcL + psbA-trnH 143 (96.62) 2 (1.35) 3(2.02) 140 (94.59) 2(1.35) 2(1.35) 427) 054
‘non-corrected” + nrITS
matk + rbcL + psbA-trnH 145 (97.97) 2 (1.35) 1(0.67) 145 (97.97)  2(1.35) 1(0.67) 0(0.00 048

‘corrected” + nrITS

Highest values for each barcoding marker and for each function of the program (‘best match' and ‘best close match') are given in bold.
The preferred barcoding option for identification of the Malagasy Euphorbia is highlighted in grey. ITS, internal transcribed spacer.

As expected, distances between sequences were lower
when using the ‘corrected” psbA-trnH matrix, which
yielded interspecific values ranging from 0 to 0.119 as
compared to distances from 0 to 0.150 for the ‘uncor-
rected” matrix. Intraspecific values were 0-0.013 using
the ‘corrected” psbA-trnH matrix vs. 0-0.032 for the
‘uncorrected” matrix. The overlap between interspecific
and intraspecific distances is greater when using the
‘uncorrected” matrix (35% of the interspecific distances
below 0.032) than for the ‘corrected” matrix (22% of the
interspecific distances below 0.013; Fig. 2).

The psbA-trnH region, whether ‘corrected” or not for
the inversion, provides a comparatively high reliability
of identification, with a success rate of c. 80% (the rate of
accurate identification being slightly better using the
‘corrected’ matrix). However, when the psbA-trnH region
is concatenated with the two core barcodes, identification
success increases only slightly and does not exceed 85%
(Table 2).

The aligned ITS region was 713 pb in length, with 337
variable sites and several indels. Interspecific distances
(0-0.324) showed little overlap with intraspecific values
(0-0.015), and only 2% of the interspecific values were
below 0.015 (Fig. 2). The ITS region was the most efficient
of the four markers examined at successfully discriminat-
ing species, with a rate of nearly 100%, which was
unchanged with the addition of matK and rbcL (Table 2).

When all four barcode regions (rbcL, matK, psbA-trnH,
and ITS) were concatenated together, the rate of accu-
rate identification dropped slightly to c. 97%. As for

psbA-trnH alone, identification power of the fully concat-
enated data set was slightly better using the ‘corrected’
psbA-trnH matrix.

Discussion

The illegal exploitation and sale of wildlife represents a
flourishing multi-billion dollar industry that contributes
significantly to the mounting threats faced by thousands
of plant and animal species (Johnson 2010). The ability of
countries that have signed the CITES convention to regu-
late international trade of biological materials is, how-
ever, severely hampered by a lack of reliable procedures
to make accurate identifications of samples that require
verification. Barcoding offers the prospect of providing
just such a tool. Our results indicate that this method
indeed provides a powerful way to identify species of
Euphorbia from Madagascar, and they suggest that
barcoding may be useful for discriminating the c. 2000
species that comprise the genus as a whole, including the
succulent taxa whose trade is regulated under CITES.
The successful application of barcoding requires high-
quality DNA sequences (CBOL Plant Working Group
2009; Little 2010). For the sample of Malagasy Euphorbia
studied here, mean sequence quality (mean Bjzp) ranged
between 0.74 and 0.86 (with a minimum of 0.38 and a
maximum of 0.96), values that are consistent with those
obtained in other studies, which fell between 0.40 and
0.93 (Little 2010; Jeanson et al. 2011). These values also
match the criteria indicated by the CBOL Plant Working

© 2012 Blackwell Publishing Ltd
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Group (2009) as sufficiently reliable for barcoding.
However, species discrimination is ambiguous when
only the two core barcode markers, matK and rbcL, are
used, whether individually or together. This is consistent
with earlier reports; the limited power of matK and rbcL
has been observed in several other plant groups, includ-
ing the family Myristicaceae (Newmaster et al. 2008) and
the palm tribe Caryoteae (Jeanson et al. 2011). When two
supplemental markers (ITS and psbA-trnH) were used,
however, the accuracy of identification increased notice-
ably. Despite the fact that ITS had the lowest sequence
quality of the four markers studied, it nevertheless
provides a high level of successful identification. Identifi-
cation success using ITS approached 100%, whether used
alone or in combination with the two core barcode
markers, far exceeding the 72% rate obtained by the core
markers promoted by the CBOL Plant Working Group
(2009). Our results also show that ITS is much more
informative than psbA-trnH, and should be used pre-
ferentially for the barcoding of Malagasy Euphorbia.
Moreover, the numerous insertions/deletions found in
psbA-trnH make sequence alignment difficult and com-
promise its potential value as a barcode region (Lahaye
et al. 2008; Jeanson et al. 2011). As the inversions in
psbA-trnH do not appear to be species-specific within
Malagasy Euphorbia, if this marker is used, the matrix
should always either be ‘corrected’ or the portion of the
sequence corresponding to the insertions should be
deleted. Whitlock et al. (2010), in a study of six species of
Gentianaceae, showed that maintaining inversions in a
data set can lead to an overestimate of intraspecific dis-
tances, whereas Jeanson et al. (2011) found that correct-
ing for inversion tends to compromise the diagnostic
value of a mostly interspecific set of bases and thereby
lower the identification power of psbA-trnH region.
Regardless of whether correction for inversions is
required in a particular group, the fact that psbA-trnH
cannot universally be used without first considering this
constraint limits its overall utility as a barcode marker.

An important potential drawback of ITS as a barcod-
ing region is that it may be subject to paralogy, that is,
the presence of multiple copies that may not be identical
to one another, a situation that has been reported in the
genome of Euphorbia (Yang & Berry 2011). Sampling of
divergent paralogues for a given specimen and/or
species would potentially lead to misidentification, reduc-
ing the value of ITS as a barcode marker. Notwithstand-
ing this potential problem, we observed only a single ITS
band on the agarose gels we ran, and we did not obtain
overlapping signals on any of the corresponding electro-
pherograms, suggesting that at least in the case of
Malagasy Euphorbia, either ITS is represented by a single
copy or if multiple copies exist, their sequences have
undergone concerted evolution.

© 2012 Blackwell Publishing Ltd

Based on a broad study of numerous groups, the
CBOL Plant Working Group (2009) formally designated
matK and rbcL as its ‘standard 2-locus barcode’. Our
results show, however, that the concatenation of these
two ‘official” barcodes with ITS does not increase identifi-
cation power over ITS when used alone. Thus, at least
for Malagasy Euphorbia, the use of matK and rbcL as
barcode markers to support application of the CITES
convention would be superfluous. Internal transcribed
spacer offers a reliable barcoding option for rapid, eco-
nomic and accurate species discrimination among the
Malagasy Euphorbia included in our study.

Considering the high rate of successful identification
we obtained using ITS, DNA barcoding may also be of
value for clarifying the chaotic taxonomy and species
circumscription among Malagasy Euphorbia. Recent
results based on molecular data have shown that several
species and subspecies, as currently delimited, are para-
or polyphyletic (Aubriot, unpublished data). In particu-
lar, DNA barcoding may help elucidate relationships
within certain groups such as the E. pyrifolia Lam. clade,
in which most species concepts are unclear and a critical
taxonomic assessment is badly needed (Haevermans
2003). The contribution of DNA barcoding to resolving
taxonomic issues within the E. pyrifolia clade will be
addressed in a forthcoming paper.

Given the tremendous taxonomic and structural
diversity found in Euphorbia and considering the chronic
difficulty of accurately identifying material based on
morphology alone, DNA barcoding may be a useful
identification tool for the genus worldwide. The utility of
several markers, including ITS, psbA-trnH, matK and
rbcL, for phylogenetic analysis of Euphorbia has already
been demonstrated in several studies that successfully
employed extensive sampling without noticeable prob-
lems of amplification, sequencing or alignment (Stein-
mann & Porter 2002; Bruyns et al. 2006; Zimmermann
et al. 2010; Yang & Berry 2011; Horn et al. 2012). The
expanded use of these markers for further efforts to
explore phylogenetic relationships within the genus
seems assured, but our results suggest that ITS along
may be sufficient for barcoding efforts aimed at facilitat-
ing the accurate identification of species of Euphorbia.

Currently, all succulent species of Euphorbia are
covered under the CITES convention. Yet, it is not
always possible to determine whether a plant, cutting,
seed or other propagule belongs to a succulent species,
and as a consequence, material of other species may
erroneously be subjected to CITES control. Moreover,
some succulent Euphorbia currently covered under
CITES are in fact common and widespread, and inter-
national trade does not represent a threat, yet it is
often impossible to distinguish them from other
succulent species that are highly threatened. Reliable
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barcoding procedures for all Malagasy Euphorbia could
help resolve these issues, enabling control for those
species that require it while allowing trade for those
that are not threatened, and thereby providing a
much-needed source of sustainable income for
Madagascar.
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