
Academic Editor: Svein Øivind

Solberg

Received: 28 August 2025

Revised: 4 October 2025

Accepted: 24 October 2025

Published: 29 October 2025

Citation: Din, S.; Ali, H.;

Panagopoulos, T.; Alam, J.; Malik, S.;

Sher, H. Developing High-Efficiency

PCR Mini-Barcoding to Enforce

Conservation Efforts Against Illegal

Trade and Habitat Loss of Endangered

Taxus L. in the Himalayas. Conservation

2025, 5, 62. https://doi.org/10.3390/

conservation5040062

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Developing High-Efficiency PCR Mini-Barcoding to Enforce
Conservation Efforts Against Illegal Trade and Habitat Loss of
Endangered Taxus L. in the Himalayas
Salahud Din 1, Haidar Ali 1, Thomas Panagopoulos 2,* , Jan Alam 3, Saira Malik 1 and Hassan Sher 1

1 Center for Plant Sciences and Biodiversity, University of Swat, Charbagh 19120, Pakistan;
taxuscontorta@gmail.com (S.D.); haidar@uswat.edu.pk (H.A.); sairamalikbotanist11@gmail.com (S.M.);
hassansher@uswat.edu.pk (H.S.)

2 Research Center for Tourism, Sustainability and Well-being, Campus de Gambelas, University of Algarve,
8000 Faro, Portugal

3 Department of Botany, Hazara University, Mansehra 21300, Pakistan; janalam@hu.edu.pk
* Correspondence: tpanago@ualg.pt

Abstract

Environmental and ancient DNA are mostly present in degraded forms in nature. Plant
forensics is necessary for plants like Taxus (Taxaceae), which is a medicinal, as well as
poisonous, endangered plant. We designed a study to develop high-efficiency PCR mini-
barcoding primers for the identification of Taxus. We collected environmental materials,
fresh and old Taxus specimens from natural habitats, herbaria, and ex situ propagation
sites. Taxon-specific mini-barcoding primers were prepared through primer3. All the
primers were amplified onto Taxus specimens and environmental samples having Taxus
DNA, while no amplification on fresh and herbarium specimens other than Taxus was
noted. DNA sequencing of amplified regions of matK, ITS, and rbcL yielded lengths of
117, 175, and 200 bp. Blast taxonomy showed 100% identification power at the genus level,
while 75–93% at the species level, and identified a total of 30 taxa within the genus Taxus,
comprising 16 species, 5 varieties, 2 hybrids, and 7 variants. ITS was the most specific for
genus identification, followed by matK and rbcL. Environmental, trade, socio-economic,
and toxicological crimes were also identified. Our high-efficiency PCR mini-barcoding
method can be useful in the prevention of Taxus illegal trade and habitat degradation to
mitigate climate change in the Himalayan region of Pakistan.

Keywords: Taxus L.; wildlife forensics; conservation enforcement; Himalaya

1. Introduction
Wildlife forensics, a specialized branch of forensic science, applies advanced scien-

tific methods to address legal issues involving wildlife, significantly contributing to law
enforcement and biodiversity conservation [1]. Evolving from early techniques like finger-
printing in China during the 700s to modern high-tech instrumentation, forensic science
has progressed to meet law enforcement demands, with disciplines like forensic genetics,
chemistry, and morphology drawing from robust scientific foundations [2–7]. Central
to forensic investigations is the “forensic triangle,” linking suspects, victims, and crime
scenes, a principle increasingly vital in wildlife crime investigations driven by landmark
laws such as the Lacey Act [8], Migratory Bird Treaty Act [9], Bald and Golden Eagle
Protection Act [10], Marine Mammal Protection Act [11], CITES [12], and the Endangered
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Species Act [13–17]. The rise in global wildlife trafficking has underscored the importance
of forensic sciences, enabled precise species identification, and supported legal proceedings
to combat illegal trade and protect endangered species [15].

Taxus is distributed from temperate North America into subtropical Central America,
and from temperate Eurasia to subtropical Southeast Asia [18]. Ecologically, it plays a
vital role by supporting wildlife, preventing soil erosion, and maintaining forest ecosystem
dynamics [19–21]. Despite these ecological contributions, the genus faces severe threats
from overexploitation for traditional and modern medicine, fodder and fuel wood use,
agricultural expansion, logging, climate change, high inbreeding and low genetic diversity,
inadequate protection outside conservation areas, bark removal for Taxol extraction, timber
harvesting, heavy grazing, infrastructure development, weak law enforcement, and poor
community awareness [22–26]. Consequently, the two main Himalayan species, Taxus
contorta (EN A2acd) and Taxus wallichiana (EN A2cd), are both assessed as endangered
under the IUCN Red List assessment [22]. In Pakistan, the Trade Control of Wild Fauna
and Flora Act, 2012 (Act No. XIV), Section 5 (a–b), enforces a complete ban on the use,
harvest, and export of Taxus. Violations are prosecutable under Section 3, with penalties
applied in accordance with Section 15 of the Act. Pakistan has the second-highest defor-
estation rate in Asia [27]. Although the Billion Tree Tsunami Afforestation Project [28]
initiated by the Government of Khyber Pakhtunkhwa, Pakistan, and the Ten Billion Trees
Tsunami Programme [29] launched by the Federal Government of Pakistan represent major
reforestation efforts, Taxus has not been included in these initiatives due to the high cost of
propagation and its extremely low survival rate under ex situ conditions. At present, there
is no nursery in Pakistan engaged in the propagation of Taxus, nor are there any privately
managed Taxus forests, primarily because of the species’ specific ecological amplitude.

The genus Taxus is valued for its medicinal properties, producing Taxol (paclitaxel)
for cancer treatment and bioactive compounds with antimicrobial and antioxidant effects,
while also being used traditionally for ailments like fever [30–34]. Conversely, Taxus is
highly toxic due to taxine alkaloids, taxanes, and glycosides, causing severe cardiotoxic and
neurotoxic symptoms, with fatalities reported in humans and animals [35–37]. Diagnosis
of poisoning is difficult, relying on GC–MS and biomarkers such as 3,5-dimethoxyphenol,
whereas DNA barcoding could provide an alternative but remains poorly validated [38–40].

DNA carries extensive genetic information and is recoverable from aged or limited
material due to its stability and abundance [41,42]. Environmental DNA (eDNA), extracted
from sources like soil, water, or air, enables non-invasive species monitoring by detecting
intracellular and extracellular DNA [43–52]. Ancient DNA (aDNA), a subset of eDNA,
is obtained from preserved plant remains in conditions like cold, dry, or low-oxygen en-
vironments, minimizing degradation [53]. Ancient DNA complements archaeobotanical
methods, resolving taxonomic ambiguities, and provides insights into historical biodiver-
sity, agriculture, domestication, and extinct cultivars with unique temporal and spatial
resolution [54]. Despite challenges like incomplete reference libraries, eDNA, and aDNA,
markers such as rbcL, trnH–psbA, matK, and ITS can be utilized for precise plant identifi-
cation in forensic and conservation applications [55].

Degraded DNA is crucial in forensic science for identifying species from compromised
samples, such as processed plant products, despite challenges posed by enzymatic activity,
oxidative stress, hydrolysis, and environmental factors like temperature, humidity, pH, and
microbial presence [53,56–58]. Traditional DNA barcoding effectively identifies fresh plant
materials but “struggles” with processed plant products due to DNA degradation, PCR
inhibition by additives, and insufficient species-specificity of standard markers like rbcL
or matK [59]. DNA mini-barcoding, using shorter sequences (≤200 bp), overcomes these
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limitations by amplifying degraded DNA more efficiently with specially designed primers,
enabling accurate species identification in forensic and conservation contexts [60,61].

This study aims to develop a high-efficiency PCR mini-barcoding protocol for the
molecular identification of Taxus species in Pakistan from both environmental and fresh
DNA sources, by targeting short, informative loci. The study optimizes PCR conditions to
amplify degraded DNA extracted from non-traditional and compromised sources, includ-
ing dung, droppings, feces, grave wood, powdered herbs, and market samples, alongside
fresh plant material. Ultimately, the study evaluates the forensic applicability of mini-
barcoding for detecting Taxus in seized materials, supporting CITES enforcement and
conservation efforts against illegal trade and habitat loss.

2. Materials and Methods
2.1. Sampling of Intact and Environmental Materials

Fresh samples were collected from Miandam, and herbarium samples were borrowed
from Hazara University, Mansehra, and Karachi University, Herbarium, Karachi, Pakistan.
Cow dung, goat droppings, leaves from logging roads, unknown bird/animal feces, market
raw and powdered samples, digested fodder from animal rumen in the Muslim Festival of
Sacrifice (Eid ul Azha-2022), leaves from 3-years-propagated Taxus, a sample of Taxus from
an Indigenous person selling Skimmia laureola (smoke use for treatment of the evil eye)
and vomiting samples were collected in different parts of Himalayas in Swat, Pakistan. To
support comprehensive forensic comparisons, approximately 250 species representing a
broad diversity of angiosperms, gymnosperms, bryophytes, and ferns were collected from
different parts of the Himalaya (see Supplementary Materials) and were PCR amplified
to check for mini-barcoding amplifications. The entire specimens were deposited at the
University of Swat Herbarium for further processing.

2.2. Primer Selection

A total of 4 cpDNA markers (including two coding genes: matK, rbcL, and non-coding
regions: trnS-trnQ, trnL-F), along with two nuclear regions (ITS, TS), were used for the forensic
identification of Taxus. For taxon-specific primers, we took matK and rbcL gene sequences of
Taxus canadensis from NCBI, as the plant is monoecious, to cover male and female bias, and
the first result of primer pair was selected in primer3 (Table 1). Every primer was checked for
its 100% identity with Taxus spp. Full-length rbcL primers were used from Moller et al. [62].
Primers were synthesized by Genomics (BGI Genomics China, Shenzhen, China).

Table 1. Taxon-specific primers, along with their lengths, were used in the study.

Taxon Gene Primer Secquence Length

T. canadensis

matK
F GCAGAAAGCTCTGGTTCCAC

20

R CGATCGGGAAAAGATCCATA

Rbcl
F TTTGGATTCAAAGCCCTACG

R AGTCCACCACGGAGACATTC

T. wallichiana ITS
F GCGGTAGGATCATTGTCGTT

R GGCACTCGCCCTTGTAATAA

T. contorta

trnL-F
F ATTTTGAATGGGCAATCCTG

R GGCAAGCCTAGAACAACTCAA 21

TS
F GCAGATGAGCTGGTTGTGAA

20
R ATTCGATACCCCATGATCCA

trnS-trnQ
F CTTGCCAAGCAAAGGCTAAG

R CGGAGAATCAAAATGCCAGT
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2.3. DNA Extraction Protocol

Natural Taxus samples were used without any prior treatment, while environmental
samples were dried, ground, and put into water to differentiate between different layers,
and layers having plant parts/debris were selected. DNA was extracted using a modified
CTAB protocol. Stock solutions of CTAB isolation buffer (2% w/v CTAB, 1.4 M NaCl, 20 mM
EDTA, 100 mM Tris-HCl, pH 8.0, 1% PVP 40,000, 0.2% β-mercaptoethanol), TE buffer
(10 mM Tris-HCl, 1 mM EDTA, pH 8.0), Chloroform–isoamyl alcohol (24 + 1; v/v), 100%
Isopropanol, and 70% Ethanol and 1 x TAE (40 mM Tris, 20 mM acetic acid, 1 mM EDTA)
were prepared using Bio Base Electronic balance BE10002 (High-tech Zone, Jinan, Shandong,
China), Eppendorf pipettes (Eppendorf AG, Barkhausenweg, Hamburg, Germany) and
Jenway 3505 pH Meter (Keison Products, Chelmsford, Essex, England).

A total of 5 grams of fresh and 0.5 grams of dried plant material were ground to a
fine powder using liquid nitrogen and a mortar and pestle. Ground tissue was transferred
into 700 µL of prewarmed (60 ◦C) CTAB isolation buffer in a 1.5 mL Eppendorf tube.
Isolation buffer and plant material were mixed with a Vortex mixer SCI-FS (SCILOGEX,
Cromwell Avenue, Rocky Hill, CT, USA). Tubes were incubated for 90 min at 60 ◦C in a
Drybath Stdrd 2blck (Thermo Fisher Scientific, Third Avenue Waltham, MA, USA) and
mixed every 7 min with a vortex mixer. Samples were centrifuged for 10 min (13,000× g,
room temperature) in an Eppendorf Centrifuge 5425 (Eppendorf AG, Barkhausenweg,
Hamburg, Germany). The upper aqueous phase was transferred to a new Eppendorf
tube, and one volume of chloroform–isoamyl alcohol was added to the tube and vortexed.
The sample was centrifuged at 10,000 rpm for 5 min; the upper phase was transferred
to a new tube, and 0.6 volume of 100% chilled isopropanol was added. Samples were
stored overnight at −20 in Nihon Freezer NF-75SF3 (Gyeongchun-ro, Beon-gil, Hwado-eup,
Namyangju-si, Gyeonggi-do, Republic of Korea). Samples were vortexed and centrifuged
again for 10 min (5000× g, room temperature). The supernatant was discarded, and
the white pellet at the bottom was obtained. A volume of 500 µL of 70% ethanol was
added and centrifuged 2 times for 3 min each (5000× g, room temperature). Supernatant
was discarded, and the tubes were inverted for five hours to let ethanol traces in the
DNA evaporate. The DNA was diluted with 100 µL TE buffer to a final concentration of
30–50 ng/µL for PCR amplification.

2.4. PCR Optimization and DNA Sequencing

The PCRs for these markers were performed in 25 µL reactions with 30–50 ng template
DNA, 0.25 µL U AmpliTaq DNA polymerase (Thermo Fisher Scientific, Third Avenue,
Waltham, MA, USA), and final concentrations of 1 × PCR buffer, 1.5 mmol/L MgCl2,
0.2 mmol/L dNTP, and 0.3 µmol/L primer each. Fast Gene master mix (NIPPON Genetics
EUROPE, Düren, Germany) was also used.

PCR amplifications were carried out on an Optimus 96G Gradient Thermal Cycler
(Quality Lab Systems Wimborne, Dorset, England). The PCR profiles included an initial
denaturation step at 94 ◦C for 3 min, followed by 35 cycles of 1 min at 94 ◦C, 1 min at the
optimal annealing temperature of 54 ◦C for every DNA region, 1 min at 72 ◦C, and finished
with an extension step of 10 min at 72 ◦C. The PCR products were inspected on 1% TAE
agarose gels with 2 µL ethidium bromide in MS Mini-300 Gel electrophoresis (MS Major Sci-
ence, Sea Gull Way, Saratoga, CA, USA). Gel electrophoresis results were analyzed through
UV Transilluminator CSLUVTS312L equipped with CSL-MICRODOC (CLEAVER SCIEN-
TIFIC LTD, Somers Road Industrial Estate, Rugby, UK). PCR products were sequenced in
both directions with the same primers used for PCR. The PCR products were analyzed in
the Biotech laboratory, Lahore, Pakistan, following the manufacturer’s instructions.
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2.5. BLAST Search Criteria

Blast taxonomy results were taken according to three criteria: a search with
5000 matches with somewhat similarity (S.S) and an expect threshold (E.) value of 0.05,
somewhat similarity with E., a value of 100, and a default search with 100 matches with
similarity (S.) and E., value of 0.05. Blast+ 2.17.0 was used for secquence analysis.

3. Results
3.1. Sampling Distribution and Statistical Analysis

Taxus sampling for forensic identification was conducted across the Himalayan range
in Swat, Pakistan. Five herbarium specimens of Taxus, from the Hazara University Herbar-
ium (Figure 1G), representing the Swat region, and one sample from Karachi University,
representing the Swat state era (before merging with Pakistan, 1953 AD) (Figure 1F),
from Karachi University herbarium, were selected as reference material. Fresh sam-
ples of T. contorta leaves (Figure 1A), cow dung (Figure 1A,H,L), old leaves from logging
roads (Figure 1M) and unidentified bird/animal feces (Figure 1C), clay oven fuel samples
(Figure 1J), and burned tress leaves (Figure 1B) were collected from Miandam, while goat
droppings were obtained from Mankyal. In Amankot, sacrificial animal rumen waste sam-
ples were obtained from five animals (Figure 1L) claimed to be raised in moist temperate
mountains. In addition, ten Taxus samples were obtained from local herbal medicine stores
located in Mingora, Madyan, Kabal, and Matta (Figure 1K) to assess the authenticity and
source of marketed plant material. A sample was collected from the roadside (Figure 1E)
in the green road of Mingora, selling Skimmia laureola. Five samples were collected from
Hakims to investigate adulteration (Figure 1I). Samples from T. contorta propagated plants
(Figure 1N) at the University of Swat, and food poisoning samples were obtained from
the Saidu Group of Teaching Hospital, Swat, for forensic toxicological examination. The
distribution map showed the presence of sampled materials at different localities in Swat,
Himalaya (Figure 1D).

3.2. PCR Amplification of Taxus DNA Samples

Amplification was conducted on Taxus samples, associated environmental material,
and selected non-Taxus species to enable accurate detection, cross-species comparison, and
verification of assay specificity.

Pearson correlation (r) between samples and amplified samples was very low
(non-significant). The statistics showed that amplification success is solely based on the
quality of environmental material rather than the quantity of sampling. Such low correla-
tion is one of the main qualities in checking environmental materials for DNA presence.
Kruskal–Wallis test showed significant results of unequal medians across both samples and
amplified samples.

3.2.1. Initial Amplification of Custom-Designed Primers for Taxus Samples

All six primer pairs were checked on a fresh Taxus specimen collected from Maidam,
with a single annealing temperature, in a single PCR to determine their amplification. Out
of the six genes, five were successfully amplified on a single annealing temperature of 54 ◦C,
showing an 83% success rate on the first attempt. The TS gene showed amplification at
60 ◦C annealing temperature in further PCR assays. The amplified fragments showed very
low bands on gel electrophoresis as compared to the full-length barcode of the rbcL gene,
which were amplified at a 600−800 base pair region (see Supplementary Material). Mini-
barcoding showed universality for Taxus fresh, herbarium, and environmental samples in
PCR conditioning and amplification.
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Figure 1. Fresh and environmental DNA sources collected for the forensic identification of Taxus.
(A) cow dung with Taxus tree; (B) fired tree; (C) unknown animal/bird feces; (D) collection of samples
locations (yellow points:herbarium materials locations, white: hakims and herbal stores, red: animal
rumen, purple: Swat university Herberium, white chair: vomit samples, bluish-green pin; Taxus
natural population, burned trees, clay oven, green animal sign: cow dung fresh and old, white circle:
goat droppings); (E) road side samples; (F) Karachi University Taxus herbarium specimen from Swat
state era; (G) Hazara university Taxus specimen; (H) fresh cow dung; (I) Taxus powder from hakims;
(J) clay oven; (K) Taxus from herbal stores; (L) animal rumen; (M) logging road; (N) propagated Taxus.
(Copyright is retained by the authors).

3.2.2. Diverse Sample Amplification

All the samples were run in a PCR with 100% success rate on matK, ITS primers, and
rbcL (see Supplementary Material). The entire sample was amplified at a 54 ◦C annealing
temperature. Primers also worked from 49−60 ◦C annealing temperatures on different
samples with 30−45 cycles. Different plant species were PCR analyzed on current primers
and universal primers. Universal rbcL was amplified only in fresh and herbal store tissues,
while there were no amplifications for the rest of the degraded tissues. Our primers of ITS,
matK, and rbcL did not amplify in plants other than Taxus.

Amplification success varied considerably across sample sources. Among herbal
stores, fresh samples, propagated material, fire-dried tree leaves, and herbarium specimens,
amplification success was consistently high, with 100% of samples yielding successful
results. Similarly, material obtained from Hakim clinics also showed a high amplifica-
tion rate (80%). In contrast, animal-derived sources such as cow/bull dung (5%), goat
droppings (2%), sacrificial animal rumen waste (20%), and vomit (5%) showed very low
Taxus presence. Intermediate success rates were observed for unknown animal/bird feces
(33%), leaves from clay ovens (33%), and leaves collected on secondary logging paths
(50%). Overall, plant-derived samples, particularly those with direct or preserved Taxus
presence, demonstrated markedly higher amplification efficiency compared to animal and
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environmental-derived materials, which were characterized by degraded or trace levels of
target DNA (Figure 2).

Figure 2. Amplification success and Taxus DNA detection across different sample sources.

3.3. BLAST Analysis of Amplified Sequences

One amplified PCR product each from matK, rbcL, and ITS was sequenced. The results
were blasted (blastn), and taxonomy results were taken. The highest number of query
length was observed in rbcL (200), followed by ITS (175) and matK (117). Three criteria
were set: A search with 5000 matches with somewhat similarity and an expect threshold (E.)
value of 0.05, which gives significant results for matK and ITS. A search with 5000 matches
with somewhat similarity and an E. value of 100 gives significant results for matK and ITS.
In these two searches, matK showed similarity with other genera of Taxaceae (Cephalotaxus),
while ITS was confined most of the time to Taxus. A default search with 100 matches with
similarity and an expect threshold of 0.05 gives significant results for matK, ITS, and rbcL,
and shows only the Taxus genus (Table 2). The hits count of Taxus in every search denotes
its universality across the Taxus genus.

Table 2. Blast taxonomy results of mini-barcoding.

Criteria
S. S. (5000) E. (0.05) S.S. (5000) E. (100) S. (100) E. (0.05)

Query Length
Hits Taxon Eukaryota/Taxus L. Hits

matK 270 Taxaceae 1396/382

Taxus L. (100%)

117

rbcL 2454 Gymnosperm/fern 7637/557 200

ITS 159 Taxus L. 1209/1030 175

The BLAST search identifies Eukaryota and Taxus as the highest taxonomic levels, with
scores reaching 7637 for Eukaryota and 1030 for Taxus across the columns. These high scores
suggest robust alignment of the amplified short sequences to broad taxonomic groups,
providing a foundational layer for forensic analysis. The consistent presence of Taxus (scores
ranging from 382 to 1030) across all columns validates the targeting of this genus, which is
critical due to its toxic and medicinal taxine alkaloids, a key focus in forensic investigations.
The detection of less common species, such as Taxus globosa, Taxus contorta, and Taxus
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phytonii, underscores the sensitivity of the BLAST approach with short fragments. These
findings suggest the presence of underrepresented Taxus species, expanding the forensic
profile of species potentially involved in illegal trade and poisoning incidents.

3.4. Recognized Species Diversity

Combining BLAST taxonomy searches under relaxed criteria, allowing partial sim-
ilarity across 5000 searches with an E. value of 100, yielded a total of 30 taxa within the
genus Taxus L., comprising 16 species, 5 varieties, 2 hybrids, and 7 variants. On aver-
age, species-level matches received 97 hits, while varieties and variants showed moderate
representation with 25 and 35 hits, respectively. Hybrids were minimally represented,
reflecting limited molecular data. The dataset included hits ranging from entire genomes
to individual gene sequences (Table 3).

Table 3. Taxus species diversity recognized by mini-barcoding BLAST taxonomy results.

Group Taxon Hits Taxa A/hits

Species

T. baccata (101), T. brevifolia (27), T. calcicola (11),
T. canadensis (45), T. celebica (1), T. chinensis (171),
T. contorta (26), T. cuspidata (70), T. floridana (33),

T. florinii (13), T. fuana (43), T. globosa (46), T. mairei (548),
T. phytonii (369), T. sumatrana (15), T. wallichiana (68)

1547 16 97

Variety

T. cuspidata var. cuspidata (6), T. cuspidata var. latifolia (6),
T. cuspidata var. nana (10),

T. wallichiana var. wallichiana (90),
T. wallichiana var. yunnanensis (12)

124 5 25

Hybrid T. x hunnewelliana (4), T. x media (9) 13 2 6.5

Variant

T. sp. ‘Emei type’ (9), T. sp. ‘Huangshan type’ (17),
T. sp. ‘Mandiya type’ (2), T. sp. ‘Qinling type’ (148),

T. sp. ‘Yunman type’ (2), T. sp. SW-2025a (62),
Emb. envir. sample (5)

245 7 35

The method reliably detected genus-level identity across all fragments and captured
the key Himalayan diversity, including T. wallichiana, T. contorta, and T. fuana. Intraspe-
cific variation was also evident, as two varieties of T. wallichiana alone received 102 hits.
Differences in sequence representation among taxa likely reflect variations in species abun-
dance, detectability, or database coverage, offering valuable insights into their ecological
distribution and forensic significance in Pakistan.

Further analysis identified intraspecific variation through the detection of Taxus vari-
eties and subspecies, such as Taxus wallichiana var. wallichiana and Taxus cuspidata var. nana,
highlighting the method’s sensitivity to taxonomic diversity within the genus. Addition-
ally, the presence of less common variants, including Taxus wallichiana var. yunnanensis
and Taxus cuspidata var. latifolia, pointed to potential unexplored diversity, suggesting the
occurrence of rare taxa that could expand the forensic profile of Taxus in the region. The
two hybrids, T. x hunnewelliana and T. x media, confirm the application of short-sequence
DNA barcoding in forensic analysis in horticulture and agriculture industries (Table 3).

3.5. Mini-Barcoding-Based DNA Amplification Success and Detection of Crimes

Samples collected from cow dung and goat droppings revealed low presence of Taxus
in their diet (2 out of 37 and 1 out of 42, respectively), but their successful amplification in a
few cases indicates that these livestock occasionally consume Taxus foliage. Similarly, feces
from unknown animals/birds yielded one positive amplification out of three, suggesting a
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possible wildlife foraging pressure, though it remains limited and needs further identifi-
cation of the animal/bird species involved. DNA from a fresh logging path yielded one
positive result out of two samples, clearly suggesting ongoing illegal cutting activities. Even
more conclusive were the results from herbal markets and traditional medicine sources.
All 10 samples of branches, leaves, and powdered forms from herbal store samples showed
successful amplification, indicating active illegal trade in Taxus plant parts. The Hakim
clinic samples also showed that four out of five were amplified, reinforcing concerns about
possible adulteration in traditional medicine, as we collected only Taxus specimens.

Samples taken from sites impacted by fire and fuel use, such as fire-damaged tree
leaves and leaves from clay ovens, also showed successful amplification (2/2 and 1/3,
respectively). These findings highlight additional threats, including arson forest fires
and unsustainable fuel wood harvesting, putting pressure on already vulnerable Taxus
populations. All 11 fresh Taxus samples and all 6 herbarium samples amplified successfully,
confirming the robustness of the barcoding method for taxonomic work. On the other
hand, none of the 250 other plant samples (fresh and herbarium) amplified, validating
the primer specificity of the barcoding method for Taxus but also indicating its limitations
for broader plant detection. Of five rumen waste samples from sacrificial animals, only
one yielded amplification. The purpose here was to assess dietary patterns in relation to
livestock pricing and meat quality. Samples from propagated Taxus also showed 100%
amplification. Finally, Taxus DNA was successfully amplified from one of 21 vomit samples.
Although a low success rate, this one positive result is highly significant; it directly links
ingestion of Taxus with poisoning cases, which may involve either accidental or intentional
toxicological crime (Figure 3).

• Investigation of 
indigenous 
animal/diet for 
quality meat and 
high price

• Human and 
animal 
Poisoning 

• Illegal trade, 
adulteration and 
fire crimes

• Fuel and fodder 
pressure, illegal 
cutting 

Environmenta
l and 

ecological 
crimes

Trade and 
resource 

exploitation 
crimes

Socio-
economic 

crimes
Toxicological 

crimes

Figure 3. Mini-barcoding-based crime investigation categories and collection purposes.
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4. Discussion
4.1. Forensic Utility of Taxus Identification in Pakistan

Forensic Botany is a branch of botany where plants are used as forensic evidence to
help solve criminal cases [63]. It involves analyzing plant fragments, residues, or materials
collected from crime scenes to address legal and investigative questions [64]. A landmark
case in 1992 marked the first use of molecular plant DNA analysis in forensics, where
seed pods from a Palo Verde tree were used to place a suspect at the crime scene [65]. The
genus Taxus altogether is a medicinal and poisonous plant, listed in CITIES appendix II.
DNA mini-barcoding can identify its modified products, trace illegal trade, and identify
health risks in poisoned patients in the moist and dry temperate regions of the Himalayas
in Pakistan. Additionally, it can be applied in archaeobotany to reconstruct past plant
communities and to identify lost species and varieties, owing to its ability to amplify DNA
from degraded environmental materials.

4.1.1. Application to Poisoning and Illegal Trade

Some Medicinal plants act as a double-edged sword, serving therapeutic purposes
under the umbrella of alternative medicine, while also being misused for malicious intent,
such as poisoning, inducing fatal injuries, or incapacitating individuals through controlled
doses of toxic compounds [66]. In South Asia, the use of poisonous plants in warfare,
homicide, or suicide is historically significant, involving either acute or prolonged adminis-
tration of plant toxins [66,67]. Taxus mini-barcoding can detect cases of poisoning, homicide,
or suicide, as seen with plants like Nerium oleander and Peganum harmala [66,68]. As
in our vomit samples from a patient from Banjot, Manglawar, Swat, plant materials were
successfully amplified with our short DNA sequencing. Taxus powder was also given to a
female child instead of Mentha powder for a stomachache. In advanced laboratories, Taxus
mini-barcoding will be a useful tool to counteract Taxus-derived toxins. Rapid and accurate
screening methods are necessary for diagnosing plant-induced toxicity in both medical and
legal investigations [69].

Conservation and environmental management frequently depend on official statistics
produced by government bodies. However, these data are often unreliable, leading to
ineffective or even harmful policy decisions [70]. This issue is particularly evident in
tracking the illegal harvest and trade of wild species. Numerous studies have shown
that underreporting or failure to report such activities has obscured serious biodiversity
threats [71–73]. In Pakistan, from 2001 to 2024, 7.9% of tree cover loss occurred in areas
where the dominant drivers of loss resulted in deforestation. Logging accounts for 6.87 kha;
Taxus only grows in Pakistan’s natural forests and is the most sort out plant for construction
use. Our PCR amplification from leaf samples on logging roads confirms the illegal trade
of Taxus.

4.1.2. Meeting Regional Forensic Demands

Forensic science in Pakistan has become a cornerstone of the criminal justice system,
especially amid rising crime, leading to major institutional developments such as the
establishment of the National Forensic Science Agency (NFSA) in 2002; the Punjab Forensic
Science Agency (PFSA) in 2012 [74]; the National Forensic Science Agency, n.d.; and
the Punjab Forensic Science Agency, n.d. These agencies offer multidisciplinary forensic
services including DNA profiling, toxicology, and digital forensics. Despite progress,
provinces like Sindh and Balochistan still lack fully operational labs, and growing public
and judicial reliance on forensic evidence has led to significant backlogs, underscoring the
need to expand infrastructure (Population Welfare Department, Government of Punjab,
n.d.). DNA technologies, including barcoding, are gaining legal acceptance in Pakistan, as
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affirmed by the Supreme Court’s 2021 ruling (PLD 2021 SC 362), which highlighted the
judiciary’s obligation to stay informed about scientific advancements [75,76]. Article 164 of
the Qanun-e-Shahdat Order, 1984, and its 2017 amendment support the admissibility of
modern forensic techniques, aligning with international standards [77–79]. DNA barcoding
is especially useful in botanical forensics, offering rapid and accurate species identification
in cases involving plant toxins, drug evidence, or ecological crimes [80–83]. While NFSA
and PFSA have elevated forensic capabilities, further investment is required to bridge
geographic and resource gaps, as emphasized by Steadman [84] and Lappas [85]. Moreover,
forensic education and inter-disciplinary collaboration remain critical. Scholars argue
that judicial officers and investigators require scientific literacy to interpret forensic data
effectively, particularly in emerging areas like forensic botany [86–89]. Connor [90] and
Platt [91] highlight that forensic science thrives through the dual forces of technological
innovation and its seamless integration into legal systems. Mini-barcoding, for example,
extends forensic science’s evidentiary scope, enabling high-precision identification of
botanical traces to support investigations.

4.2. Effectiveness of Mini-Barcoding and Meta Barcoding for Taxus Identification

DNA mini-barcoding and meta-barcoding are two molecular techniques increasingly
applied in the authentication of plant materials and forensic studies. DNA meta-barcoding,
using universal PCR primers and next-generation sequencing (NGS), allows for the simulta-
neous identification of multiple species from complex environmental or herbal samples [92].
In contrast, DNA mini-barcoding targets shorter regions (200–300 bp) of DNA and is better
suited for identifying individual species, especially in degraded or processed materials.

Meta-barcoding is particularly valuable in analyzing complex traditional Chinese
proprietary medicines (CPMs), where markers such as ITS2 and trnL have shown high
species-discrimination potential [93]. However, meta-barcoding is limited by sequencing
errors introduced during PCR and NGS, especially in GC-rich regions or in degraded DNA
samples, which can lead to false identifications [94,95]. For example, Coghlan et al. [96]
found unknown or even endangered species such as the snow leopard in 50% of tested
CPMs. Srivastava and Manjunath [97] demonstrated that the ITS region is the most effective
DNA barcode for identifying endangered Indian orchids, based on analyses of 35 species
using four loci. In a related study, Jiao et al. [98] used cpDNA barcoding to distinguish
Santalum album from adulterants, finding that trnK had the highest recovery rate, and
that a combination of psbA-trnH and trnK provided 100% species-level discrimination.
These studies highlight the value of DNA barcoding in plant forensics and conservation,
especially for rare and endangered species. Our analysis showed ITS and matK are more
specific for minibarcoding than rbcl. A combination of ITS and matK was found suitable
for Taxus identification. Our DNA mini-barcoding gives 100% success in Taxus genus-
level identifications, with a 75−93% species discriminatory power. Full-length barcoding
showed 100% species and genus discriminatory power but did not amplify in ancient,
degraded, and environmental DNA.

The genus Taxus L., in Pakistan, has different species names; still, Taxus wallichiana, T.
fuana, T. contorta, and T. baccata are in common use. The genetic diversity of Taxus contorta
in Pakistan is very low as compared to other species [22,99]. One of the major factors was
the dioecious nature of populations in fragmented habitats with reduced gene flow. PCR
amplification on gel electrophoresis showed all genetic amplification of a single gene at the
same position throughout the samples.
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4.2.1. Management of Degraded Samples

DNA degradation is pivotal in forensic science, aiding in estimating post mortem
interval (PMI) and time since deposition (TsD) through degraded biological material analy-
sis [100,101]. In forensic archeology, it reveals skeletal remains’ age, sex, and origin [102].
Environmental forensics uses DNA damage to detect pollutant exposure [103], while
genomic studies clarify degradation mechanisms [104]. Environmental factors like tem-
perature and pH affect DNA stability [105], with recent models exploring degradation in
various samples [106,107]. Mini-barcoding overcomes many of these degradation chal-
lenges. By targeting short chloroplast DNA (cpDNA) regions like rbcL and trnK, which
are more stable than nuclear DNA, this technique allows for reliable plant identification
even from highly degraded tissues such as bark, leaves, or wood shavings [41]. This makes
mini-barcoding especially valuable in forensic investigations involving plant material like
Taxus species, where precise identification is critical despite compromised sample quality.

4.2.2. Comparison with International Methods

A diverse array of techniques is employed to investigate DNA degradation across
forensic and scientific domains, each offering insights into the extent and mechanisms of
DNA damage. Gel electrophoresis remains a foundational method to assess DNA fragmen-
tation by separating DNA based on size, where degraded DNA appears as smears compared
to intact standards [108], and is particularly useful for analyzing nuclease-mediated degra-
dation in nanostructures [109]. The comet assay, or single-cell gel electrophoresis, detects
single- and double-strand breaks in individual cells by visualizing “comet tails” formed
during electrophoresis, offering a sensitive method to assess damage and deposition time
in forensic cases [101,110–112], with the MIRCA framework aiding standardization [62].
Flow cytometry enables high-throughput, fluorescently labeled quantification of DNA
fragmentation in varied conditions, often paired with other techniques [111,113,114]. When
combined with Annexin V labeling, it distinguishes apoptosis, necrosis, and autolysis
through phosphatidylserine binding [115–119]. The TUNEL assay labels broken DNA
ends with fluorescent dUTPs to detect strand breaks across applications, including cancer
and plant biology [120–125]. Real-time quantitative PCR (RT-qPCR) is highly sensitive
for quantifying degraded DNA using specific primers and is effective in forensic blood
sample analysis [111,126–128], with melting curve analysis enhancing specificity [129].
Fluorescence in situ hybridization (FISH) uses fluorescent probes to identify specific se-
quences and has broad cytogenetic and diagnostic relevance [130–132]. Next-generation
sequencing (NGS) provides comprehensive profiling of degraded DNA, with applications
ranging from ancient DNA to forensic genomics [133–135]. Fragment length analysis is
conducted using RFLP, where restriction enzyme cleavage reveals degradation through
smearing [127,136], and capillary electrophoresis (CE), which enables precise separation
of fluorescently labeled fragments [137]. SNP genotyping targets short, stable sequences,
enhancing analysis in degraded samples [138]. DNA repair enzyme assays can quantify
damage by measuring repair activity [110], while degraded DNA library preparation in-
volves whole-genome amplification and enrichment protocols to facilitate downstream
analysis [139]. Chemiluminescence-based methods such as ELISA [123,140], immunohis-
tochemistry (IHC) [141], and immunoslot blot [142] detect degradation-related proteins
and oxidized bases. Analytical techniques like HPLC–MS and GC–MS allow the detection
of oxidized and UV-damaged bases with high precision [143–148], while electrochemical
methods (EMs) measure charge transport disruption caused by lesions [149–151]. Collec-
tively, these methods provide a comprehensive toolkit for assessing DNA degradation, and
mini-barcoding targeting shorter amplicons is particularly suitable for degraded samples
in resource-limited and climatically diverse settings like Pakistan.
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4.3. Contribution to Global Databases

The study enhances global DNA barcode repositories by characterizing diverse Taxus
taxa using high-efficiency PCR mini-barcoding, retrieving 1547 barcode hits for 16 species,
including T. mairei (548 hits), T. phytonii (369), T. chinensis (171), and T. baccata (101), averag-
ing 97 hits per taxon. Mini-barcoding effectively discriminates species, notably forensically
significant taxa like T. wallichiana (68 hits) and T. contorta (26 hits) in Pakistan. Limited
varietal representation (124 hits across five varieties, e.g., T. wallichiana var. wallichiana with
90 hits) indicates a need for further intra-specific sequencing. Hybrids like T. x hunnewelliana
and T. x media had low representation (13 hits), reflecting their rarity and barcode recovery
challenges. Additionally, 245 hits across seven variant taxa (e.g., T. sp. “Qinling type”)
suggest uncharacterized diversity, highlighting mini-barcoding’s potential for uncovering
cryptic lineages in herbarium, environmental, or degraded forensic samples. The study
supports species-level resolution, exposes taxonomic ambiguities in databases like Gen-
Bank and BOLD, and advocates for expanded, curated reference libraries. Incorporating
Pakistani Taxus populations, particularly T. contorta, strengthens global CITES enforcement,
illegal trade tracking, and biodiversity monitoring in Asia.

4.4. Policy Recommendations and Future Research

The integration of modern technologies into conservation forensics has significantly
enhanced efforts to detect, deter, and monitor illegal activities threatening conservation
status species [152]. A future scheme was prepared by Haines et al. [152], including
conservation measures, tools, and research needed for the conservation of Taxus in Pakistan.
Tools such as UAVs and drones [153] enable rapid, high-resolution surveys of remote and
inaccessible habitats, while thermal cameras [154] and night vision devices [155] facilitate
the observation of nocturnal and cryptic species without disturbance. GPS technology [156],
combined with smart devices [157] and camera systems [158], supports precise location
tracking and behavioral documentation. Acoustic monitoring [159] expands the ability
to detect vocal species over large areas, and tracking devices such as RFID tags [160] and
GPS collars [161] provide insights into movement patterns and habitat use. Advanced
sensors, including accelerometers [162], temperature loggers [163], pressure pads [164], and
break-beam systems [165], further improve the capacity to collect fine-scale ecological data.

On a broader scale, satellite imagery [166] and prediction maps [167] allow for large-
scale habitat monitoring and forecasting of biodiversity hotspots, while software tools [168]
and cloud-based applications [169] streamline data analysis and sharing. Finally, artificial
intelligence and machine learning [170] offer powerful means to process complex datasets,
automate species identification, and predict ecological trends, thereby enabling proactive
conservation measures. These tools combined application ensures not only timely identifi-
cation and prevention of illegal activities but also contributes to long-term conservation
goals by reinforcing habitat protection and law enforcement.

4.5. Botanical Forensics and Wildlife Protection: Legal and Conservation Challenges in Pakistan

Advances in molecular phylogenetics, environmental DNA (eDNA), and biodiversity
databases now enable more precise species identification, comparable to human forensic
systems like CODIS or GEDMatch [171,172]. These innovations raise new opportunities to
identify ecosystem components, monitor ecological change, and detect keystone species
through forensic and ecological data [173,174].

Wildlife crime driven by markets for traditional medicine, luxury goods, and ex-
otic pets remains a significant global threat, worsened by internet-facilitated illegal
trade [1,175,176]. Illustrative cases include the forensic tracking of ambiguous reptile
specimens [177] and the exposure of illegal species substitution in the caviar trade [178,179].
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In Pakistan, where plant-based crimes are understudied, there is a pressing need to in-
tegrate forensic botany, mini-barcoding, and biodiversity databases into wildlife crime
investigations. Educational institutions should foster interdisciplinary training to bridge
conservation science, law enforcement, and forensic practice [77,87]. Drawing from green
and conservation criminology frameworks [180,181], a national strategy should promote
collaboration between forensic experts, botanists, and policymakers. Ultimately, forensic
botany not only enhances the evidentiary strength in environmental crime cases but also
supports broader biodiversity preservation efforts. As a science policy interface, it is central
to creating data-driven, legally sound conservation outcomes.

5. Conclusions
The forensic identification of Taxus L. in Pakistan using high-efficiency PCR mini-

barcoding represents a significant advancement in both forensic science and biodiversity
conservation. As a medicinal yet toxic genus protected under CITES Appendix II, Taxus
species are frequently involved in illegal trade and poisoning cases. The application
of mini-barcoding enables accurate identification even from degraded samples, such as
leaves, powders, or partially decomposed tissues, making it an invaluable tool in legal
investigations involving environmental crimes, poisoning incidents, and conservation
violations. Pakistan’s moist and dry temperate zones, key habitats for Taxus L., have also
been hotspots for illegal logging and biodiversity loss. This makes the deployment of
forensic botany especially relevant. Despite challenges in DNA extraction from wood,
successful amplification from leaf samples on logging routes indicates ongoing illegal
trade. Additionally, real-world cases like accidental poisoning by Taxus powder under-
score the urgent need for rapid molecular diagnostics. Institutional frameworks such as the
NFSA and PFSA, along with Supreme Court rulings and legal provisions (PLD 2021 SC 362;
QSO Article 164), now support the integration of modern forensic techniques like DNA
barcoding into Pakistan’s legal system. However, gaps in forensic infrastructure and train-
ing persist, particularly in under-resourced provinces. Mini-barcoding offers a low-cost,
scalable solution, especially for cases involving degraded plant materials, enhancing both
criminal justice and ecological monitoring. The incorporation of mini-barcoding into a
broader conservation–forensics framework supported by surveillance tools, ecological
data, and international barcode databases can significantly improve enforcement against
Taxus crimes. By identifying illegal harvests, tracing geographic origins, and monitor-
ing trade patterns, this molecular method empowers authorities to respond proactively
and with precision. High-efficiency PCR mini-barcoding not only strengthens forensic
investigations involving Taxus but also supports policy, enforcement, and biodiversity pro-
tection in Pakistan. As an interdisciplinary bridge between botany, law, and conservation,
it plays a vital role in building a scientifically informed and legally robust response to
environmental crime.
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