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Testing the reliability of standard and complementary
DNA barcodes for the monocot subfamily Alooideae from
South Africa
Barnabas H. Daru, Michelle van der Bank, Abubakar Bello, and Kowiyou Yessoufou

Abstract: Although a standard DNA barcode has been identified for plants, it does not always provide
species-level specimen identifications for investigating important ecological questions. In this study, we
assessed the species-level discriminatory power of standard (rbcLa + matK) and complementary barcodes (ITS1
and trnH-psbA) within the subfamily Alooideae (Asphodelaceae), a large and recent plant radiation, whose
species are important in horticulture yet are threatened. Alooideae has its centre of endemism in southern
Africa, with some outlier species occurring elsewhere in Africa and Madagascar. We sampled 360 specimens
representing 235 species within all 11 genera of the subfamily. With three distance-based methods, all markers
performed poorly for our combined data set, with the highest proportion of correct species-level specimen
identifications (30%) found for ITS1. However, when performance was assessed across genera, the discriminatory
power varied from 0% for all single markers and combinations in Gasteria to 63% in Haworthiopsis, again for ITS1,
suggesting that DNA barcoding success may be related to the evolutionary history of the lineage considered.
Although ITS1 could be a good barcode for Haworthiopsis, the generally poor performance of all markers suggests
that Alooideae remains a challenge. As species boundaries within Alooideae remain controversial, we call for
continued search for suitable markers or the use of genomics approaches to further explore species discrimina-
tion in the group.

Key words: Asphodelaceae, barcoding gap, barcode candidates, DNA barcoding, specimen identification.

Résumé : Bien qu’un code à barres de l’ADN standard ait été identifié chez les plantes, il ne procure pas toujours
une identification au niveau de l’espèce pour étudier d’importantes questions en écologie. Dans ce travail, les
auteurs ont examiné la capacité de discrimination des espèces du code à barres standard (rbcLa + matK) et des codes
à barres complémentaires ITS1 et trnH-psbA au sein de la sous-famille des Alooideae (Asphodelaceae), une grande
sous-famille ayant connu une radiation récente et dont les espèces sont importantes en horticulture et pourtant
menacées. Les Alooideae ont leur centre d’endémisme en Afrique australe, avec quelques cas particuliers d’espèces
provenant d’ailleurs en Afrique ou de Madagascar. Les auteurs ont récolté 360 spécimens représentant 235 espèces
au sein des 11 genres de cette sous-famille. En faisant appel aux trois méthodes fondées sur une mesure de distance,
tous les marqueurs ont offert une piètre performance au sein de cette collection; la plus forte proportion
d’espèces correctement identifiées ayant été observée avec ITS1. Cependant, en examinant la performance au
sein des genres, le pouvoir discriminant variait entre 0% pour tous les marqueurs individuellement ou en
combinaisons chez le genre Gasteria jusqu’à 63% chez le genre Haworthiopsis pour ITS1. Cela suggère que
l’efficacité du codage à barres de l’ADN serait liée à l’histoire évolutive des branches considérées. Bien que le
marqueur ITS1 puisse être utile chez le genre Haworthiopsis, la piètre performance globale de tous les mar-
queurs suggère que la sous-famille des Alooideae demeure problématique. Comme les frontières entre les
espèces au sein des Alooideae demeurent sujet à débats, les auteurs suggèrent de continuer la recherche en
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vue de trouver des marqueurs adéquats ou le recours à des approches génomiques pour distinguer les espèces
au sein de ce groupe. [Traduit par la Rédaction]

Mots-clés : Asphodelaceae, lacune dans le codage à barres, séquences candidates de codes à barres, codage à barres
de l’ADN, identification de spécimens.

Introduction
The alooids subfamily Alooideae (Asphodelaceae) is

a group of rosulate succulents comprising 11 genera
(Table 1). Early taxonomic studies of Alooideae were
based on morphological characters (e.g., floral traits,
size, shape, arrangement, and combination of leaves and
markings; Smith and van Wyk 1991). Taxonomic classifi-
cation and the study of species boundaries have a long
and illustrious history, including taxon-based works by
Linnaeus (1753), Duval (1809), Salm-Dyck (1836–1863),
and Uitewaal (1947); karyotype-based studies by Taylor
(1925), among others; and a number of more recent
studies, such as those by Smith and van Wyk (1991) and
Klopper and Smith (2011). These studies have led to taxo-
nomic changes on several occasions; even recent studies
that combined morphology and DNA-based phylogeny to
reassess taxa delimitation within the subfamily (Daru
2012; Daru et al. 2013; Manning et al. 2014a) found pitfalls
that led to taxonomic change (Manning et al. 2014a).
However, there is an increasing interest in the use of phy-
logenetic data to disentangle the evolutionary relation-
ships within the subfamily in addition to, or in support of,
the observed morphology-based patterns (Treutlein et al.
2003a, 2003b; Ramdhani et al. 2011). Although these studies
provide useful insights into the taxonomy of the subfamily,
they are often based on sparse taxonomic sampling, and
the reconstructed phylogeny is still unresolved. This lack of
resolution is problematic if we are to discriminate between
the over 500 species described in the subfamily, but we note
that a fully resolved phylogeny is not necessarily needed for
accurate specimen identification to species level.

In an attempt to provide a better understanding of
evolutionary relationships within the group, a more re-
cent study (Daru et al. 2013) combined molecular and
morphological data to identify some important pitfalls
in the current classification (e.g., homoplasious charac-
ters, morphological traits not consistent enough to dis-
tinguish species within the genera, etc.), prompting a
new treatment of the subfamily (e.g., re-circumscribing
the Alooideae genera into monophyletic entities; see
Grace et al. 2013; Manning et al. 2014a). Given these pit-
falls and this new treatment, identifying species within
Alooideae becomes even more problematic.

The subfamily Alooideae is widely distributed in Africa,
with its main centre of diversity found in southern Africa
and outliers found in the Arabian Peninsula, Madagas-
car, and other islands in the western Indian Ocean
(Reynolds 1966; Viljoen 1999; Glen and Hardy 2000;
Klopper and Smith 2007). However, the horticultural ap-
peal of members of the subfamily has motivated illegal

collections in the wild, which has been a major threat
to the plants (Smith et al. 2000; Raimondo et al. 2009).
There is therefore a need for conservation actions, which
require an accurate assessment of species diversity in the
group, taking into account genetic-based species delin-
eation in addition to morphological data (Eaton et al.
2010; Lowe and Cross 2011).

There is an impressive body of literature devoted to
morphology-based species delimitation within the sub-
family Alooideae (Reynolds 1966; Smith and van Wyk
1991; Viljoen 1999; Glen and Hardy 2000; Klopper and
Smith 2007) and comparatively poorer attention to ge-
netic diversity. While DNA barcoding was originally de-
veloped as a system for specimen identification based
solely on DNA sequences (Hebert et al. 2003), it is increas-
ingly recognized as a key tool to complement morphology-
based specimen identification (Edwards et al. 2008; Sun
et al. 2012; Gere et al. 2013). The performance of DNA
barcoding has, however, been mixed for various plant
taxa: while some limitations have been documented
in some groups, for example Viburnum (Adoxaceae;
Clement and Donoghue 2012), Agalinis (Orobanchaceae;
Pettengill and Neel 2010), Tetrastigma (Vitaceae; Fu et al.
2011), Lemnaceae (Wang et al. 2010), Berberis (Berberi-
daceae; Roy et al. 2010), and Parnassia (Parnassiaceae;
Yang et al. 2012), strong and reliable performance of DNA
barcodes has been reported in many other studies of
specimen identification (Burgess et al. 2011; Gere et al.
2013; Mankga et al. 2013). These mixed findings discount
the generalization power of DNA barcoding across all
taxonomic groups but reinforce the need for case-by-case
study (e.g., Clement and Donoghue 2012; Gere et al. 2013;
Daru and Yessoufou 2016).

The use of a phylogenetic approach in ecology is now a
common practice; this requires a fully resolved phylog-
eny (Davies et al. 2012) that barcode-based approaches do
not always provide. Key ecological questions related to
extinction risk, the origin of diversification of a taxo-
nomic group, the role of historical climate in triggering
and controlling the temporal dynamics of speciation,
and phylogenetically informed conservation decisions
can be better understood only with a species-level re-
solved phylogeny. Phylogenetic ethnobotany is also
gaining momentum (e.g., Saslis-Lagoudakis et al. 2012;
Yessoufou et al. 2015) and requires fully resolved phylog-
enies to test whether closely related species share similar
bioactive compounds or bioactivity against a specific
ailment. Because the phylogeny recovered for the subfam-
ily Alooideae using the standard barcode does not provide
well-resolved phylogenetic relationships among species
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(see Daru 2012), there is a need for a continued commit-
ment to searching for DNA markers that can provide such
resolved phylogenies to allow future detailed studies of the
phylogenetic ecology of Alooideae. In addition to exploring
species-level identification, our study also partially ad-
dresses this important issue of phylogenetics by examining
species-level resolution, i.e., the tips of the phylogeny.

Two DNA loci, matK and rbcLa, have been proposed as
the core barcodes for land plants (CBOL Plant Working
Group 2009) that can be supplemented by trnH-psbA and
internal transcribed spacer (ITS) (Hollingsworth et al.
2011; Liu et al. 2011; Gere et al. 2013). The core barcodes
have been shown to yield high levels of specimen identi-
fication to species and sequence recoverability (Burgess
et al. 2011; Mankga et al. 2013). However, the taxonomic
sampling in some studies is sparse. If few species are
included per genus, the performance of DNA barcoding
in specimen identification can be inflated. We consider
only ITS1 here because of its higher performance than
ITS2 in disentangling phylogenetic relationships in Aloo-
ideae (Treutlein et al. 2003a, 2003b; Ramdhani et al. 2011)
or in eukaryotes in general (Wang et al. 2015). Additionally,
a preliminary PCR amplification of Alooideae using avail-
able ITS2 primers proved unsuccessful (Daru et al. 2013).

Most available molecular studies of Alooideae exam-
ined chloroplast markers (usually not more than six, in-
cluding rbcLa, matK, trnH-psbA, trnL-F, and rps16) and
sometimes nuclear regions (ITS). Since Chase et al. (2000)
provided one of the first molecular phylogenetic evalua-
tions of the subfamily Alooideae based on rbcL and
demonstrated that Alooideae is monophyletic, other
molecular studies have focused on different lineages

within Alooideae using different markers. For instance,
Treutlein et al. (2003b) used chloroplast sequencing and
genomic fingerprinting of Alooideae to demonstrate
that genera and species of Alooideae are polyphyletic. A
noteworthy contribution was made by Ramdhani et al.
(2011), who also confirmed the polyphyly of Haworthia
using trnL-trnF, trnH-psbA, and ITS1. Recent phylogenetic
studies of Alooideae used more comprehensive taxon
sampling to reveal instead the paraphyly of Aloe and
Haworthia, which led to taxonomic revisions of the sub-
family (Daru et al. 2013; Grace et al. 2013; Manning et al.
2014a). Although these later studies form the baseline
upon which our study rests, they do not explicitly assess
the species-level discriminatory power of either the stan-
dard DNA barcode or the additional markers they used.

In this study, we used the most comprehensive molecu-
lar data yet available for the subfamily Alooideae, with
about 50% sampling completeness of species within the
subfamily (Table 1), to test the DNA barcode potential of
four DNA markers (trnH-psbA, matK, rbcLa, and ITS1) abun-
dantly used in phylogenetic studies of Alooideae (e.g., Daru
et al. 2013).

Material and methods

Data and taxonomic sampling
We used all available DNA sequences for Alooideae for

four molecular markers: trnH-psbA, matK, rbcLa, and ITS1,
sequences that our group previously generated compre-
hensively for this subfamily (see Daru 2012; Daru et al.
2013; Manning et al. 2014a). Additional sequences for ITS1
for 85 taxa were obtained from Grace et al. (2015) (see the
supplementary data, Table S11). These previous studies

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/gen-
2015-0183.

Table 1. Summary of global richness of species within Alooideae genera versus total number of species sampled in this study
(indicated in parentheses).

Genus

No. of currently
known species
in the genus

No. of species
(no. of samples)

Percent sampling
completeness (%) References

Aloe L. �400 150 (214) 38 Reynolds (1966); Viljoen (1999);
Glen and Hardy (2000);
Klopper and Smith (2007)

Aloiampelos Klopper & Gideon F. Sm. 7 5 (7) 71 Grace et al. (2013)
Aloidendron (A. Berger) Klopper & Gideon F. Sm. 7 5 (12) 71 Grace et al. (2013)
Aristaloe Boatwr. & J.C. Manning 1 1 (3) 100 Manning et al. (2014a)
Astroloba Uitewaal 6 6 (9) 100 Roberts Reinecke (1965);

Groen (1987)
Gasteria Duval 23 18 (20) 78 Duval (1809);

Van Jaarsveld (2007)
Gonialoe (Baker) Boatwr. & J.C. Manning 3 1 (2) 33 Manning et al. (2014a)
Haworthia Duval 42 32 (52) 76 Bayer (1999)
Haworthiopsis G.D. Rowley 18 12 (30) 67 Rowley (2013)
Kumara Medik. 2 1 (3) 50 Glen and Hardy (2000)
Tulista Raf. 4 4 (8) 100 Rowley (2013)
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(Daru 2012; Daru et al. 2013; Manning et al. 2014a; Grace
et al. 2015) followed commonly used taxonomic concepts
in Alooideae (Roberts Reinecke 1965; Reynolds 1966;
Groen 1987; Bayer 1999; Glen and Hardy 2000; Van
Jaarsveld 2007). All other sequences were derived from
our group (Daru 2012; Daru et al. 2013; Manning et al.
2014a). DNA sequences were aligned using default set-
tings in SEAVIEW v.4 (Gouy et al. 2010), setting the align-
ment options to “clustalo” for the combined data set
and also separately for each genus and gene region. For
data analysis, gaps were considered as missing data. The
alignments were manually checked and adjusted in
MESQUITE v.2.5 (Maddison and Maddison 2008) in cases
of misalignment, and for ITS1 in particular, alignments
were done for each genus separately. The final sequences
used for the analysis are a combination of data derived
from our group (Daru 2012; Daru et al. 2013; Manning
et al. 2014a) and Grace et al. (2015) and include 235 spe-
cies (n = 360 samples) belonging to all 11 currently known
Alooideae genera, with more than 50% sampling com-
pleteness for the subfamily (Table 1). The sampling cov-
ers the geographical range of the subfamily, mainly in
southern Africa but also Madagascar (e.g., Aloe haworthioides)
and Somalia (e.g., Aloidendron eminens).

All GenBank and European Bioinformatics Institute
accession numbers are provided in the supplementary
information (Tables S1, S2)1. Additionally, complete data
including GPS coordinates, pictures, and DNA barcodes
are available on the Barcode of Life Data Systems (BOLD;
http://www.boldsystems.org; Ratnasingham and Hebert
2007) within the publicly available project “Alooideae of
Africa”.

DNA barcoding analysis
We evaluated four single DNA markers: three chlo-

roplast regions (rbcLa, matK, and trnH-psbA) and one nu-
clear marker (ITS1). We also tested the four genes in
different combinations: (1) rbcLa + matK (i.e., the core
barcodes; CBOL Plant Working Group 2009); (2) rbcLa +
matK + trnH-psbA; (3) rbcLa + matK + ITS1; and (4) rbcLa +
matK + trnH-psbA + ITS1. First, we subdivided the com-
bined aligned matrix into subsets of matrices of each
gene as input files for further analysis. Second, we used
two criteria commonly used in DNA barcoding analyses,
i.e., the barcode gap of Meyer and Paulay (2005) and dis-
criminatory power, to assess the performance of individ-
ual and combined markers. The presence of a barcode
gap for each species was defined as discontinuity between
minimum interspecific pairwise Kimura’s 2-parameter dis-
tance calculated by setting the analysis parameters to
remove missing data as implemented in the R package
ape (Paradis et al. 2004) and maximum intraspecific di-
vergence obtained by plotting a line plot for the four
gene regions and combinations. We also calculated the
distribution of range, mean, and standard deviation of
both intra- and interspecific distances. The nearest

neighbour distance method was used for the calculation
of interspecific distances.

All DNA sequences were labelled with the names of
the species from which the sequences were generated.
Then, each query was considered as an unknown, but all
other sequences in the data set (i.e., the 360 specimens in
this study) were considered as the reference DNA bar-
code database. If the ID of the query corresponded to the
sequence label in the reference, the identification test
was scored as “correct”, and the overall proportion of
correct identifications corresponded to the discrimina-
tory power of the DNA marker tested. Three approaches
were used for the test: “best close match” (Meier et al.
2006), “near neighbour”, and BOLD criteria using, re-
spectively, the functions bestCloseMatch, threshID, and
nearNeighbour implemented in the program Spider 1.1-1
(Brown et al. 2012). Prior to the tests, we determined, for
each data set (marker including combinations and all
genera), the optimized genetic distance suitable as a
threshold for specimen identification. For this purpose,
we used the function localMinima, also implemented in
Spider (Brown et al. 2012).

The function bestCloseMatch conducts the “best close
match” analysis of Meier et al. (2006), searching for the
closest individual in the reference data set. If the closest
specimen is within the threshold, the identification is
“correct”. If it is greater than the threshold, the outcome
is scored as “no ID” (no identification). However, when
more than one species are tied for closest match, the
identification result is scored as “ambiguous”. When all
matches within the threshold are species different to the
query, the result is scored as “incorrect”.

The function threshID conducts a threshold-based anal-
ysis using a threshold distance of 1%. It is more inclusive
than bestCloseMatch in that it considers all sequences
within the threshold of 1%. Four outcomes are also pos-
sible: “correct”, “incorrect”, “ambiguous”, and “no ID”.

The nearNeighbour function finds the closest specimens
and returns the score “true”, i.e., correct ID, if their
names are the same; however, when the names are dif-
ferent, the outcome is scored as “false”, i.e., incorrect ID.

Two additional analyses were conducted. We assessed
the PCR success rate and sequence quality. The success
rate for each marker was evaluated qualitatively based
on the proportion of PCR products with strong PCR
bands as scored by one of the authors (BHD), scaled arbi-
trarily as follows: <50% = poor PCR success; 50%–70% =
moderate PCR success; and 71%–100% = high PCR success.
Because PCR bands are not good indicators of successful
sequencing, we then evaluated the quality of the final
sequences of all extracted specimens quantitatively as
the percent quality of all sequence trace files for each
marker that our group generated previously (Daru 2012;
Daru et al. 2013; Manning et al. 2014a) using Sequencher
v.3.1 (Gene Codes, Ann Arbor, Mich., USA). The sequence
trace file quality is a confidence score generated as an
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integral part of the chromatogram file that is obtainable
directly for each specimen upon sequencing as a Phred
file and can be viewed in Sequencher v.3.1 or similar
programs such as Applied Biosystems’s KB base caller.
The program generates a quality score for each sequence,
defined as the percentage of bases meeting or surpassing
a Phred score of 20. We used the quality scores as our
measure of sequence quality. For instance, a quality
score of 60% indicates that 40% of the bases are low qual-
ity and vice versa (Gene Codes Corporation 2016). Percent
sequence quality was calculated for each sequence trace
file for each sample and for each marker.

Lastly, given the possibility that the performance of
markers could vary among taxa (Gere et al. 2013), we
further assessed the performance of the best barcode
within five genera having the largest sample sizes: Aloe,
Astroloba, Gasteria, Haworthia, and Haworthiopsis. The
other Alooideae genera were not evaluated here owing to
lack of sufficient DNA sequences.

Altogether, we identified the best barcode for the sub-
family as the region or the combined regions that simul-
taneously exhibit a barcode gap and the highest score of
correct identification at the species level. The results are
summarized for each genus separately.

Results

Genetic variation within each DNA marker
We assessed and compared genetic variation among

single loci using multiple approaches. We found that
ITS1 had the highest mean interspecific variation be-
tween nearest neighbouring species (0.065 ± 0.035, n =
248), with the remaining markers possessing variability
in the following order: ITS1 > trnH-psbA > matK > rbcLa
(Table 2). The same holds for mean intraspecific distance,
for which we found the same order, i.e., ITS1 > trnH-
psbA > matK > rbcLa. For combinations of DNA markers,
rbcLa + matK + ITS1 yielded the highest mean interspecific
genetic distance for Alooideae identification (0.048 ±
0.045, n = 248).

All DNA regions or combinations showed a low bar-
coding gap, i.e., discontinuity between intra- and inter-
specific genetic divergences (Fig. 1), with the percentages

of species with gaps ranging from 5% for rbcLa to 40% for
ITS1 (Table 3).

We calculated the optimized genetic distance (thresh-
old distance) with which to evaluate the discriminatory
power of different gene regions and combinations. Apart
from ITS1, for which we found a threshold of 9.86%,
all other single regions had an optimized threshold
of <1% (Table 2). The thresholds increased slightly above
1% for all combinations except rbcLa + matK + ITS1, which
had a threshold of 2.49%. Using these cutoffs, we evalu-
ated the discriminatory power of the different gene re-
gions. For single regions based on the best close match
method, again ITS1 provided the highest rate (20%, n =
248) of discrimination followed by matK and trnH-psbA
(both 11%, n = 360 and 202, respectively), with rbcLa as-
signing only 5% (n = 360) of the individuals to the correct
species (Table 3). The same order of performance was
observed for the near neighbour method but with greater
identification success for ITS1 (30%, n = 248), matK (28%, n =
360), rbcLa (20%, n = 360), and trnH-psbA (19%, n = 202).

For the combined regions under both best close match
and near neighbour methods, inclusion of either ITS1 or
trnH-psbA with the core barcodes (rbcLa + matK) did not
improve identification success rate (best close match:
ITS1 + matK + rbcLa = 20% and trnH-psbA + matK + rbcLa =
17%; near neighbour: ITS1 + matK + rbcLa = 25% and trnH-
psbA + matK + rbcLa = 22%; Table 3).

Within single genera, we found that the combination
of ITS1 with the core barcodes (matK + rbcLa), i.e., ITS1 +
matK + rbcLa, improved specimen identification in Aloe
from 7% (ITS1 alone) to 14% (for ITS1 + matK + rbcLa) and in
Haworthia from 20% to 24% (ITS1 alone vs. matK + rbcLa +
ITS1, respectively; Table 4). For Astroloba, there was no
improvement in species discrimination (25% for both
ITS1 alone and matK + rbcLa + ITS1), whereas we found a
reduction in species discrimination in Haworthiopsis from
63% to 50% when ITS1 was combined with the core bar-
codes (ITS1 alone vs. matK + rbcLa + ITS1, respectively).

Amplification success and quality of sequence trace files
The amplification success varied from poor to high

(Fig. 2). A poor PCR success rate was found with ITS1

Table 2. Summary statistics indicating the ranges and means of intra- and interspecific distances for the gene regions and
combinations tested for species of Alooideae, based on Kimura’s 2-parameter model of DNA evolution.

DNA barcoding region
Average sequence
length (range) (bp)

Alignment
length (bp)

Range
inter

Mean
inter (±SD)

Range
intra

Mean
intra (±SD)

Threshold
(%)

matK 762 (251–786) 786 0–0.110 0.0170±0.0086 0–0.034 0.00290±0.0046 0.058
rbcLa 545 (272–552) 552 0–0.062 0.0055±0.0044 0–0.015 0.00091±0.0020 0.075
trnH-psbA 498 (356–504) 514 0–0.083 0.0270±0.0160 0–0.050 0.00710±0.0110 0.610
ITS1 314 (227–362) 393 0–0.310 0.0650±0.0350 0–0.055 0.00850±0.0100 9.860
rbcLa+matK 1306 (535–1338) 1341 0–1.380 0.0230±0.0480 0–0.310 0.00890±0.0370 0.360
rbcLa+matK+trnH-psbA 1817 (1037–1837) 1857 0–0.240 0.0220±0.0230 0–0.020 0.00620±0.0050 1.710
rbcLa+matK+ITS1 1623 (738–1697) 1711 0–0.930 0.0480±0.0450 0–0.200 0.01000±0.0220 2.490
rbcLa+matK+trnH-psbA+ITS1 2132 (1670–2195) 2210 0–0.150 0.0340±0.0180 0–0.035 0.00890±0.0080 1.520

Note: The genetic distances are means of pairwise divergence distances. The interspecific distances are averages of the nearest neighbour
distances. SD, standard deviation; inter, interspecific; intra, intraspecific; threshold, the distance cutoff for specimen identifications by conduct-
ing a threshold-based analysis, similar to the “Identify Specimen” tool on the Barcode of Life Data Systems (www.boldsystems.org).

Daru et al. 341

Published by NRC Research Press

G
en

om
e 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

H
A

R
V

A
R

D
 U

N
IV

E
R

SI
T

Y
 o

n 
03

/3
1/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://www.boldsystems.org


(30.6%), whereas the success rate was moderate with
trnH-psbA (52.8%) and matK (64.8%). The highest success
rate was observed with rbcLa (83.1%). The primers recom-
mended by the CBOL Plant Working Group (2009) for
rbcLa and matK (rbcL-barcode-F: rbcL-barcode-R and
3F_KIM: 1R_KIM, respectively) and the other two tested
in this study (trnH-psbA and ITS1) were successful, such
that no internal priming was required for any of the DNA
regions. The quality of sequence trace files followed a
similar trend (rbcLa > matK > trnH-psbA > ITS1); for all
species, 90.25% ± 13.21% of specimens yielded a readable
trace file for rbcLa versus 84.57% ± 12.94% for matK and
75.65% ± 18.79% for trnH-psbA, with often little or no ed-
iting. ITS1 yielded the lowest percent sequence quality
(59.71% ± 20.10%) and often with considerable editing of
the chromatograms.

Discussion
Several criteria have been defined for the identifica-

tion of the best DNA barcode candidate (Hebert et al.
2004; Kress and Erickson 2007; Lahaye et al. 2008; CBOL
Plant Working Group 2009). First, the candidate must

provide maximal discrimination among species. We
measured the discriminatory power of four candidates
using “barcode gap” (Meyer and Paulay 2005) and
distance-based methods (Kress et al. 2005; Lahaye et al.
2008; Hollingsworth et al. 2009). Although the core bar-
codes (matK and rbcLa) may not exhibit a barcode gap for
several genera (e.g., Parnassia; Yang et al. 2012), we also
found that all our markers (including the core barcodes)
exhibit low prevalence of a gap for Alooideae. Misidenti-
fications and phylogenetic reticulation are common-
place in rapidly evolving lineages such as the Alooideae
(Viljoen 1999), for example, Haworthia (Bayer 1999),
Astroloba (Treutlein et al. 2003a), and Aloineae (Riley and
Majumdar 1979), which may have led to the low discrim-
ination rates of the DNA barcodes in this study. Such
cases of reticulation have led to the adoption of other
PCR-based methods, such as inter simple sequence re-
peat fingerprinting, for detecting hybrids (Wink et al.
2001; Treutlein et al. 2003b). Nonetheless, ITS1 shows rel-
atively high interspecific variation, irrespective of the
metric used. These findings indicate that ITS1, regardless

Fig. 1. Line plots of DNA barcode gap for four gene regions and combinations for Alooideae specimen identification. For each
marker and combination, closed circles above the 1:1 line indicate the presence of a barcode gap, whereas open circles below
the line indicate no barcode gap. Species included in the barcode gap analysis are represented by at least two sequences.
[Colour online.]
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of the generally low specimen identification rate of the
markers tested in this study, could be a more favourable
barcode for the subfamily.

Second, a good DNA barcode should be easily ampli-
fied with universal primers (CBOL Plant Working Group
2009). In our study, the plastid genes matK, rbcLa, and
trnH-psbA were easily amplified with universal primers.
Although ITS1 was more difficult to amplify, leading to
the poorest PCR success and sequence quality we found,
it was consistently retrieved as the best-performing locus
in the genetic variation analysis. The low sequence qual-
ity recorded for ITS1 could be an artefact of errors in
homopolymeric regions, where sequences of identical
bases occur in tandem (Bizzaro and Marx 2003). This
could be overcome through the use of anchored primers
(Thomas et al. 1993) or primers that anneal at a different
position. It could also be due to multiple variants within
single individuals, as is the case in Alooideae, with high
rates of hybridization (Ramdhani et al. 2011). Previous
molecular taxonomic studies in different Alooideae lin-
eages (e.g., Treutlein et al. 2003a, 2003b; Ramdhani et al.
2011; Daru et al. 2013; Manning et al. 2014a) have consis-
tently favourably appraised the utility of ITS1 in species
discrimination and disentangling phylogenetic relation-
ships, as in many angiosperm families (Baldwin et al.
1995). This relatively high resolution of ITS1, compared
with other markers, is an indication of better species
discrimination, confirming ITS1 as a better barcode for
the subfamily. Given the high interspecific variation of
ITS1, we argue that if universal primers that could boost
its amplification success could be designed, this marker
could be a suitable barcode for Alooideae.

In general, the ITS region as a potential barcode has
been controversial (see Kress et al. 2005), and recent stud-
ies have raised some potential concerns about its suit-
ability (e.g., incomplete lineage sorting, inhomogeneous
concerted evolution, divergent paralogous copies within
individuals, and pseudogenes; Alvarez and Wendel 2003;
Chase et al. 2007; Starr et al. 2009; Hollingsworth et al.
2011). However, a more recent test of ITS on a large data
set revealed that these drawbacks are not sufficiently
severe to preclude consideration of this marker (China
Plant BOL Group 2011), giving further support to our ad-
vocacy of ITS1 for the monocot subfamily considered in
this study (see also Liu et al. 2011 for the genus Taxus and
Yang et al. 2012 for the genus Parnassia).

Looking at other potential barcodes, we found that
rbcLa has shown the lowest intra- and interspecific dis-
tances (see Lahaye et al. 2008; Clerc-Blain et al. 2010; Zuo
et al. 2011). This marker not only has high universality
and sequence quality (see CBOL Plant Working Group
2009) but is also well known for its high discrimination
power at higher taxonomic levels, i.e., generic and famil-
ial levels (Kress and Erickson 2007). However, in this
study, as in previous studies (e.g., Lahaye et al. 2008), it
showed relatively low discriminating power betweenT
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species and therefore could not be recommended as a
potential barcode for the subfamily at the species level.

The discriminatory power of the DNA regions for
species-level resolution differed among genera, with fair
performance in Haworthiopsis and poor performance in
Aloe and Haworthia. The poor performance is not surpris-
ing owing to the generally low genetic variation often
found in Alooideae lineages (Ramdhani et al. 2011; Daru
et al. 2013; Grace et al. 2015). In addition, our study indi-
cates that species discrimination within a large taxo-

nomic group with closely related taxa should be tested
within genera, with dense sampling of species (see also
Gere et al. 2013). With the growing availability of next-
generation sequencing, a more extensive approach, for
example multi-marker analysis methods, chloroplast se-
quencing, or using more parts of the nuclear genome,
could be required to yield additional discriminating re-
gions.

Going forward, we suggest a three-pronged approach
to reduce the high rate of incorrect specimen identifica-

Table 4. Comparisons of efficacy of core barcodes and best barcode within Alooideae genera using the best close match method.

Best close match

Genus
(no. of species)

DNA region
(no. of samples)

Mean
inter (±SD)

Threshold
(%)

Ambiguous
(%)

Correct
(%)

Incorrect
(%)

No ID
(%)

Aloe (72) 15 7 77 1
rbcLa+matK (98) 0.027±0.065 1.95 10 11 79 0
rbcLa+matK+ITS1 (98) 0.032±0.058 3.95 3 14 82 1

Astroloba (6) ITS1 (8) 0.038±0.021 2.92 0 25 63 12
rbcLa+matK (8) 0.044±0.079 10.31 0 25 63 12
rbcLa+matK+ITS1 (8) 0.038±0.06 8.16 0 25 63 12

Gasteria (19) ITS1 (22) 0.0035±0.0037 0.17 27 0 50 23
rbcLa+matK (22) 0.0035±0.0025 0.50 0 0 95 5
rbcLa+matK+ITS1 (22) 0.0029±0.0017 0.85 0 0 100 0

Haworthia (37) ITS1 (70) 0.046±0.032 1.89 24 20 51 5
rbcLa+matK (70) 0.0068±0.0049 1.76 31 9 60 0
rbcLa+matK+ITS1 (70) 0.009±0.0055 0.47 16 24 56 4

Haworthiopsis (12) ITS1 (32) 0.041±0.02 6.78 0 63 37 0
rbcLa+matK (32) 0.006±0.0025 0.34 22 34 38 6
rbcLa+matK+ITS1 (32) 0.014±0.0057 1.15 0 50 44 6

Note: “Correct”, “Incorrect”, “Ambiguous”, and “No ID” mean that the name of the closest match is the same, the name is different, more than
one species is the closest match, or no species is within the threshold distance, respectively. The mean interspecific distance refers to Kimura’s
2-parameter divergence between congenerics.

Fig. 2. Percentages for PCR efficiency (based on the quality of PCR bands) and trace file sequence quality for the candidate
DNA barcodes (rbcLa, matK, trnH-psbA, and ITS1) in identifying species of Alooideae.
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tions in Alooideae. First, including more replicates per
species would allow comparison of intra- and interspe-
cific genetic divergence. However, this option would not
likely change our findings significantly because our sam-
pling included some replication within species (see
Table 1), yet we found poor discriminatory power, as in
previous studies (e.g., Clement and Donoghue 2012; Yang
et al. 2012). Second, more multigene methods in search
of variable markers should be developed. However, this
option may be counterintuitive given that the purpose of
DNA barcoding is to ease specimen identification and
achieve universality in specimen discrimination. Third,
DNA barcoding could also be tested using a tree-based
method in a phylogenetic context (see Mankga et al.
2013). This is being tested in some plant groups with
good results, for example Combretaceae (Gere et al. 2013)
and medicinal plants (Mankga et al. 2013).

Overall, we suggest that the use of ITS1 alone or in
combination with the core barcodes (rbcLa + matK) has
fair barcode potential for the subfamily Alooideae. How-
ever, the barcode potential of these regions might vary
across the different Alooideae genera. The taxonomy of
the alooids is still rife with uncertainty and controversy,
such that new classification systems are rapidly emerg-
ing (Grace et al. 2013; Rowley 2013; Manning et al. 2014a,
2014b). We hope that our study will quickly be followed
by others where new and more universal ITS1 primers
could be investigated to boost amplification success.

Implications for conservation
Various species within Alooideae have restricted pop-

ulations and are also of high horticultural appeal and are
therefore threatened by illegal and excessive collection
in the wild. For instance, Kumara disticha is listed in CITES
Appendix II, implying that the species is of conservation
concern and international trade should be limited. Since
DNA barcoding has been used to track down illegal trade
in endangered species, for example fin whale trade
(Baker et al. 2010) and illegal logging of protected tree
species (Degen and Fladung 2007), it follows that DNA
barcoding could also assist conservationists in managing
and tracking down species of Alooideae that are highly
threatened, for example Aloidendron pillansii (critically
endangered), Astroloba rubriflora (vulnerable), Haworthia
pubescens (critically endangered), Haworthiopsis longiana
(endangered), and Tulista kingiana (endangered) (www.redlist.
sanbi.org). Thus, an identification tool such as DNA barcod-
ing that can reliably identify species of Alooideae will go a
long way to help preserve these species along with their
horticultural appeal.
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