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Abstract
Background  Aconitum species, belonging to Ranunculaceae, have high medicinal importance but due to their overexploita-
tion come under IUCN (International Union for Conservation of Nature) red list. The precise identification of the Aconitum 
species is equally important because they are used in herbal formulations. The present study aimed to develop an efficient 
DNA barcode system for the authentic identification of Aconitum species.
Methods and results  A set of 92 barcode gene sequences (including 12 developed during the present study and 80 retrieved 
from NCBI) of 5 Aconitum species (A. heterophyllum, A. vialoceum, A. japonicum, A. napellus, and A. stapfianum) were ana-
lyzed using three methods (tree-based, distance-based, and similarity-based) for species discrimination. The PWG-distance 
method was found most effective for species discrimination. The discrimination rate of PWG- distance ranged from 33.3% 
(rbcL + trnH-psbA) to 100% (ITS, rbcL + ITS, ITS + trnH-psbA and rbcL + ITS + trnH-psbA). Among DNA barcodes and 
their combinations, the ITS marker had the highest degree of species discrimination (NJ-40%, PWG-100% and BLAST-
40%), followed by trnH-psbA (NJ-20%, PWG-60% and BLAST-20%). ITS also had higher barcoding gap as compared to 
other individual barcodes and their combinations. Further, we also analyzed six Aconitum species (A. balfourii, A. ferox, 
A. heterophyllum, A. rotundifolium, A. soongaricum and A. violaceum) existing in Western Himalaya. These species were 
distinguished clearly through tree-based method using the ITS barcode gene with 100% species resolution.
Conclusion  ITS showed the best species discrimination power and was used to develop species-specific barcodes for Aconi-
tum species. DNA barcodes developed during the present study can be used to identify Aconitum species.
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Introduction

The correct identification and distinction of different plant 
species are challenged by the vegetative characteristics 
when they are quite similar to one another and reproductive 
parts are not available. This is especially required in the case 
of medicinal plants; whose authenticity needs to be deter-
mined before these are utilized for important formulations. 
Additionally, other challenges that put off the safety and 
herbal efficacy of medicinal plants are the inability to accu-
rately separate them from their similar relatives, adulterants, 
and counterfeits [1]. Further, medicinal plants have an ever-
growing market for herbal-based drugs, and uncontrolled 
harvesting has resulted in many of them becoming rare or 
threatened. The Himalayan range is a storehouse of plant 
biodiversity with more than 8,000 species reported in the 
eco-region, of which about 1748 species have been said to 
possess medicinal properties [2]. In this eco-region, medici-
nal plants are continuously exploited due to the demand by 
pharmaceutical companies, and being harvested from the 
wild in large quantities. This has resulted in most of these 
plant species being listed in IUCN (International Union for 
Conservation of Nature) red list and many of them finding 
place in different Appendices of CITES (Convention on 
International Trade in Endangered Species of Wild Fauna 
and Flora), prohibiting their trade. However, their trade 
keeps continuing due to demands, although not through 
legalized channels. Further, there is a probability that the 
traded material is not of the actual species but adulterated 
with other species with similar morphological characteris-
tics of traded part(s). The inability to identify them either as 
a collected specimen or in fragmented form (plant parts as 
medicines) makes it challenging to enforce the prohibitions 
placed on their unsustainable harvesting and illegal traf-
ficking. At times the identity is also faked with other plant 
species which are legalized for trade to avoid detection of 
prohibited plant species. Thus, there are a large number of 
plants which are extracted from the Himalaya which have 
become threatened in recent years due to unsustainable har-
vesting. Lack of organized cultivation and indiscriminate 
harvesting has caused the wild germplasm of these species 
to be depleted. Hence, conservation efforts are also required 
for the correct identification of medicinal plant species, as 
a first step. Therefore, there is a significant need for bio-
technology-based interventions such as DNA barcoding, 
in order to ensure true identification of these species and 
their conservation. Each barcode exhibits a distinct genetic 

variation which is specific to each species and is able to dif-
ferentiate between closely related species. Thus, DNA bar-
coding techniques have proved a promising approach for 
identifying plant species, and databases of DNA sequences 
of the nuclear or organelle genome of different plant species 
are now readily available and continuously being updated 
[3].

In DNA barcoding, short, varied, and uniform DNA sec-
tions are used to identify and distinguish between different 
species [4–6]. It was introduced as a revolutionary method 
for rapid and extensive species identification employing 
unique gene sequences as molecular species-specific marks 
two decades ago [4]. Three fundamental requirements must 
be fulfilled for a DNA sequence to be useful as a barcode: 
(i) significant genetic variation at the species level to allow 
species discrimination, (ii) a short sequence length to sup-
port DNA extraction and amplification, and (iii) primer 
universality across highly divergent taxa [5, 7, 8]. It was 
initially proposed in animals and extensively used [4]. The 
cytochrome c oxidase 1 (CO1), which has been proven to 
be universally relevant in animal barcoding, is not accept-
able for most species of plants because of a substantially 
slower rate of cytochrome c oxidase 1 gene mutation in 
higher plants than in animals [5, 9]. All of the existing loci 
do not operate across all species, despite the fact that numer-
ous researchers have looked for a universal plant barcode 
[10, 11]. The matK and rbcL two-locus combination has 
been selected as the best plant barcode by the Consortium 
for the Barcode of Life-Plant Working Group (CBOL) [12, 
13] while other researchers proposed that differentiating 
between plant species may need the use of a multi-locus 
technique. There are four standard barcodes which are being 
utilized as the core barcode markers for the molecular iden-
tification of plants: the ribulose-bisphosphate/carboxylase 
Large-subunit gene (rbcL), the maturase-K gene (matK), 
the trnH-psbA intergenic spacer, and the nuclear ribosomal 
internal transcribed spacers (nrITS) [14–17]. Combining 
plastid (matK, rbcL, and psbA-trnH) and nuclear (ITS) 
regions has been suggested as a potential way to categorise 
different plant species.

Aconitum, a member of the Ranunculaceae family, con-
tains about 350 species, are found primarily in Asia, accom-
panied by Europe and North America. Many species of 
Aconitum plants were employed in traditional medicine, 
primarily have the properties analgesic, anti-inflammatory, 
antirheumatic, and cardiotonic while some are poisonous 
[18]. Due to their exploitation for high medicinal uses, the 
Aconitum species, under the present study, are included in 
the IUCN Red List [19–21], with A. heterophyllum and A. 
violaceum categorized as ‘Endangered’ and ‘Vulnerable’ 
respectively. Microsatellite markers were used to study 
genetic diversity and population structure in order to gain 
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access to its conservation and population status [22]. Fur-
ther, the precise identification of these Aconitum species is 
equally important particularly if they are used in herbal for-
mulations. Some efforts have been made in the development 
of DNA barcode of Aconitum for species identification, but 
with a limited number of species, and only single barcode 
gene was explored (psbA-trnH [23], ITS2 [24], ITS and 
matK [25], and rbcL [26]).

The present study focused to develop efficient DNA 
barcodes for species identification of Aconitum, with par-
ticular emphasis on the species of Western Himalaya. Fresh 
samples of Aconitum species were collected from Western 
Himalaya. Four DNA barcodes were explored in all the 
Aconitum species (including those collected during the pres-
ent study, and all available sequences on databases). The 
present study investigated the effectiveness of individual 
barcodes and their combination for species differentiation; 
and develop an efficient barcode system to identify Aconi-
tum species.

Materials and methods

Sampling site and sample collection of Aconitum 
spp

Multiple accessions were collected from the wild for 
A. heterophyllum (Trade name: Patish; IUCN Red List: 

Table 1  Summary of total sequences and aligned length of individual 
barcodes and their combinations used during the present study
DNA barcode region No. of 

individual 
sequences 
(species)

Sequence 
length (bp)

Aligned 
length 
(bp)

rbcL 45 (5) 307–1480 124
ITS 39 (5) 361–749 450
trnH-psbA 8 (5) 222–411 157
rbcL + ITS 13 (4) 574 452
rbcL + trnH-psbA 6 (3) 281 258
ITS + trnH-psbA 6 (3) 607 595
rbcL + ITS + trnH-psbA 6 (3) 731 706

Fig. 1  Representative images showing (A) flowering stage of Aco-
nitum heterophyllum  (a, b) and A. violaceum  (c,d) in their natural 
habitat of Western Himalaya (B) intact genomic DNA and successful 
amplification of four DNA barcodes in Aconitum samples collected 
during the present study. The expected product size of rbcL = 554 bp, 
ITS = 707 bp, trnH-psbA = 450 bp, and matK = 900 bp. In case of rbcL, 
different sizes of bands are amplified in different samples suggested 

that the sequence variations among the samples, but the variation is 
not species-specific. In other barcode genes like ITS, trnH-psbA and 
matK, some non-specific bands also amplified, but sequencing was 
done for specific bands after purification. The sequencing was suc-
cessfully done in the case on rbcL, ITS and trnH-psbA, however, in 
case of matK, sequencing failed
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Sequencing was done in both directions (forward and 
reverse primers) using BigDye™ Terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems).

Sequence retrieval of DNA barcode of Aconitum Sp 
from NCBI

In order to develop the efficient DNA barcode, all the DNA 
barcode sequence of Aconitum sp available on National 
Center for Biotechnology Information (https://www.ncbi.
nlm.nih.gov/) was also searched and retrieved. (Table S2). 
We excluded the species, where only single sequence of 
DNA barcode was available due to statistical reasons.

Sequence alignment and nucleotide diversity

The raw sequences were checked for their quality using soft-
ware FinchTV version 1.4.0 and only high-quality sequences 
were utilized for downstream analysis. All the sequences 
(including both, retrieved from NCBI and generated dur-
ing the present study) of individual barcodes were aligned 
using MUSCLE in MEGA X software [31] and unaligned 
nucleotides from both the ends were trimmed manually. 
Nucleotide base frequency in protein-coding region, candi-
date nucleotide at particular codon position and nucleotide 
pair frequency were also calculated for individual barcode 
and their combinations using MEGA X software. The 
aligned sequences were analyzed for different parameters of 
nucleotide variation like number of variable sites, number 
of informative sites, and number of segregating sites using 
DnaSP v6.12.03 software [32]. Nucleotide diversity and 
neutrality tests were performed to assess the genetic diver-
sity. The possibility of recent population growth was exam-
ined through two statistical tests- Tajima’s D [33] and Fu’s 
Fs [34] using DnaSP v6.12.03 software. The populations’ 
mismatch frequency graphs were produced under a constant 
population size model to see if they showed signs of a stable 
population history [33].

Species discrimination

In the present study, three commonly used methods; tree-
based, distance-based, and similarity-based (BLAST-Basic 
Local Alignment Search Tool) were applied to the individ-
ual DNA barcode and their potential combinations to assess 
the effectiveness of species discrimination.

Tree-based approach

In this approach, discrimination effectiveness of individual 
barcodes or their combinations is determined based on 
the proportion of monophyletic species in dendrograms. 

Endangered (EN)) and A. violaceum (trade name: Mitha 
Patish; IUCN Red List: Vulnerable (VU)) from Himachal 
Pradesh State of India. This area forms a part of the Western 
Himalayan region, which is the native distributional range 
of these species. Both the species have patchy distribution 
in alpine areas of this eco-region and are included in vari-
ous IUCN red list threat categories, as per ‘global assess-
ment’. Although there are other species such as A. balfourii, 
A. ferox, A. rotundifolium, A. soongaricum, A. deinorhizum, 
A. chasmanthum etc.., but as these are much rare to find in 
Himachal Pradesh, and thus, were not included in the pres-
ent study. Further, the 02 species under consideration have 
been reported to be under severe threat [27] due to rampant 
extractions in the region and are reported to be highly traded 
in recent years [28, 29]. Voucher specimens of these species 
were collected and deposited in CSIR-IHBT’s herbarium, 
and identified to the species level using local floras and 
existing specimens.

DNA extraction, PCR amplification and sequencing 
of collected samples

For DNA extraction, fresh leaves of above-mentioned 
plant samples were collected in silica gel. High quality 
genomic DNA were extracted using cetyltrimethylammo-
nium bromide (CTAB) method [30]. Quality and quantity 
of extracted DNA were checked using 1.0% agarose gel and 
nanodrop (Thermo Fisher, NanoDrop™ One/Onec micro-
volume), respectively. The extracted DNA was diluted with 
nucleus free water to a final concentration of 50 ng/µl for 
PCR amplification with four most widely used plant DNA 
barcodes. These barcodes included rbcL, ITS, trnH-psbA 
and matK; details are provided in Table S1. For each DNA 
barcode, PCR was performed in final volume 20 µl with fol-
lowing reaction composition- 2 µl of template DNA, 4 µl of 
5x Colourless Go Taq® Flexi Buffer, 2 µl of 25mM MgCl2, 
0.4 µl dNTPs, 0.1 µl Taq DNA polymerase, 1 µl of each 
primer (forward and reverse). The amplification was done 
with following thermal profile- 94℃ for 4 min, 36 cycles 
of 94℃ for 30 s, 48–55℃ for 30 s, and 72℃ for 1 min fol-
lowed by a final extension at 72℃ for 5 min using C1000 
Touch™ Thermal Cycler (Bio-Rad). The amplified products 
were resolved on 1.5% agarose gel to examine the single 
amplicon.

In cases, where multiple bands were amplified, the 
desired product was eluted from the gel using MinElute® 
Gel Extraction Kit (Qiagen) following manufacturer’s pro-
tocol. The eluted product was re-amplified with correspond-
ing primers to get the single amplicon. The PCR products 
were cleaned up with ExoSAP-IT™ (Applied Biosystems) 
following the manufacturer’s protocol and sequenced 
using ABI 3130xl DNA Analyzer (Applied Biosystems). 
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Unrooted neighbour-joining (NJ) trees were built using 
p-distance and pairwise deletion model for the tree-based 
technique in MEGA X [35–37]. Node support was deter-
mined using 1000 bootstrap replicates. Species discrimina-
tion was considered successful when every individual of the 
same species belonged to a single clade [7]. The species dis-
crimination rate for a DNA barcode region was calculated as 
the number of species which did not cluster with individuals 
of any other species divided by the total number of species 
used.

Distance-based approach

In this approach, pairwise-genetic distance (PWG-distance) 
was calculated using Kimura-2-parameter (K2P) model 
using MEGA X software. Inter- and intra-specific genetic 
distances were used to calculate barcoding gaps [7, 38]. No 
species discrimination was considered when the interspe-
cific genetic distance between the corresponding species 
was estimated as zero (0.0) [39]. Species discrimination rate 
was calculated as the number of species having K2P dis-
tance zero with any other species divided by the total num-
ber of species that have been analyzed for a DNA barcode 
region.

Similarity-based approach

In this approach, NCBI BLAST program was used and all 
sequences were queried using the blastn command. Dis-
crimination of a species was considered satisfactory if all 
the members of a species appeared in top matching hit. If all 
the sequences of a species showed 100% match (query cover 
and percent identity) or maximum with only same species, 
not with others, then species identification was considered 
successful. The species discrimination rate was calculated 
as the number of species which matched with same species 
divided by the total number of species used.

Results

Morphological features of Aconitum spp

The plants of A. heterophyllum are erect, herbaceous peren-
nials, and their height varies from 30 to 100 cm with ovoid 
or fusiform roots. Stem is simple or sometimes branches 
arose from the lower part, glabrous with a few very short 
crispate hairs above. Lower leaves are long petiolate, usu-
ally 5 lobed and orbicular-cordate to ovate-cordate in shape. 
Upper leaves are short petiolate or sessile, lanceolate and 
irregularly crenate-dentate. Inflorescence is loose raceme, 
greenish blue in colour with dark purple veins (Fig. 1A). 
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aligned sequences varied from 124 bases (rbcL) to 706 
bases (rbcL + ITS + trnH-psbA), Table  1. For rbcL, total 
45 sequences (length 307–1480 bases) were used for align-
ment, and 124 bases long aligned sequences were obtained. 
Similarly, for ITS and trnH-psbA, total 39 (length 361–749 
bases) and eight (8) (length 222–411 bases) sequences were 
aligned, respectively. In case of ITS, final aligned sequence 
was 450 bases and for trnH-psbA, the final aligned sequence 
was 157 bases long.

Nucleotide frequency and average AT and GC content at 
various codon coding sites are given in Table S4. Frequen-
cies of individual nucleotides were found variable for differ-
ent barcodes and their combinations. For instance, in case 
of rbcL, the maximum frequency was observed for thymine 
(T, 36.7%) followed by adenine (A, 28.0%); similar was the 
case for trnH-psbA where T and A represented 40.5% and 
26.7%, respectively. However, in case of ITS, the maximum 
proportion was covered by cytosine (C) and guanine (G).

As per the individual position of codon (1st, 2nd, and 
3rd) is concerned, maximum difference in the proportion of 
AT and CG contents was observed at 3rd position of the 
codon in majority of barcodes as well as their combinations; 
although, the differences in the proportion found variable 
in different barcodes and their combinations (Table S4). 
For instance, in case of rbcL, AT content was found higher 
(78.1%) at third position of codon as compared to the GC 
content (21.9%); however, opposite was observed for ITS 
where GC content was higher (61.9%) at third position of 
codon as compared to the AT content (38.2%).

Nucleotide pair frequency suggested that most of the 
nucleotide pairs were identical as expected; and few muta-
tion events were also observed in each barcode (Table 2). 
Maximum 22 mutations (11 each transition and transver-
sion) were observed in trnH-psbA, followed by seven (7) 
mutations in ITS and four (4) mutations in rbcL. Transition/
transversion ratio slightly varied across the individual bar-
code and ranged 0.9 (ITS) to 1.1 (rbcL). In case of barcode 
combinations, nucleotide pair frequencies including identi-
cal pairs, transition and transversion events varied propor-
tionally (Table 2).

Genetic diversity

Aligned sequences of individual barcodes and their com-
binations were analysed for different variability parameters 
(Table 3). As expected, maximum variable sites (102) and 
maximum informative sites (25), were observed in case 
of barcode combination rbcL + ITS + trnH-psbA. How-
ever, maximum proportion of variable sites (39.49%) and 
informative sites (5.73%) were observed in trnH-psbA. 
ITS showed minimum proportion (less than 10%) of indel 
events; however, other two DNA barcodes showed that all 

Sepals are petaloid, blue to violet, glabrous and erect; the 
upper sepals are helmet shape and the lateral sepals are 
narrow.

A. violaceum is perennial, erect or ascending herbaceous 
plant, height upto 30 cm. Stem is usually simple, erect in 
the lower part and rarely branched, glabrous or hairy. Lower 
leaves are long-petioled, forming cluster near the base, 
deeply penta- partite towards the base; lobes are further 
divided into linear segments. Upper leaves are small in size, 
shortly petioled or sessile. Flowers are large in size, violet 
to bluish-purple in colour and arranged in corymbs or short 
racemes (Fig. 1A).

PCR amplification and sequencing success rate

High-quality genomic DNA was extracted from all the 
collected samples and successfully amplified with all four 
DNA barcodes including rbcL, ITS, trnH-psbA and matK. 
Sequencing was successful with three DNA barcodes 
i.e. rbcL, ITS, trnH-psbA (Supplementary dataset S1). 
However, in case of matK, sequencing failed repeatedly 
(Fig. 1B), and thus matK barcode was excluded from down-
stream analysis.

Sequence retrieval from NCBI

On NCBI database, DNA barcodes were available for total 
193 Aconitum species (Table S3). However, out of 193 spe-
cies, DNA sequences of all the three barcodes (i.e. rbcL, 
ITS and trnH-psbA) were available for only three species 
(A. japonicum, A. napellus, and A. stapfianum); and thus 
included in downstream analysis during the present study. 
For remaining (190) species, sequences were available for 
only one or two barcodes.

A total 80 barcode sequences were retrieved from NCBI 
representing five Aconitum species (Table S2). These spe-
cies included two species (A. heterophyllum and A. vialo-
ceum) for which sampling has been done from Western 
Himalaya during the present study; and three species (A. 
japonicum, A. napellus, A. stapfianum) for which all the 
DNA barcodes were available on the NCBI. For individual 
barcode, maximum 41 sequences were retrieved for rbcL, 
followed by 35 sequences for ITS, and minimum of four (4) 
sequences for trnH-psbA.

Sequence characteristics

A total 92 sequences (including 12 developed during the 
present study and 80 retrieved from NCBI) of 5 Aconitum 
species were used for the development of efficient DNA 
barcodes for species discrimination during present study. 
For individual barcode and their combinations, length of 
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unusual nucleotide site variations that would be expected by 
a neutral model of evolution. The nucleotide mismatch dis-
tribution analysis was done among various sequences (Fig. 
S1). DNA sequences were evaluated for population size 
changes, which expanded the findings of genetic diversity 
among species. All the sequences showed genetic variations.

Species discrimination using different methods

Three techniques (NJ, PWG-Distance, and Blast) were used 
to assess the effectiveness of species discrimination for 
DNA barcodes and combinations.

Tree based

The effectiveness of identification at the species levels was 
evaluated using the NJ approach. Successful species iden-
tification was considered to have occurred when members 
of a species formed a monophyletic clade or were close to 
each other (Fig. 2). The marker combinations rbcL + ITS, 
ITS + trnH-psbA, and rbcL + ITS + trnH-psbA all dem-
onstrated species discrimination, with the exception of 
rbcL + trnH-psbA. All individuals in the NJ tree of ITS, 
cluster together across all areas, demonstrating the best spe-
cies discrimination (Fig. 2).

Distance-based

The highest pairwise genetic distance (overall mean) 
observed 28.97% (trnH-psbA) followed by 13.73% 
(rbcL + trnH-psbA), and 6.35% (ITS + trnH-psbA) whereas 
lowest 1.59% (ITS) accompanied by 2.21% (rbcL + ITS), 
5.62% (rbcL), and 6.09% (rbcL + ITS + trnH-psbA). The 
intra- and inter-specific genetic distance with each bar-
code and their combinations for each species are depicted 
in Table 5. Among all the barcodes and their combination, 
ITS performed better in order to discriminate the species. In 
ITS, intraspecific genetic distance was found lower than the 

the variability arose due to indels, except one variable event 
in case of trnH-psbA.

Different parameters of nucleotide diversity and neutral-
ity tests for each DNA barcodes and their combinations are 
shown in Table 4. The maximum average number of nucleo-
tide difference between pairs of sequences were observed 
in barcode combination rbcL + ITS + trnH-psbA (39.533) as 
expected. Among individual barcodes, maximum average 
number of nucleotide differences between pairs of sequences 
were observed in trnH-psbA (17.75) and lowest in rbcL 
(3.002). On the basis of Eta value, rbcL + ITS + trnH-psbA 
showed highest nucleotide diversity (102) and rbcL showed 
the lowest (47) among all DNA barcodes and combinations. 
Total number of mutations (Eta) varied 29 (rbcL + ITS) to 
102 (rbcL + ITS + trnH-psbA). Haplotype diversity (Hd) 
ranged from 0.245 (rbcL) to 1.0 (ITS + trnH-psbA and 
rbcL + ITS + trnH-psbA). Further, rbcL + ITS had minimum 
(0.0209) nucleotide substitution rate and ITS showed mini-
mum nucleotide diversity (0.01596); however, maximum 
nucleotide substitution rate (0.26113) and nucleotide diver-
sity (0.18490) was found in case of trnH-psbA.

Fu’s Fs neutrality test revealed that only ITS marker had 
a negative value (-0.494). Tajima’s D values for all markers 
were negative except rbcL + ITS (0.17466) but statistically 
non-significant (Table  4), indicating a greater number of 

Table 3  Nucleotide variation of DNA barcodes and their combinations 
used in the present study
DNA barcode region No. of vari-

able sites
No. of 
informative 
sites

No. of 
indel 
events

rbcL 45 (36.29) 7 (5.64) 45
ITS 51 (11.33) 21 (4.67) 5
trnH-psbA 62 (39.49) 9 (5.73) 61
rbcL + ITS 29 (6.41) 17 (3.76) 5
rbcL + trnH-psbA 75 (29.06) 11 (4.26) 15
ITS + trnH-psbA 92 (15.46) 15 (2.52) 16
rbcL + ITS + trnH-psbA 102 (14.44) 25 (3.54) 16
* values given in parentheses are per cent values

Table 4  Genetic diversity of individual barcodes and their combinations and Fu’s F and Tajima’s D test (neutrality tests)
DNA Barcode n Nucleotide diversity θ π Neutrality tests

k Eta Hd Fu’s Fs p-value D p-value
rbcL 45 3.00 47 0.245 0.13606 0.03800 5.161 0.998 -2.515 < 0.001
ITS 39 7.10 51 0.889 0.02711 0.01596 -0.494 0.835 -1.47137 > 0.10
trnH-psbA 8 17.75 65 0.643 0.26113 0.18490 6.234 0.997 -1.57903 0.10 > p 

> 0.05
rbcL + ITS 13 9.72 29 0.936 0.02091 0.02174 0.720 0.743 0.17466 > 0.10
rbcL + trnH-psbA 6 27.20 75 0.733 0.13517 0.11193 8.101 1.000 -1.10786 > 0.10
ITS + trnH-psbA 6 34.20 92 1.000 0.06959 0.05907 0.660 0.739 -0.97647 > 0.10
rbcL + ITS + trnH-psbA 6 39.53 102 1.000 0.06474 0.05729 0.827 0.696 -0.74354 > 0.10
n = Number of nucleotide sequences; k = Average number of nucleotide difference between pairs of sequences; Eta = Total number of mutations; 
Hd = Haplotype (gene) diversity; θ = Nucleotide substitution rate; π = Nucleotide diversity; Fu’s Fs = variation among different haplotypes in the 
population; D = Tajima test statistic
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(0.0370), A. violaceum (0.0455) and A. napellus (0.0496). 
Similarly, the intraspecific genetic distance in A. japonicum 
was found 0.0021; and interspecific genetic distances were 
higher with other species- A. heterophyllum (0.0370), A. 

interspecific genetic distance of corresponding species in 
most cases. For instance, intraspecific genetic distance with 
ITS in A. heterophyllum was observed 0.0140, however, 
interspecific distances of A. heterophyllum were higher with 
other species like A. stapfianum (0.0417), A. japonicum 

Table 5  Comparison of the genetic distances at three different loci and their possible combinations under K2P distance between and within five 
different species of Aconitum
Species 1 2 3 4 5 6 7
Intraspecific Mean Distance
Aconitum heterophyllum 0.0931 0.0140 0.5482 0.0054 0.2189 0.0863 0.0714
Aconitum japonicum 0.0000 0.0021 n/c 0.0022 - - -
Aconitum napellus 0.0000 n/c n/c - - - -
Aconitum stapfianum 0.0000 0.0029 0.0000 0.0044 0.0000 0.0034 0.0029
Aconitum violaceum 0.0731 n/c n/c n/c n/c - n/c
Interspecific Mean Distance
A. heterophyllum and A. stapfianum 0.0477 0.0417 0.2861 0.0352 0.1642 0.0695 0.0733
A. heterophyllum and A. japonicum 0.0477 0.0370 0.5820 0.0319 - - -
A. heterophyllum and A. violaceum 0.0744 0.0455 0.2741 0.0410 0.1094 0.0726 0.0601
A. heterophyllum and A. napellus 0.0477 0.0496 0.3171 - - - -
A. stapfianum and A. japonicum 0.0000 0.0089 0.2875 0.0080 - - -
A. stapfianum and A. violaceum 0.0320 0.0345 0.0071 0.0342 0.0449 0.0276 0.0381
A. stapfianum and A. napellus 0.0000 0.0244 0.0309 - - - -
A. japonicum and A. violaceum 0.0320 0.0291 0.2875 0.0287 - - -
A. japonicum and A. napellus 0.0000 0.0198 0.2615 - - - -
A. napellus and A. violaceum 0.0320 0.0461 0.0309 - - - -
1 = rbcL, 2 = ITS, 3 = trnH-psbA, 4 = rbcL + ITS, 5 = rbcL + trnH-psbA, 6 = ITS + trnH-psbA, 7 = rbcL + ITS + trnH-psbA
n/c: only single sequence available; -: sequence available for single barcode only

Fig. 2  The neighbor-joining (NJ) tree constructed for Aconitum species 
under p-distance model using DNA barcode markers using different 
DNA barcode genes and their available combinations. ITS showed the 
best discrimination between the Aconitum species among all the bar-

code genes/combinations. rbcL and trnH-sbA do not discriminate the 
Aconitum species individually, but species discrimination is enhanced 
for these barcodes while used in combination with ITS.
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for DNA barcodes and combinations, the PWG-distance 
method was found the best (Fig.  3A). The rbcL showed 
zero discrimination rate in all the three methods used, thus 
excluded from further comparisons. The discrimination 
rate of PWG- distance ranged from 33.3% (rbcL + trnH-
psbA) to 100% (ITS, rbcL + ITS, ITS + trnH-psbA and 
rbcL + ITS + trnH-psbA). The NJ method was found second 
best to discriminate the Aconitum species with a discrimina-
tion rate of 20% (trnH-psbA) to 66.6% (rbcL + trnH-psbA), 
and BLAST was found least effective with a discrimination 
rate of 20% (trnH-psbA) to 40% (ITS).

Discrimination efficiency of individual barcode and 
their combination

With respect to recognition rates for single barcodes, the 
ITS marker had the highest degree of species discrimination 
(NJ-40%, PWG-100% and BLAST-40%), followed by trnH-
psbA (NJ-20%, PWG-60% and BLAST-20%), but rbcL had 
the lowest level (0%) (Fig. 3A). The species resolution of 
the rbcL DNA region is less effective. Among combinations, 
both ITS + trnH-psbA and rbcL + ITS + trnH-psbA had the 
same level (NJ-33.3%, PWG-100% and BLAST-33.3%) of 
species discrimination.

violaceum (0.0291), A. napellus (0.0198) and A. stapfianum 
(0.0089).

Similarity-based

The discrimination rate of individual barcode and their 
combinations was highly variable (Table S5). Among indi-
vidual barcodes, rbcL showed the lowest resolution for spe-
cies discrimination while ITS showed the highest resolution 
(Table S5). ITS alone and combined with other barcodes 
(ITS + rbcL, ITS + trnH-psbA and rbcL + ITS + trnH-psbA), 
successfully discriminate the A. heterophyllum from other 
species. However, for other four species (A. violaceum, A 
napellus, A. stapfianum and A. japonicum) ITS showed low 
resolution and discriminated the sequences at the genus 
level only. Other barcodes like rbcL and trnH-psbA and 
their combination did not discriminate the sequences even 
at the genus level.

Comparison of species discriminations rate of three 
methods used

Among the three methods (NJ, PWG-Distance, and Blast) 
used to assess the effectiveness of species discrimination 

Fig. 3  DNA barcode analysis in Aconitum species. (A) Comparison 
of species discrimination success of single barcode region and their 
combinations based on NJ-tree, PWG-distance and BLAST method. 
I = ITS, R = rbcL, and T = trnH-psbA. Bar diagram suggested that 
PWG-distance approach is the best among three approaches used. 
However, among barcode genes, ITS found best for species discrimi-
nation. (B) Barcoding gap assessment for markers rbcL, ITS, trnH-
psbA and their possible combinations in Aconitum. x-axes represent 

K2P distance intervals and y-axes represent the percentage of occur-
rences. With the increase in K2P distance intervals. ITS performed best 
with higher barcode gap with interspecies distance as compared to the 
intraspecies distance (C) Linear DNA barcode of Aconitum spp. based 
on the ITS gene. The sequence length of the available ITS genes var-
ies and this might be the possible reason for the length variation of 
developed barcodes
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Validation of species discrimination of ITS with 
larger dataset

To validate the species discrimination power of ITS, we 
used 643 sequences (including ITS sequences available on 
NCBI database and sequences generated during the present 
study) representing 64 Aconitum spp (Fig. S3). The Aconi-
tum spp. with ≤ 3 ITS sequences were excluded from the 
analysis to reduce the confounding. Out of 64 Aconitum 
spp., 36 spp. were grouped into particular clades, including 
13 Aconitum spp. where all the individuals come together. 
However, remaining 23 spp. were clubbed with other Aco-
nitum spp. but in a single clade. For some Aconitum spp, the 
majority of sequences grouped together, but few sequences 
were grouped in different clades. For instance, all sequences 
the six Aconitum spp. like A. anthoroideum, A. baicalense, 
A. contortum, A. ciliare, A. liangshanicum, and A. nemorum 
were grouped together except for one sequence. Similarly, 
in the case of A. lycoctonum, out of 15 sequences, 12 were 
grouped together, however, the remaining 3 sequences were 
little dispersed and intermingled with other spp. but at a 
short distance.

Further, we also identified some species-specific sequence 
variation in ITS gene. For instance, in case of A. coreanum, 
three variations including deletion of 2 nucleotides, inser-
tion of 2 nucleotides and one SNP (C/G) were identified at 
different positions. Similarly, in case of A. bicalense (one 
nucleotide deletion) and A. gymnandrum (three nucleotides 
deletion) species-specific mutations were observed. For A. 
heterophyllum, one SNP was observed where allele “A” is 
specifically present in A. heterophyllum while other Aconi-
tum spp. contained allele “C or T”.

Barcode generation

Among all the DNA barcodes and their combinations, ITS 
showed the best species discrimination power and was used 
to develop species-specific barcodes for Aconitum species 
(Fig.  3C). Electronic devices can read information from 
DNA fragments and can be used to identify species.

Discussion

The Aconitum species, under the present study, are included 
in the IUCN Red List due to their exploitation for medicinal 
uses [19–21], with A. heterophyllum and A. violaceum cate-
gorized as ‘Endangered’ and ‘Vulnerable’ respectively [40]. 
The development of DNA barcodes is important in the case 
of Aconitum species because conventional methods mainly 
focus on floral characteristics for identifying plants. For 
instance, in Aconitum genus tuberous roots have medicinal 

Assessment of DNA barcoding gap

For the assessment of barcoding gap, we calculated mean 
genetic distance within and between species under Kimura-
2-parameter distance (Table  5) and plotted K2P distance 
against percentage occurrence of single marker and, their 
combination (Fig. 3B). The range of average genetic dis-
tance within/between various species of Aconitum with 
K2P were 0.0–9.31% / 0.0–7.44% for rbcL, 0.21–1.40% / 
0.89–4.96% for ITS, 0.0–54.82% / 0.71–58.20% for trnH-
psbA, 0.22–0.54% / 0.8–4.10% for rbcL + ITS, 0.0–21.89% 
/ 4.49–16.42% for rbcL + trnH-psbA, 0.34–8.63% / 2.76–
7.26% for ITS + trnH-psbA and 0.29–7.14% / 3.81–7.33% 
for rbcL + ITS + trnH-psbA (Table 5). The genetic distance 
method based on histograms exhibited overlap between 
intra- and interspecific distance. ITS had higher barcoding 
gap as compared to other individual barcodes and their com-
binations (Fig. 3B).

Discrimination of Aconitum species present in 
Western Himalaya

We also analyzed six Aconitum species (A. balfourii, A. 
ferox, A. heterophyllum, A. rotundifolium, A. soongaricum 
and A. violaceum) existing in Western Himalaya. For these 
species total 54 sequences for rbcL and ITS barcode regions 
retrieved from NCBI database is shown in Table S6. For the 
trnH-psbA, no sequences were available on NCBI database, 
thus did not include in the analysis. These species were 
distinguished clearly through tree-based method using the 
ITS barcode gene with 100% species resolution, while rbcL 
showed very poor species resolution (Fig. S2); and sug-
gested the efficient performance of ITS over the rbcL for 
discrimination of Aconitum species of Western Himalaya.

Moreover, in case of ITS, intraspecific genetic distance 
was found lower than the interspecific genetic distance of 
corresponding species in most cases. For instance, intra-
specific genetic distance in A. ferox was observed 0.0222, 
however, interspecific genetic distances of A. ferox with 
other species ranged 0.0379–0.0686. Likewise, intraspecific 
genetic distance in A. heterophyllum and A. rotundifolium 
were 0.0298 and 0 (zero) whereas interspecific genetic 
distances with other species ranged 0.0399–0.0686 and 
0.0265–0.0399 respectively (Table S7). The minimum inter-
specific mean distance was observed in A. rotundifolium and 
A. soongaricum (0.0265) and the maximum in A. ferox and 
A. heterophyllum (0.0686).
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sequences in the NCBI GenBank database, the number of 
sequences decreased in two and three gene combinations. 
A. napellus and A. japonicum were eliminated from further 
analysis because all the three region’s sequences were not 
available for the same individual. As a result, the rbcL + ITS 
phylogenetic tree analysis includes four species, while the 
other combinations three species. In terms of species dis-
crimination, ITS followed by rbcL + ITS provided a higher 
resolution and was more effective at identifying medici-
nal Aconitum species. ITS sequences of A. heterophyllum 
showed successful results at species level whereas A. vio-
laceum at genus level because of the limited sequences of 
the A. violaceum ITS region in the NCBI GenBank data-
base. The non-availability of sequences for A. violaceum 
and A. stapfianum in the NCBI GenBank database may be 
one of the explanations of genus level discrimination. The 
rbcL had 124 bases long sequences because of the trimming 
after alignment at both the ends (5’ and 3’) to get the best 
alignment.

ITS had 51 variable sites and only five (5) indel events 
which indicates the highest number of SNPs (Single Nucle-
otide Polymorphisms) among individual DNA barcodes. 
SNPs can cause variations in phenotypic characteristics 
among individuals of a species [47]. Thus, these SNPs 
might be a possible explanation in support of higher species 
discrimination through the ITS DNA barcode. trnH-psbA is 
highly variable DNA barcode of the plastid region [5, 48]. 
In present study, ITS had 450 bases long aligned sequences 
and 51 total mutations (Eta) whereas trnH-psbA 157 bases 
and 65 total mutations. These observations suggested that 
the number of mutations does not depend on sequence 
length.

A negative Tajima’s D for all, markers except rbcL + ITS 
denotes an excess of low frequency polymorphisms in com-
parison to expectations (Table 4), which indicates popula-
tion growth. A favourable low amount of both low and high 
frequencies of polymorphisms are indicated by positive 
Tajima’s D value, which denotes a shrinking population. 
The negative Fu’s Fs test statistic in ITS showed recent pop-
ulation growth. In Figure S1 expected values (green line) 
represent constant population size and observed values (red 
line) represent the deviation from it.

An optimal DNA barcoding sequence for species identifi-
cation should demonstrate that genetic variation across spe-
cies is significantly greater than the genetic variance within 
species. When performing a within-species mean distance 
analysis and a between-species mean distance analysis, 
we excluded species that had a single sequence and those 
that lacked distinct DNA barcode for the same species. All 
pairwise genetic distances were estimated for each indi-
vidual species using MEGA X’s application of the Kimura 
2-parameter model (K2P%) [49]. Since DNA barcoding 

values, in that case, it is difficult to identify vegetative or 
fragmented plant samples [41]. Further, it is difficult to 
accurately identify the species growing in their native habi-
tats in their vegetative state. Thus, DNA barcodes play a sig-
nificant role in the identification of species. However, only 
limited efforts have been done for species discrimination in 
Aconitum and needs to be further explored. For instance, 
DNA barcode region psbA-trnH intergeneric spacer region 
found useful marker for the authentication of 19 taxa of 
Aconitum which are occurring in China [23]. However, 
none of them has any occurrence in the Himalayan region. 
It was suggested that psbA-trnH intergenic spacer analysis 
can distinguish most of the Aconitum medicinal species, 
but with limited differentiation power for the variants. In 
another study, rbcL locus showed the successful discrimi-
nation between A. heterophyllum and A. balfourii and thus 
suggested for the authentication of their traded parts like 
dried rhizomes obtained from market [26, 42] designed 
nrDNA ITS sequence-based SCAR (Sequence Character-
ized Amplified Region) markers to authenticate Aconitum 
heterophyllum (Ativisha) and Cyperus rotundus (Musta) at 
the raw drug source and in prepared herbal products. Further 
[43], developed a 23 bp genus-specific nucleotide signature 
which they found was unique to Aconitum species and is 
conserved within the genus and utilized this to differenti-
ate 79 species which are occurring in China [44] undertook 
complete chloroplast (CP) genome sequencing of 10 species 
of Aconitum which was found to be beneficial in determin-
ing the complex phylogenetic relationships among these 
species. They also carried out data comparison with other 
sequenced species in GenBank database. For phylogenetic 
interference of Aconitum spp., two phylogenetic techniques, 
namely ITS (632 sequences from 164 spp.) and linked 
housekeeping proteins present in the chloroplast (rbcL and 
matK from 29 spp.), have recently been studied [45].

The goal of this work was to create an effective DNA 
marker that will enable individual DNA barcodes and their 
combinations to identify the two different species of Aconi-
tum species from Western Himalaya, which are threatened 
in their native habitats. Different analytical techniques have 
been used to evaluate the ability to distinguish between spe-
cies, including tree-based (NJ), distance-based (PWG-dis-
tance), and sequence similarity-based (BLAST) techniques 
on the same data set, each of these techniques had a differ-
ent level of discrimination power. The present study dem-
onstrated that sequence-based phylogenetic analysis and 
barcoding gap of ITS showed the best result to identify the 
Aconitum species. Amplification of matK showed a lower 
rate of sequence recovery [46].

A total of 45 sequences of rbcL, 39 sequences of ITS, and 
8 sequences of trnH-psbA were utilized to construct phy-
logenetic trees (NJ). Because there were fewer trnH-psbA 
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region was successful in differentiating between Aconitum 
species found in the Western Himalaya. In previous stud-
ies, the same result was demonstrated where ITS found the 
most efficient DNA barcode to discriminate plant species 
like Alnus, Crawfurdia, Hippaphae etc. [46, 52, 53, 58]. The 
NJ tree and interspecific mean distance analysis suggested 
that A. rotundifolium and A. soongaricum are closer, while 
A. ferox and A. heterophyllum are less close as compared to 
other species of Western Himalaya.

Altogether, ITS found the best DNA barcode to dis-
criminate the Aconitum spp., as it discriminates the majority 
of the Aconitum spp. (Fig S3). NJ tree of 643 sequences 
revealed the potential of ITS barcode, where most of the 
sequences were grouped in a species-specific manner. 
Although some sequences were clustered with non-specific 
clades. There might be two possible reasons for this dis-
crepancy- (i) some technical error during sequencing etc. 
or (ii) wrong nomenclature of the spp. Similar observations 
were also highlighted and discussed in recent review [45]. 
Further, species-specific sequence variation is found to be 
very important in order to develop markers to distinguish a 
particular species. It becomes even more important if some 
species are commercially potential and others are toxic in 
nature. We also observed species-specific sequence varia-
tion in ITS gene. Maximum species-specific sequence varia-
tion was observed in A. coreanum with one insertion, one 
deletion and one SNP; suggested that A. coreanum. is most 
evolved. Similar observation for A. coreanum has also been 
made while analysing the sequence variation ndhC-trnV 
region in earlier study [59].

In conclusion, The PWG-distance method was found 
most effective for species discrimination and ITS showed the 
best species discrimination power and was used to develop 
species-specific barcodes for Aconitum species. The DNA 
barcodes developed during the present study would be a 
potential tool for the identification of Aconitum species with 
particular emphasis on species of Western Himalaya.
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studies typically employ this technique, we employed 
K2P%. The highest barcoding gap was found in ITS.

In the present study, PWG and NJ trees had greater iden-
tification rates compared to BLAST. This is also supported 
by other studies [50, 51]. The influence of redundant genes 
may have decreased BLAST’s resolution. The best spe-
cies resolution among all single candidate DNA barcodes 
in our research was found in ITS markers. The same out-
come was shown in prior studies [46, 52, 53]. In the present 
study, rbcL + ITS, ITS + trnH-psbA, and rbcL + ITS + trnH-
psbA showed increased discrimination power at species 
level as compared to single rbcL and trnH-psbA. This is 
the combined effect of ITS with another barcode region. 
High resolving ability of ITS, either alone in Ficus and 
Gossypium species [54], Palm [55] and some timber spe-
cies (Meliaceae) [56] or in combination with rbcL and/or 
matK in Lysimachia [15] and Palm [55] was also reported. 
In our study rbcL was not able to show species discrimina-
tion using any of the methods used like NJ, PWG-distance 
and BLAST. The DNA barcode rbcL is frequently used in 
phylogenetic research and is very helpful at the family and 
genus levels with good universality across various taxa is 
one of the explanations [53]. The second explanation is the 
short length (124 bases) of aligned sequences. In the pres-
ent study, Aconitum species are more closely related to each 
other within single genera. It is evident that rbcL is effective 
at genus-level discrimination, below the genus level their 
discrimination power decreases [53]. At the species level, 
the rbcL markers showed only 10% discriminating ability 
in Alnus [52] and 26% in Arecaceae [55]. In another study, 
rbcL showed lower (24.7–28.5%) species discrimination 
power among tropical trees from Xishuangbanna Nature 
Reserve in China [57]. In contrast, ITS DNA barcode which 
had maximum aligned sequence length (450 bases) among 
individual DNA barcodes showed the best level of species 
discrimination. Based on rbcL and ITS sequence length and 
discrimination rate we interpreted that it is best to use long 
aligned sequences for higher species discrimination rate.

After alignment of rbcL + ITS sequence, it showed 100% 
base composition similarity with ITS, however, there was 
variation in length. The only difference was rbcL + ITS had 
more gaps or missing sites as compared to ITS. In Fig. 3B, 
DNA barcode only contains nucleotide bases not gaps/miss-
ing sites, this is one of the explanations that both sequences 
are of the same length.

For the construction of phylogenetic tree of Aconitum 
species of Western Himalaya, total 45 sequences of rbcL and 
9 sequences of ITS were used. The rbcL and ITS barcode 
sequences for A. rotundifolium and A. balfourii, respec-
tively, were not available in the NCBI database. Similar to 
other Aconitum species (A. heterophyllum, A. japonicum, A. 
napellus, A. stapfianum, and A. violaceum), the ITS barcode 
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