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Wildlife forensic DNA analysis by amplification of a mitochondrial locus followed by DNA
sequencing is routine yet suffers from being costly and time-consuming. To address these
disadvantages we report on a low-cost two-step direct PCR assay to efficiently analyze 12
forensically relevant mammalian sample types without DNA extraction. A cytochrome oxidase |
(COl), Cytochrome b, and 16S rRNA degenerated-universal primer pair was designed and
validated for the developed assay and tested with 12 sample types , including processed and
aged samples. The 12 sample types, which included bone, horn, feces, and urine, were
amplified successfully by the assay using a pre-direct PCR dilution protocol. The average
amplification success rate was as high as 92.5% (n=350), with an average PCR product
concentration of 220.71+£180.84 ng/uL. Differences in amplification success rate and PCR
product quantity between sample types were observed; however, most samples provided high
quality sequences, permitting a 100% nucleotide similarity to their respective species via BLAST
database queries. The combination of PBS and Phire® Hot Start II DNA polymerase gave
comparable amplification success rate and amplicon quantity with the proprietary commercial

kits (P > 0.05, n=350) but at considerably lower cost. Stability of the assay was tested by



successfully amplifying samples that had been stored for up to 12 months. Our data indicate
that the developed low-cost two-step direct amplification assay has the potential to be a

valuable tool for the forensic DNA community.
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Abstract Wildlife forensic DNA analysis by amplifica-
tion of a mitochondrial locus followed by DNA sequencing
is routine, yet suffers from being costly and time-con-
suming. To address these disadvantages we report on a
low-cost two-step direct PCR assay to efficiently analyze
12 forensically relevant mammalian sample types without
DNA extraction. A cytochrome oxidase I degenerate-uni-
versal primer pair was designed and validated for the
developed assay. The 12 sample types, which included
bone, horn, feces, and urine, were amplified successfully by
the assay using a pre-direct PCR dilution protocol. The
average amplification success rate was as high as 92.5 %
(n = 350), with an average PCR product concentration of
220.71 £+ 180.84 ng/uL. Differences in amplification suc-
cess rate and PCR product quantity between sample types
were observed; however, most samples provided high
quality sequences, permitting a 100 % nucleotide similarity
to their respective species via BLAST database queries.
The combination of PBS and Phire® Hot Start Il DNA
polymerase gave comparable amplification success rate
and amplicon quantity with the proprietary commercial kits
(P > 0.05, n = 350) but at considerably lower cost. The
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stability of the assay was tested by successfully amplifying
samples that had been stored for up to 12 months. Our data
indicate that this low-cost two-step direct amplification
assay has the potential to be a valuable tool for the forensic
DNA community.

Keywords Cytochrome oxidase I - COI - Direct PCR -
Forensic DNA - Non-human

Introduction

DNA testing of seized materials can aid in the investigation
of illegal mammalian wildlife trafficking. Typical sample
types include body parts and their derivatives such as hairs,
tissues, bones, ivory, and horns [1-3]. Biological tissues
and samples such as blood, feces, and urine are also
commonly encountered in such investigations [4-6].

Mitochondrial DNA (mtDNA) is employed for forensic
animal DNA analysis as it has multiple copy numbers, high
stability, and a high mutation rate [7]. Variations in some
mitochondrial coding regions exhibit high inter-species
variation but also low intra-species variation [7]. Many
mitochondrial genes have been suggested for species iden-
tification, such as the widely used loci cytochrome b (cyt b)
[2, 3, 8], and cytochrome ¢ oxidase subunit 1 (COI) [9, 10].
Several mtDNA-based technologies have been reported for
forensic animal species identification [1, 11-17]. DNA
amplification with universal primers followed by sequencing
is frequently used in non-human forensic laboratories, as it
requires no prior information of the species within the
sample and can also be universally applied to many species
and biological sample types, including degraded or pro-
cessed samples [16]. A range of universal primers have been
proposed for this technique [8, 18-21].
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Table 1 Details of the fourteen collected species including their scientific and common names, number of individual, sample type collected
from each individual, sample origin, and voucher or laboratory designation

No. Species Individual Sample type collected Obtained Voucher no.”
Common name Scientific name from each individual from
1 Domestic dog Canis lupus familiaris 1 Hair root, Hair shaft, Blood ID PSU: CF1, CF2
2 Urine
2 Domestic cat Felis catus 1 Hair root, Hair shaft ID PSU: FCl1, FC2
2 Urine
3 Sheep Ovis aries 1 Muscle ID PSU: OAl, OA2
2 Horn
4 Goat Capra aegagrus 1 Muscle ID PSU: CAl, CA2
2 Horn
5 Asian elephant Elephas maximus 1 Feces CEC PSU: EM1, EM2
2 Urine
Domestic cow Bos taurus 1 Feces ID PSU: BT1
Horse Equus callubus 1 Feces ID PSU: EC1
Tiger Panthera tigris 1 Hair root, Hair shaft, Muscle, PSU-MS PSU: PT1
Bone, Claw, Ear, Skin
9 Water buffalo Bubalus bubalis 1 Hair root, Hair shaft 1D PSU: BBI
10 ‘White rhino Ceratotherium simum 1 Muscle, Bone, Horn, Ear, Skin PSU-MS PSU: CS1
11 Lion Panthera leo 1 Blood SZ PSU: PL1
12 Tapir Tapirus indicus 1 Blood SZ PSU: TI1
13 Bornean orangutan Pongo pygmaeus 1 Bone PSU-MS PSU: PP1
14 Muntjac Muntiacus muntjak 1 Bone, Antler, Horn PSU-MS PSU: MM1

# 1D is individuals donation; PSU-MS is the Princess Maha Chakri Sirindhorn Natural History Museum, Thailand; SZ is Songkhla Zoo,

Thailand; CEC is Chang-Puak Elephant Camp, Thailand

" Voucher numbers for zoo and museum samples were designated by the Princess Maha Chakri Sirindhorn Natural History Museum. Other

samples’ identification numbers were designated at the laboratory

Direct PCR is a technique for amplification of target
DNA from samples without prior DNA extraction. It has
the potential to be faster and cheaper than conventional
methods as the extraction process is omitted. Higher sen-
sitivity is achieved, as no DNA is lost during the extraction
steps. The technique is possible due to genetically modified
DNA polymerases and proprietary additives in the reaction
buffer [22, 23]. In recent years, direct PCR has been used to
shorten the analysis time for human forensic samples [24]
and detection of microbes from contaminated environ-
mental, food, and clinical samples [25-27]; however, it has
never been applied to forensic animal DNA analysis.
Commercial direct amplification kits with proprietary
buffers for animal DNA analysis and polymerases are
currently available, but their high price limits widespread
adoption in developing countries, where illegal trades are
often more severe [28]. A low-cost two-step direct PCR
assay utilizing commonly available laboratory chemicals
would reduce both analysis time and cost.

In this study, we aimed to develop a two-step direct PCR
assay and demonstrate that it efficiently amplified various
forensically relevant animal samples. A comparison of
chemicals that could be used as pre-direct PCR buffers as
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well as a comparison of DNA polymerases suitable for
direct PCR was carried out. The effect of sample type and
sample storage time on the assay were also evaluated.

Materials and methods
Animal sample collection and preparation

Twelve sample types (hair root, hair shaft, muscle, blood,
bone, feces, urine, claw, horn, ear, skin, and antler) rele-
vant to alleged mammalian wildlife investigations were
collected from voucher specimens of 14 commonly traded
or domestic species (Table 1). Guard hairs and claws were
plucked from the skin, rinsed in sterile water, and dried
before storing in a sterile bag. Sterile buccal swabs (Puritan
Medical Products Co., USA) were used to collect EDTA-
mixed bloodstains. Fresh urine was collected in a sterile
bag around the time of excretion. Feces samples were
collected from the field (in an elephant camp) and kept in a
sterile bag. Small pieces of bone samples, horns, and aged
antlers were obtained from individual donations and the
Princess Maha Chakri Sirindhorn Natural History Museum,
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Table 2 Details of species used for primer design

Order Species Common name Accession number
Carnivora Panthera tigris Tiger EF551003.1
Helarctos malayanus Malayan bear FM177765.1
Canis lupus familiaris Domestic dog U96639.2
Felis catus Domestic cat U20753.1
Chiroptera Rhinolophus luctus Woolly horseshoe bat NC_018539.1
Perissodactyla Ceratotherium simum White rhino NC_001808.1
Proboscidea Elephas maximus Asian elephant AJ428946.1
Primates Hylobates lar Gibbon HQ622771.1
Pholidota Manis tetradactyla Long-tailed pangolin AJ421454.1
Diprotodontia Macropus robustus Eastern wallaroo Y10524.1

Thailand, ground using a sterile pestle and mortar, and then
stored in a 1.5 mL microcentrifuge tube. Soft tissues, skins,
and ears were incised from the specimens and then stored
in a sterile bag. All samples were stored at —20 °C until
further analysis.

Primer design

Cytochrome oxidase I (COI) sequences of 10 mammalian
species spanning through seven mammalian orders were
downloaded from GenBank (www.ncbi.nih.gov). Table 2
shows the details of these species and their accession
number. Universal primers were designed from conserved
regions based on the sequence alignment and suitable for
degraded DNA samples. The candidate primers were
checked to have suitable physical parameters and absence
of secondary structures using the bioinformatics web-based
tool Oligo Calc (http://www.basic.northwestern.edu/bio
tools/OligoCalc.html). Primers were synthesized from
Macrogen Inc., Korea.

Development of low cost two-step direct amplification
Comparison of protocols for direct amplification

Two protocols of direct amplification and direct amplifica-
tion incorporating a dilution step were performed using the
Phire® Animal Tissue Direct PCR Kit (Thermo Scientific,
Germany) following the manufacturer’s protocols. Using the
direct protocol, approximately 3—5 hair roots or 5-10 pieces
of 2 mm hair shafts; 0.5-1.0 mm? each tissue sample
(bloodstain swabs, ears, skins, and claws); 0.15-0.35 mg
bones, horns, and antler powder; urine pellet prepared by
centrifuging 300 uL urine; and 1 mm? feces diluted in a
sterile water (1:30-100) were placed directly into the PCR.
Using the dilution protocol, the same amount of sample was
placed into 20 pL of proprietary dilution buffer followed by

the addition of 0.5 uL DNARelease™ additive. The solution
was mixed and incubated at room temperature for 2-5 min
and then at 98 °C for 2 min. The tubes were briefly centri-
fuged and the supernatant was then added to the PCR. Human
DNA acted as a positive control throughout this work.
Negative controls were performed alongside all the
amplifications.

The PCRs were performed in a total volume of 20 pL,
containing 10 pL Phire® Animal Tissue PCR Buffer (with
dNTPs and MgCl,), 1.0 unit Phire® Hot Start II DNA
Polymerase, 0.5 pmol of each primers, 1.5 pL dilution
sample (only for the dilution protocol), and sterile water. A
newly-designed COI universal primer set amplifying
520 bp (Forward 5-CCYATYATRATYGGAGGGTTY
GGHAAYTG-3' and Reverse 5-CDGGGTGTCCRAAR-
AAYCARAATARGTGTTG-3') was used. Ten replicates
were performed for each treatment and sample type using a
T100™ Bio-Rad thermal cycler. Amplification conditions
were as follows: initial denaturation at 98 °C for 5 min; 35
cycles of denaturation at 98 °C for 5 s, annealing and
extension at 60 °C for 25 s; and a final extension at 72 °C
for 1 min. The reactions were stored at 4 °C until further
analysis.

Comparison of chemicals and DNA polymerase
for low-cost direct amplification

Five readily available chemicals (PBS (Sigma-Aldrich,
USA), proteinase K (Invitrogen, USA), sterile water, 1 %
w/v SDS (Invitrogen, USA), and DNAzol® (Invitrogen,
USA) and two commercial buffers (Phire® Animal Tissue
Direct PCR kit’s pre-direct PCR buffer (Thermo Scientific,
USA) and Terra™ Direct PCR Genotyping kit’s pre-direct
PCR buffer (Clontech, USA)) that could be used for cell lysis
were compared as a pre-direct PCR buffer for the dilution
protocol. The PCRs were also performed using eight dif-
ferent commercial PCR kits (containing six different DNA
polymerases) according to their manufacturers’ protocols.
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These commercial kits were Phire® Animal Tissue Direct
Kit (Thermo Scientific, USA), Terra™ PCR Direct Geno-
typing Kit (Clontech, USA), Phire® Hot Start II DNA
polymerase (Thermo Scientific, USA), Phusion® Hot Start IT
DNA polymerase (Thermo Scientific, USA), Pfu DNA
polymerase (Thermo Scientific, USA), Q5® DNA poly-
merase (NEB, USA), TopTaq DNA polymerase (Qiagen,
USA), and Platinum® Taq DNA polymerase (Invitrogen,
USA). Their amplification efficiency in terms of success rate
and DNA quantity were compared to determine if there was a
cheaper alternative to specialized direct PCR Kkits.

DNA separation, detection, and purification

PCR products were visualized on a 2 % agarose gel to
observe if the amplifications provided the expected frag-
ments. The mass of DNA in the bands on the gel was
estimated using a GelAnalyzer2010a (http://www.gelana
lyzer.com). The PCR products were purified using the
ExoSTAR™ reagent (GE Healthcare, USA) following the
manufacturer’s protocol.

Validation of low-cost two-step direct amplification
assay

The low-cost direct PCR assay was validated for its
accuracy in identification by sequencing both strands of all
the purified PCR products using an ABI 3130x1 Genetic
Analyzer (Applied Biosystems, USA). Subsequent DNA
sequences were edited and compared using FINCH TV
Version 1.4.0 (Geospiza Inc, USA) and Mega 5 [29] to
identify and then correct any ambiguous bases. The
amended DNA sequences were used to identify their spe-
cies or origin by comparison to data on the NCBI GenBank
database using the nucleotide BLAST (blastn) with the
default parameters [30].

The low-cost direct PCR assay was also validated for its
robustness using the 12 sample types listed in the Secion
“Animal sample collection and preparation”. All samples
were prepared with PBS and the pre-direct PCR buffer was
stored at —20 °C for a duration of 1, 2, 4, 8, 10, and
12 months. The samples were then analyzed as described
previously to evaluate the effect of storage time on rate of
successful amplification. Each sample type was amplified
in triplicate.

Statistical analysis
The successful amplification of a PCR product at the
expected size and the quantities of PCR product were tab-

ulated in Microsoft Excel and exported to R (http://www.R-
project.org/) for statistical analysis. Comparisons were
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made between pre-direct PCR buffers, DNA polymerases,
and sample types. Tukey’s Honest Significant Differences
method was used as a post hoc analysis to adjust for mul-
tiple comparisons after analysis of variance. P value of less
than 0.05 was deemed statistically significant.

Results and discussion
The comparison of protocols for direct amplification

Amplification efficiency using the direct amplification
protocol and the method incorporating a dilution step were
compared to determine the most suitable procedure. The
comparison was performed using 12 sample types obtained
from 14 animal species commonly related to wildlife
investigations.

Incorporating a dilution step

For the protocol that incorporated a dilution step (Fig. 1
top), all sample types from the 14 species and the positive
control were successfully amplified using the new COI
primers and generated the expected 520 bp PCR products.
No PCR product was obtained from the negative control.
The overall success rate in amplifying all 350 amplifica-
tions (10 replicates performed for each sample type within
each species; each species contributed varying sample
types (Fig. 1)) was as high as 92.5 %, with an average PCR
product concentration of 220.71 £ 180.84 ng/uL. The high
variability in PCR product concentration was due to the
differences between sample types (Fig. 1). All but one
sample type exhibited more than a 90 % amplification
success rate, with urine being the exception (73.3 %).
Although seven sample types (urine, feces, horn, hair shaft,
antler, hair root, and bone) showed lower amplification
success rate, the quantity generated was sufficient for
subsequent sequencing reactions.

Direct PCR results

Using the direct protocol (Fig. 1 bottom), three sample types
(feces, horn, and bone) failed to amplify while very low
amplification success rates were observed in antler (20 %)
and urine (6.7 %) samples. The overall amplification success
rate was only 41.8 % (n = 350) generating an average PCR
product concentration of 228.98 + 174.73 ng/uL. Higher
success rates were found with blood (90 %), ear (85 %), and
claw (80 %) while hair root (60 %), hair shaft (60 %),
muscle (55 %), and skin (45 %) were less reproducible.
Positive control gave an expected 520 bp PCR product while
no PCR product was obtained from the negative control.
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Fig. 1 The two-step amplification results in terms of DNA quantity
and PCR success rate for both direct and dilution protocol of all 12
sample types from 14 animal species commonly related to crimes.

Comparison of the two methods

The dilution protocol provided a higher efficiency and
amplified a PCR product from more of the sample types,
including aged bone and antler obtained from a museum,
when compared to the direct protocol. This could be due to
the pre-direct PCR buffer helping to lyse cells and release
DNA from the samples. The dilution protocol is also suf-
ficiently robust to overcome all inhibitors compared to the
direct protocol. It is assumed that the proprietary dilution
buffer and DNARelease ™ additive assist in the release of
DNA [31, 32]. Another possible explanation for the higher
success of the dilution protocol is that DNA was also
diluted to the optimal range for amplification. Based on
published data, and our unpublished initial results, samples
diluted in a buffer were more likely to generate a PCR
product and that excess DNA template decreases amplifi-
cation efficiency [33]. The dilution protocol also enables
limited samples to be amplified multiple times, as is the
case with extracted DNA, but without having to repeat the
DNA extraction. Only a few minutes incubation in the
dilution buffer was sufficient for successful amplifications,
even with difficult samples, e.g., bones, that would have
needed additional sample preparation steps with conven-
tional PCR. A newly designed COI primer pair was used in
this study as this target length gave high identification

Each mean and 95 % confidence interval is derived from 10
amplifications (total number of amplifications = 350)

confidence and higher amplification success rates than
barcode primers (data not shown).

Development of low cost two-step direct amplification
assay

In the previous experiment, the dilution protocol provided
a higher success rate than the direct amplification in all
sample types. Readily available laboratory chemicals
were explored as a substitute for the proprietary pre-direct
PCR buffer. Alternative DNA polymerases were then
tested to develop a low-cost direct PCR assay as shown
below.

Comparison of chemicals as a pre-direct PCR buffer

Seven chemicals were tested as a sample preparation buffer
used for direct amplification with the dilution protocol.
These data are shown in Fig. 2. PBS, proteinase K solution,
and sterile water gave comparable amplification success
rates and amplicon quantity with the proprietary commercial
buffers (P > 0.05, n = 120 for each buffer (10 repli-
cates x 12 sample types)). Amplification success rates of
each sample type were not significantly different among the
three chemicals and commercial buffers (P > 0.05,n = 120
for each buffer (10 replicates x 12 sample types)). This may
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Fig. 2 The amplification success rates and PCR product concentra-
tions of various samples prepared from 12 forensically relevant
sample types. N = 120 for each pre-PCR buffer (10 replicates x 12
sample types). One species was used as a representative for each

be because the commercial buffers contain PBS, proteinase
K, sterile water and/or chemicals with similar functions.

The short incubation step at 98 °C of the dilution protocol
should denature cellular proteins including cytoplasmic
enzymes. PBS, proteinase K, and sterile water aid direct PCR
in different ways: PBS is non-toxic to cells and can maintain
the pH of the PCR; proteinase K aids cell lysis and degrades
nucleases, thereby minimizing DNA degradation; and sterile
water results in cell lysis through osmotic shock. Surpris-
ingly, the highest amplification success rate was found in the
samples that were treated with PBS (95 %); thus it was
chosen for further analysis.

All SDS and DNAzol dilution samples that had been
expected to aid in the release of DNA from cells yielded no
PCR products. This may be because the two chemicals contain
PCR inhibitors [34] or alter the solution’s pH, affecting the
activity and activation of DNA polymerase [35].

The data suggest that it is not necessary to use the
proprietary dilution buffers supplied with commercial
direct PCR kits for direct amplification of commonly found
forensic samples. Using readily available chemicals as an
alternative decreases the analysis cost and could promote
wider adoption of direct PCR protocols if funds are limited.
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sample type: Muntiacus muntjak for antler; Canis familiaris for blood,
hair root, hair shaft, and urine; Ceratotherium simum for bone, ear,
and horn; Panthera tigris for claw, muscle, and skin; Elephas
maximus for feces

Comparison of DNA polymerases

Eight commercial PCR kits containing six different DNA
polymerases were tested with 12 sample types prepared in
PBS (Fig. 3). Variations in amplification success rate and
amplicon quantity between polymerases and sample types
were observed. Three DNA polymerases (Phire® Hot Start IT
DNA polymerase, Pfu DNA polymerase and Q5® DNA
polymerase) produced PCR products with high amplification
success rates and were not significantly different from the
two commercial direct PCR kits (P > 0.05,n = 120 foreach
polymerase (10 replicates x 12 sample types)). This sug-
gests that these three DNA polymerases could be an eco-
nomical alternative to specialized direct PCR polymerases.
No difference between the specialized Phire® Direct Kit and
the normal Phire® polymerase, both available from Finn-
zymes, were observed. These data support the claim by the
producers that Phire® polymerase exhibits high inhibitor
resistance. Q5® DNA polymerase contains a processivity-
enhancing Sso7d DNA binding domain [36] which may aid
in overcoming PCR inhibitors. Substituting the commercial
direct PCR polymerase with the three more economical
polymerases reduces the cost per reaction by three to ten
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Fig. 3 The amplification success rates and PCR product concentra-
tions from 12 samples types prepared with PBS buffer and directly
amplified using eight polymerases. N = 120 for each polymerase (10
replicates x 12 sample types). One species was used as a

times. Among the three polymerases, Phire® Hot Start II
DNA polymerase provided the highest success rate (95 %).
The Phusion® and two modified Tag polymerases
(TopTaq and Platinum®) consistently failed to amplify all
PBS-dilution samples, suggesting that they are not as
robust as the other novel polymerases. The Phusion® result
contradicts the manufacturer’s claim that it performs well
in the presence of PCR inhibitors [37]. Overall, these
findings concur with earlier reports that genetically modi-
fied polymerases can overcome PCR inhibitors better than
Taq [22, 38-40]. Even inhibitor-rich samples such as bone
and feces were successfully amplified and sequenced.
Although the combined use of PBS and Phire® poly-
merase was applicable to all 12 sample types, the ampli-
fication efficiency of each type was variable. Amplification
success rates could have varied due to variation in (1) DNA
amount in each sample type [41] and (2) the concentration
of any PCR inhibitor. Blood samples had the highest
amplification efficiency, possibly due to the lack of tough
extracellular matrix in blood, resulting in more efficient
lysis. Also, the modified DNA polymerase used in this
study might have been more tolerant to PCR inhibitors
commonly found in blood [42]. Ear, skin, muscle and claw

representative for each sample type: Muntiacus muntjak for antler;
Canis familiaris for blood, hair root, hair shaft, and urine; Cerato-
therium simum for bone, ear, and horn; Panthera tigris for claw,
muscle, and skin; Elephas maximus for feces

showed similar reproducibility. These are all cell-dense
tissues [41]; therefore, they contain more DNA than other
less dense tissues such as bone and ivory. Claw, contrary to
expectation, displayed similar success rates with blood and
cell-dense tissues. Claw samples used include both an outer
keratin layer and an inner dermis layer containing once
actively dividing cells and blood supply [41]. The other
seven sample types (bone, horn, antler, feces, urine, hair
root, and hair shaft) showed low PCR product concentra-
tion, which could be due to the combination of low amount
of DNA and high PCR inhibitors present: calcium (bone,
horn, and antler) [43], bilirubin and plant polysaccharides
(feces) [42], and melanin (hair shaft) [42].

Validation of the low-cost direct amplification assay
Species identification by BLAST

All PCR products obtained from direct amplification (from
samples diluted in pre-direct PCR buffer) using the low-

cost assay provided high quality sequences. DNA sequen-
ces obtained from the same individual were aligned and no

@ Springer



36

Forensic Sci Med Pathol (2014) 10:29-38

Table 3 Accession number, BLAST E-value, percent nucleotide similarity (%NS) and the top matched species of the sequences obtained in this

study

Species Sample type (Individual no.) NCBI no. E-value %NS  Matched species (Accession no.)

1. Canis lupus familiaris Hair root, Hair shaft, Blood (1) KF385956 0.0 100 Canis lupus familiaris (JF342822.1)
Urine (2) KF385957

2. Felis catus Hair root, Hair shaft (1) KF385958 0.0 100 Felis catus (U20753.1)
Urine (2) KF385959 100 Felis catus (JX426133.1)

3. Ovis aries Muscle (1) KF385960 0.0 100 Ovis aries (HM236177.1)
Horn (2) KF385961

4. Capra aegagrus Muscle (1) KF385962 0.0 100 Capra aegagrus hircus (AB736109.1)
Horn (2) KF385963

5. Elephas maximus Feces (1) KF385964 0.0 100 Elephas maximus (EF588275.2)
Urine (2) KF385965

6. Bos taurus Feces (1) KF385966 0.0 100 Bos taurus (FJ971088.1)

7. Equus ferus Feces (1) KF385967 0.0 100 Equus ferus (KC203031.1)

8. Panthera tigris Hair root, Hair shaft, Muscle, KF385968 0.0 100 Panthera tigris (JF357970.1)

Bone, Claw, Ear, Skin (1)

9. Bubalus bubalis Hair root, Hair shaft (1) KF385969 0.0 99 Bubalus bubalis (JN632607.1)

10. Ceratotherium simum Muscle, Bone, Horn, Ear, Skin (1) KF385970 0.0 100 Ceratotherium simum (Y07726.1)

11. Panthera leo Blood (1) KF385971 0.0 100 Panthera leo (KC834784.1)

12. Tapirus indicus Blood (1) KF385972 0.0 99 Tapirus terrestris (JF444473.1)

13. Pongo pygmaeus Bone (1) KF385973 0.0 100 Pongo pygmaeus (AY972696.1)

14. Muntiacus muntjak Bone, Antler, Horn (1) KF385974 0.0 99 Muntiacus muntjak (AY225986.1)

Only one representative sequence from each individual was uploaded to the database, as alignment of multiple sequences from different samples

types did not differ

difference between them was observed. One of these
sequences was used as representative of the data, anno-
tated, and compared to data on GenBank. Table 3 shows
the GenBank accession number and BLAST results of
these sequences.

The results support the use of a two-step low-cost direct
amplification using dilution protocol in alleged cases of
wildlife crimes, as all relevant sample types, including
difficult and aged samples such as bone, antler, horn, and
feces, were assigned to their expected species. Using the
primers designed, the amplicon contained sufficient
sequence information to provide confident match with
appropriate species and short enough to efficiently amplify
a target fragment from degraded samples commonly found
in biological evidence. COI was chosen because its data-
base sequences are increasing rapidly due to the Barcode of
Life project and reported ability to distinguish species [10].
The two species that did not result in a 100 % similarity
(Bubalus bubalis and Muntjacus muntjak) exhibited a 99 %
similarity with their correct species. This indicates that
either there is 1 % intraspecies variation or a species yet to
have their sequence for this locus on GenBank shares 99 %
similarity for the DNA sequence. Another 99 % match was
found for Tapirus indicus, yet according to GenBank there
is no sequence for this species lodged. The 99 % match

@ Springer

was to a closely related species (Tapirus terrestris) within
the same genus. This underlies the need to have relevant
taxonomic knowledge and be able to account for either
intraspecies or interspecies variation. The degree of con-
fidence in species assignment is dependent on the data
available and the reliability of the data. GenBank is a
wealth of knowledge but is known to have a few errors.
Greater confidence in species identification will occur if
there is confidence in the coverage of GenBank for the
genus to which the species may originate and by generating
phylogenetic trees. If this is not possible, for whatever
reason, the scientist should state caveats that either the
99 % similarity is due to intraspecies variation, and hence
the questioned sample is from this species, or it may be
from another member of the same genus with a higher than
expected interspecies variation, or it may be from a species
yet to be identified.

Estimation of storage time for dilution sample

Thirty-six dilution samples (three samples for each of the
12 sample types) stored in PBS at —20 °C for 1, 2, 4, 8, 10,
and 12 months were amplified by the developed low-cost
direct PCR (using the Phire® polymerase). Triplicate
amplifications of seven sample types (hair root, hair shaft,



Forensic Sci Med Pathol (2014) 10:29-38

37

Table 4 The effect of storage time on ability to amplify a PCR
product using the developed two-step direct PCR with PBS as the
dilution buffer and Phire® polymerase

Sample type Storage time (month)

1 2 4 8 10 12

Hair root, Hair +++ +++ +++ +++ -+

shaft, Blood,

Muscle, Skin,

Ear, Claw
Bone +++ +++ +++ +—+ +—— ——=
Horn, Antler, Urine +++ ++4++ +++ +++ +4+— ++-—
Feces +++ +++ +++ +++ +++ =+

A plus (+) denotes a successful amplification and a minus (—)
denotes a failed amplification. Three samples were tested at each
time-point

blood, muscle, skin, ear, and claw) generated PCR products
after storage for up to 12 months (Table 4). Feces, horn,
antler, and urine were also amplifiable up to 12 months
storage, but there were some failed amplifications. None of
the three PCRs from bone stored for 12 months were
successfully amplified.

The ability to amplify a PCR product at different storage
times for each sample type appears to be associated with (1)
the initial template amount, (2) the amount of inhibitors and
microorganisms, and (3) the frequency of freezing and
thawing. As expected, five sample types (blood, muscle, skin,
ear, and claw) with a high initial DNA level [44] (as reflected
by the PCR amplicon quantity shown in Fig. 2) could be
stored the longest. Although hair root and shaft produced a low
amount of amplicon, the samples were amplifiable after up to
12 months storage. This is probably because hair roots and
shafts contain less inhibitors and microorganisms when
compared with bone, horn, antler, urine, and feces.

Conclusion

This is the first time that a two-step direct PCR assay has
been evaluated and applied for all forensically relevant
sample types, including difficult samples such as bone, hair
shaft, and feces. The dilution protocol using PBS in com-
bination with Phire® Hot Start II DNA polymerase and
COI universal primer generated the best data based on the
maximum amplification efficiency. The assay is up to ten
times cheaper than a commercial direct PCR kit. No
complex pre-PCR treatments, no DNA extraction, and no
quantitation are required, saving at least 2—4 h of time in
the DNA analysis process. This rapid assay will be a
beneficial and valuable tool for the non-human forensic
DNA community, particularly if funds are limited. The test
is not only limited to forensic purposes but may be adopted

by field studies in the area of wildlife conservation and
management of biodiversity where fecal and hair samples
are commonly encountered.

Key points

1. This is the first time direct PCR has been applied for
forensic animal DNA analysis. All 12 sample types,
including samples such as bones and feces which fre-
quently contain trace or compromised DNA, were
successfully amplified without the need for complex
pre-PCR treatment.

2. A novel low-cost two-step direct PCR assay using a
new cytochrome oxidase I universal primer pair was
developed and optimized. The new COI primers were
suitable for forensic analysis as it produces a short
PCR product for degraded samples and yet contains
sufficient DNA data to permit species identification.

3. Seven chemicals and six polymerases were evaluated
as a substitute for commercial direct PCR kits in order
to keep the cost of analysis low. PBS with Phire® DNA
polymerase performed comparably to commercially
available direct PCR Kkits.

4.  All samples amplified using this assay gave correct species
identification using BLAST queries with high confidence.
Samples prepared using the proposed dilution protocol
could still be amplified after 12 months of storage.
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Forensically informative nucleotide sequencing (FINS) is commonly used in forensic laboratories
worldwide for wildlife species identification. Recently direct PCR - DNA amplification without prior DNA
extraction - has been gathering attention in the human forensic community due to its high efficiency,
but it has never been applied to non-human forensic investigation. Therefore, we aimed to evaluate the

Keywords: possibility and efficiency of using direct PCR-FINS for species identification from various types of
Direct PCR forensically relevant animal samples. Eight biological evidence types (hair, muscle tissue, bloodstain,
E:)I\rfnsic DNA bone, ear, skin, urine, and feces) from three common crime-related animals (tiger, white rhino, and Asian
Wildlife elephant) were analyzed with the three-step direct PCR-FINS method: direct PCR amplification of target

DNA with 16S rRNA and cytochrome b universal primers, sequencing, and database searching (BLAST).
All sample types were successfully amplified using direct PCR-FINS method and provided the expected
PCR products. Each amplicon sequence and its relevant animal species were completely matched using
BLAST, meaning that the species of the samples were correctly identified. In conclusion, the ‘direct PCR-

FINS method’ is rapid, reliable, and meets the requirement of international forensic organizations.

© 2013 Elsevier Ireland Ltd All rights reserved.

1. Introduction

Species identification using mitochondrial DNA analysis is a
valuable tool for proving illegal possession of evidence from
protected-wildlife species. Forensically informative nucleotide
sequencing (FINS) is one of many DNA-based approaches
commonly used in wildlife forensic laboratory worldwide for this
purposes. However, the method is costly and labor-intensive,
which are the most significant obstacles in routine forensic work.
Recently, direct amplification method has proved to be efficient for
human forensic DNA analysis with several advantages: quick,
simple, and requires only a small amount of sample.

Therefore, in this study, we aimed to evaluate the possibility
and efficiency of using direct PCR-FINS method for wildlife forensic
investigation in the aspect of species identification from eight
forensically relevant sample types.

2. Materials and methods

Eight sample types (hair, muscle tissue, bloodstain, bone, ear,
skin, urine, and feces) commonly found in wildlife crime scenes
were collected from voucher samples of three commonly traded

* Corresponding author. Tel.: +66 074 288 565; fax: +66 074 446 681.
E-mail address: thitika.k@psu.ac.th (T. Kitpipit).

1875-1768/$ - see front matter © 2013 Elsevier Ireland Ltd All rights reserved.
http://dx.doi.org/10.1016/j.fsigss.2013.10.185

species (tiger, white rhino, and Asian elephant). Each samples type
was decontaminated or cleaned before performing direct amplifi-
cation with 16S rRNA and cytochrome b universal primers using
the Phire® Animal Tissue Direct PCR Kit (Thermo Scientific,
Germany) following the two manufacturer’s protocols - direct and
dilution protocol. Optimal amounts for each sample type were
determined.

The PCR products were quantified using a MaestroNano
Spectrophotometer (Maestrogen, USA) and purified using the
QIAquick gel extraction kit (QIAGEN, USA) or the ExoSTAR™
reagent (GE Healthcare, USA) following their manufacturer’s
protocols. All purified PCR products were sequenced using an
ABI 3130xI Genetic Analyzer (Applied Biosystems, USA) in both the
forward and reverse directions. DNA sequences were edited and
compared using FINCH TV Version 1.4.0 (Geospiza Inc, USA) and
Mega 5 [1] to correct ambiguous bases. The corrected sequences
were then used to identify their species origin by matching with
the closest reported sequence uploaded to the NCBI Genbank
database using the Basic Local Alignment Search Tool (BLAST) [2].

3. Results and discussion

The amplification result showed that direct PCR could be used
for wildlife DNA analysis as the expected products of 240 and
1140 bp were generated for the 16S rRNA and cyt b primers,
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Fig. 1. Average amplification success rates (%) from ten amplifications categorized by sample type. Color bars indicate the method used (pink for 16S direct protocol, red for
16S dilution protocol, light blue for cyt b direct protocol, and dark blue for cyt b dilution protocol).
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Fig. 2. The DNA sequencing quality of tiger muscle sample amplified using the 16S rRNA universal primer. Good quality sequences were obtained regardless of protocol and

purification method.

respectively. The dilution protocol provided a higher success rate
and amplified more sample types when compared to the direct
protocol for both primer sets (Fig. 1). Using the dilution protocol
with 16S rRNA universal primers, all samples were successfully
amplified and provided an average success rate as high as 99% (ten
replicates per sample type). The successes obtained in this study
are attributed to genetically modified DNA polymerases, which
have high inhibitor tolerance, and proprietary additives in the
reaction buffer [3,4]. Amplicon length is one of the factors affecting
the amplification competence, as success rates of 16S rRNA
amplification were much higher than cyt b. The failure in
amplifications is probably due to PCR inhibitors above the
tolerance limit of the PCR buffer and DNA polymerase system.

All PCR products provided high quality DNA sequences
regardless of the PCR purification methods and PCR product
concentration. Some samples from the direct protocol had higher
background noise when compared with the dilution protocol;
however, the noise was low enough not to interfere with the base
calls (Fig. 2). Most BLAST queries using the sequence data in this
study reported a 100% match with the correct species. Some
sequences resulted in less than 100% match, which is due to (1) no
reference sequence for that species is available in Genbank and (2)
intra-species variation within the queried region.

4. Conclusion

Direct PCR assay can be used for wildlife DNA analysis. The
assay is rapid, robust, reliable, and applicable to identify all
forensically relevant unknown and casework sample types. The
procedure of the dilution protocol with 16S rRNA universal primers

is recommended, because it provided the maximum amplification
success rate and PCR product concentration.
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Direct PCR has been used successfully in wildlife forensic DNA analysis from several types of biological
samples using specialized, commercial direct PCR kits. This is attributed to the proprietary chemicals
provided in the kits such as pre-PCR buffer and modified DNA polymerases. These reagents can be
expensive, thereby limiting their widespread adoption in developing countries, where wildlife crimes

Keywords: are often encountered. We report on a study to evaluate the possibility of using low-cost direct PCR assay
Direct PCR for degraded and processed wildlife sample analysis. Phire™ and Q5™ polymerases were used, due to
/L\(;‘;v&w“ their relatively low cost, for direct amplification of six aged and processed sample types (dried skin, 30-
Processed year old hair, muscle tissue, bone, trace blood mixed in vodka, and dried soft antler). The result indicated

that Phire™ Hot Start Il DNA polymerase and Q5® DNA polymerase performed similarly to commercially
available direct PCR kit. The low-cost amplification could efficiently identify species origin from all aged
and processed samples. We observed a rate of more than 80% amplification success and high PCR product
concentrations sufficient for further sequencing. The assay proved to be cost effective and robust; thus,
we expect it to be adopted by wildlife forensic laboratories in developing countries.

© 2013 Elsevier Ireland Ltd All rights reserved.

Wildlife forensic science

1. Introduction

Wildlife forensic science frequently requires to analyse samples
to determine if controlled or protected species are present. The
evidence in such cases may include both body parts and their
derivatives such as hairs, tissues, and bones [1,2]. Degraded or
processed biological evidence are also commonly encountered
[3,4]. Generally the species identification process is divided into
three steps - DNA extraction, PCR amplification and purification of
PCR products, and sequencing followed by phylogenetic analysis or
database searching.

Direct PCR using a dilution protocol with a commercial kit has
been proven to be efficient for DNA analysis from various types of
samples attributed to wildlife crimes (authors’ unpublished data).
This increased efficiency is attributed to the proprietary chemicals
provided in the kits such as pre-PCR buffer and modified DNA
polymerases. However, the commercial assays are expensive,
limiting their widespread adoption in developing countries where
wildlife crimes are often encountered. Other novel, less expensive

* Corresponding author. Tel.: +66 074 288 565; fax: +66 074 446 681.
E-mail addresses: thitika.k@psu.ac.th, four4_4@hotmail.com (T. Kitpipit).

1875-1768/$ - see front matter © 2013 Elsevier Ireland Ltd All rights reserved.
http://dx.doi.org/10.1016/].fsigss.2013.10.036

polymerases are available but their performance in direct
amplification with aged and processed wildlife samples has never
been evaluated. Thus, in this study, we compared the performance
of two novel polymerases with a specialized direct PCR kit on aged
and processed sample types encountered in wildlife crimes.

2. Materials and methods

Dried skin and muscle tissue of tiger, bone of rhino, and 30-
year-old leopard hair were collected from museum voucher
specimens. A product labelled as vodka mixed with trace deer
blood and dried soft antler were bought from a local deer farm.
Guard hairs were plucked from the skin, rinsed in sterile water, and
dried before storing in a sterile bag. Dried skin and muscle tissue
were incised and kept in sterile bags while bone sample was
ground using a sterile pestle and mortar and then stored ina 1.5 mL
tube. Small amounts of these samples were separately added with
20 pL sterile water and incubated at 98 °C for 2 min. The
supernatant was used for direct amplification.

The PCRs were performed using a commercial direct PCR kit -
Phire® Animal Tissue Direct Kit (Thermo Scientific, USA) - and two
economical PCR kits - Phire® Hot Start Il DNA polymerase
(Thermo Scientific, USA) and Q5™ DNA polymerase (NEB, USA),
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Fig. 1. Left: the average amplification success rate (%) of six sample types (either aged or processed samples) commonly found in wildlife crimes using Phire™ Animal Tissue
Direct Kit, Phire®™ Hot Start [l DNA polymerase, and Q5® DNA polymerase. Right: the PCR product quantity (in ng/pL) of the same samples. Error bars denote 95% bootstrapped
confidence intervals. Differences in amplification success rates and PCR product quantities were apparent.

according to their manufacturer’s protocols and using a cyto-
chrome oxidase I universal primer pair following our unpublished
method. Five amplifications were performed for each sample.

3. Results and discussion

The amplification result showed that both commercial (Phire®™
Animal Tissue Direct Kit) and low cost direct PCR assays (Phire®™
Hot Start Il and Q5™ DNA polymerase) were able to amplified aged
and degraded wildlife samples and generated the expected
products of 520 bp. The average amplification success rate of
direct amplification using the commercial Phire® Animal Tissue
Direct Kit, Phire® Hot Start 11 DNA polymerase, and Q5® DNA
polymerase were 80%, 88%, and 64%, respectively. These data
indicate that the low-cost direct PCR assay using both Phire®™ Hot
Start 11 and Q5™ DNA polymerase showed amplification success
rates comparable to commercially available direct PCR kit in the
analysis of aged and degraded wildlife biological samples (Fig. 1).
Even though PCR product concentrations of most samples were
low, DNA sequences of sufficient quality were obtained and found
to report a 100% match with the correct species using BLAST (data
not shown). Omitting the sample preparation step and DNA
extraction has the potential to be faster by 1 h and save at least 5-
10 USD per sample, assuming a DNA extraction kit is used. The use
of the less expensive DNA polymerases saves up to three times in
analysis cost.

Although the low-cost direct PCR assay was applicable to all
aged and degraded sample types, the amplification success rate
(reproducibility) of each type was different. Amplification success
rates in each sample types varied due to (1) variation in DNA
amount; (2) PCR inhibitors in the samples, whether from naturally
occurring sources (e.g. heme in blood) or from sample processing
steps; and (3) sample storage approach. The highest amplification
success rate and PCR product concentration were found in aged
muscle samples. This could have been because muscle is a cell-
dense tissue, thereby containing more mtDNA copies and also
because the muscle samples had always been kept at —20°C

during storage. Other sample types were not as efficiently
amplified as muscle tissues or had less initial DNA template,
resulting in a much lower PCR product concentration.

4. Conclusion

Low-cost direct PCR using Phire® Hot Start Il DNA polymerase
and Q5™ DNA polymerase with the dilution protocol proved to be
efficient in the analysis of aged or processed wildlife samples
commonly found in wildlife crime scenes. It therefore can be a
valuable tool for wildlife forensic DNA community, particularly in
developing countries.
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