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ABSTRACT: A dependable and efficient wildlife species identification system is essential for swift dispensation of the justice linking wildlife
crimes. Development of molecular techniques is befitting the need of the time. The forensic laboratories often receive highly ill-treated samples for
identification purposes, and thus, validation of any novel methodology is necessary for forensic usage. We validate a novel multiplex polymerase
chain reaction assay, developed at this laboratory for the forensic identification of three Indian crocodiles, Crocodylus palustris, Crocodylus porosus,
and Gavialis gangeticus, following the guidelines of Scientific Working Group on DNA Analysis Methods. The multiplex PCR was tested for its
specificity, reproducibility, sensitivity, and stability. This study also includes the samples treated with various chemical substances and exposed to var-
ious environmental regimes. The result of this validation study promises this technique to be an efficient identification tool for Indian crocodiles and
therefore is recommended for forensic purposes.
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All the three Indian crocodile species, Crocodylus palustris (mug-
ger), Crocodylus porosus (saltwater or estuarine crocodile), and Gavi-
alis gangeticus (gharial), are under serious threat of extinction (1–3).
Although law prevents any illegal activity against these species, illicit
trade continues to date and wildlife forensics require effective molec-
ular techniques for flawless identification of confiscated materials to
prosecute the criminals. The existing molecular techniques like DNA
sequencing (4), sequence characterized amplified region analysis (5),
and polymerase chain reaction (PCR)–restriction fragment length
polymorphism method (6) are time-consuming and may not be effi-
cient in case of mixed samples. Therefore, a simple multiplex PCR
assay was developed based on cytochrome b (cyt b) gene, in which
the species-specific forward primers: MUG for C. palustris, SAL for
C. porosus, GHA for G. gangeticus and a universal reverse primer,
UNI were designed to yield specific-sized PCR products for each
species. This novel multiplex PCR aids in quick and unambiguous
identification of Indian crocodile species (7). However, judicious use
of this technique in forensic cases requires a validation study to be
completed before it can be implemented in the real forensic scenario
(8). The validation of the projected technique is essential for ensuring
the reliability and reproducibility of the results obtained. Therefore,
to establish the utility of this method in forensic examinations, we
present the validation results of our multiplex PCR assay, according
to the guidelines of Scientific Working Group on DNA Analysis
Methods (SWGDAM). In addition, this study also identifies an
unknown specimen using this multiplex PCR assay.

Materials and Methods

Sample Collection and DNA Isolation

The authenticated blood samples of C. palustris, C. porosus,
C. niloticus, C. johnstoni, C. siamensis, G. gangeticus, and Caiman
crocodilus and fresh tissue as well as highly putrefied test samples
of dead G. gangeticus were included in this study. Genomic DNA
extraction from blood samples was carried out by standard phe-
nol ⁄ chloroform procedure (9) followed by purification using Micro-
con 100 centrifugal filter column (Millipore Corporation, Billerica,
MA). DNA extraction from tissue samples was performed using
Qia tissue DNA extraction kit (Qiagen, Valencia, CA) as per the
manufacturer’s guidelines.

Multiplex PCR Amplification

The multiplex reactions were carried out in 25.0-lL reaction vol-
umes in duplicates on GeneAmp� 9700 thermal cycler (Applied
Biosystems, Foster City, CA). The PCR ingredients and the cycling
conditions are described in the study by Meganathan et al. (7), and
all the ingredients and PCR conditions were kept the same for all
the reactions unless otherwise mentioned. The PCR products were
checked in 2.5% agarose gel with 0.5 lg ⁄mL of ethidium bromide
stain. The electrophoresis was performed at 5 V ⁄ cm for 1 h.

DNA Sequencing

To check the reliability of PCR products, the amplicons were
sequenced using BigDye� Terminator v 3.1 cycle sequencing kit
(Applied Biosystems) using both forward and reverse primers on
3100 Avant genetic analyzer. The sequences were aligned using
MEGA 3.1 software (10) to verify the species identity.
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Validation of Multiplex PCR Assay

The multiplex PCR was carried out for all the samples using the
procedure described in the study by Meganathan et al. (7). All the
reactions contain 10 ng of DNA templates unless otherwise men-
tioned. Positive and negative controls were included simultaneously
in all the amplifications.

Species Specificity—The specificity of this technique for Indian
crocodiles was checked by including the DNA samples of C. palus-
tris (N = 20), C. porosus (N = 20), and G. gangeticus (N = 25),
collected across the wide geographical range. Further cross-species
amplification was checked with other crocodile species (C. niloti-
cus, C. siamensis, C. johnstoni, and C. crocodilus), turtle (Kachuga
tecta), snakes (Xenochrophis piscator and Ptyas mucosus), and
house lizard (Hemidactylus flaviviridis).

Tissue Specificity—The forensic laboratories often receive the
hide or muscle of crocodile species for identification purposes.
However, it is highly imperative to check the ability of this assay
with various tissue samples as in few cases different tissue samples
may be provided for species identification. Thus, the DNA
extracted from various tissue samples like hide, muscle, liver,
spleen, lung, kidney, heart, and brain of two individual dead ghari-
als was included in the validation study.

Sensitivity—The sensitivity of this method was evaluated by
performing the multiplex PCR reaction using a range of DNA con-
centrations (10, 5, and 1 ng; 100, 50, and 10 pg) from the three
species. The degraded DNA from bone and highly putrefied tissue
samples of dead gharials was also included in the study to check
the efficacy of the technique for forensic usage.

Stability—Aliquots of 5.0 lL of blood samples of C. palustris
and C. porosus were deposited on filter paper, cotton cloth, wood,
and dried leaf. The samples were kept at ambient temperature
(24�C [min.] and 36�C [max.] with average 70% RH (during the
month of May in Kolkata) for 5 days, and the DNA was extracted
for validation.

Effect of Chemicals on Samples—Five microliters each of
0.1 M NaOH, 0.1 M HCl, 5% glacial acetic acid, 5 M NaCl, 0.2%
SDS was taken on Whatman filter paper (1 cm) separately and
5.0 lL of liquid blood sample of C. palustris and C. porosus was
deposited on the filter papers, whereas 50 mg of fresh tissue sam-
ple of G. gangeticus was transferred to the microcentrifuge tube
containing 1.0 mL of each of the chemicals. All the tubes were
kept at ambient temperature for 5 days, and DNA was extracted
for multiplex PCR analysis.

Effect of Heat on Samples—A 5-lL liquid blood sample of
C. porosus and C. palustris was taken on Whatman filter paper
(1 cm), and 50-mg fresh tissue sample of G. gangeticus was taken
in microcentrifuge tubes. The samples were incubated at different
ranges of temperature and time period: (i) ambient temperature for
1, 5, 10, 20, and 30 days, (ii) 56�C for 8, 16, 24, 36, and 48 h, and
(iii) 70�C for 1, 2, and 3 h. After incubation, the samples were kept
at )80�C until DNA extraction.

Effect of UV Light on Samples—The blood stain samples of
C. porosus and C. palustris were prepared on Whatman filter paper
as mentioned earlier. The samples were placed at a distance of
15 cm from UV light (source of 280–360 nm wave length;

SANKYO DENKI, Hiratsuka, Japan) and directly exposed to the
radiation for 1, 3, 5, 8, and 12 h. The DNA was extracted for mul-
tiplex PCR assay.

Effect of MgCl2 Concentration and Thermo-Cycling Condi-
tions on Multiplex PCR—Concentration of MgCl2 varied from 1.0
to 5.0 mM, and the thermocycling parameters were changed from
those previously optimized by varying the annealing temperature
€3�C and cycling number by €2.

Identification of Unknown Sample

An unknown dried hide sample with least identifiable morpho-
logical features was obtained from Snake Transit House, Jabalpur,
Madhya Pradesh. DNA was isolated, and multiplex PCR was per-
formed with positive as well as negative controls. The amplicons
were examined in 2.5% agarose gel having 0.5 lg ⁄ mL of ethidium
bromide. The utility of this technique was further confirmed by
sequencing the resulting amplicons and aligned with the sequences
of three Indian crocodile species.

Results and Discussion

The conservation management of Indian crocodiles requires
development of novel molecular techniques for the identification of
these species in forensic analyses. In our previous study, we have
developed a multiplex PCR assay for the identification of Indian
crocodile species. This multiplex yields species-specific amplicons
for each species, i.e., 373 bp for C. palustris, 486 bp for G. ganget-
icus, and 578 bp for C. porosus and differentiates the three species
in a simple agarose gel electrophoresis without the need of further
sequencing technique. Although this technique resulted in unambig-
uous species identification, validation studies are mandatory to use
this method in forensic analyses.

Multiplex PCR Validation

The DNA isolated from all the samples was included in the mul-
tiplex validation study. The primers were tested with the DNA
samples of three Indian crocodile species, collected in the wide
geographical range in India, as the individuals that exist in different
environments may possess intra-specific variations in the genome
(11–14), and the presence of these nucleotide variations in the
primer annealing site contort the results. However, the reaction
yielded the expected sized PCR products from all the DNA sam-
ples of three Indian crocodile species and did not amplify the DNA
of other reptile species used in this experiment. Moreover, the
primers were also tested in the electronic PCR (e-PCR) with the
cyt b gene sequences of other crocodiles available in GenBank and
did not produce any products, thus proving the high specificity and
reliability of this method for the identification of Indian crocodiles.
Although DNA isolated from putrefied tissue and bone samples
of G. gangeticus yielded highly degraded DNA, the amplification
produced a positive result (c. 486 bp) for these samples as was
obtained for the DNA isolated from different tissue samples of
G. gangeticus. Furthermore, the primers amplified the expected
species-specific fragments: c. 373 bp for C. palustris and 486 bp
for G. gangeticus in all DNA dilutions (10, 5, 1 ng, 100, 50, and
10 pg), whereas the primers yielded c. 578-bp PCR product spe-
cific to C. porosus in all DNA dilutions, except 10-pg dilution of
DNA. These results substantiate the use of this technique on any
vestigial biological materials. The stability of this assay was tested
by including the samples deposited on various substrates: filter
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paper, cotton cloth, wood, and dried leaf. The amplification was
observed in all samples, except for the blood sample deposited on
wood and even when these DNA samples were serially diluted
(1:2, 1:4, 1:8). This finding was consistent with the validation study
carried out by Branicki et al. (15) where the samples deposited on
wood did not yield any result.

The samples available for forensic analysis are often exposed to
different environmental conditions resulting in poor quality DNA
(16,17), which in turn requires a sensitive method to yield consis-
tent results. Therefore, in the validation study, we have subjected
the samples to more or less similar conditions of adverse tempera-
ture regimes and various kinds of chemical agents. The samples
treated with various chemicals and exposed to different heat condi-
tions yielded highly degraded DNA except a few (samples incu-
bated at ambient temperature for 1 day; samples treated with SDS).
The DNA extracted from those samples treated with 0.1 M HCl,
0.1 M NaOH, and 5% glacial acetic acid was observed as a com-
plete shearing below 1 kb (in 1% agarose gel electrophoresis). Nev-
ertheless, this multiplex PCR assay amplified the expected products
and proved efficient even for these degraded samples (Figs 1 and
2). Moreover, in this validation study, the samples were exposed to
direct UV radiation to check the influence of radiation on the sam-
ples. The UV radiation is known to cause damage and ⁄ or alter the
nucleotide sequence in the DNA template (18,19), which may fail
to amplify. But this method amplified the expected sized amplicons
from DNA extracted from all the samples exposed to UV irradia-
tion. According to SWGDAM, a developmental validation study
reporting a PCR-based procedure must appropriately demonstrate
the effect of MgCl2 and other thermocycling parameters. Hence,
the effect of these parameters was assessed, and we found that the
PCR resulted in nonspecific amplifications below 3.5 mM concen-
tration of MgCl2 whereas no amplification resulted above this con-
centration. The variation in annealing temperature below the
optimized temperature (63�C) resulted in nonspecific amplifications,
whereas an increase of 1�C above this yielded weak PCR products
and no amplification at all was noticed beyond this temperature
range. However, there was no effect of cycling conditions on the
PCR. All the amplicons were sequenced and aligned with positive
controls (the DNA sequences of C. palustris, C. porosus, and
G. gangeticus), and 100% similarity was obtained in the alignment
results with the sequences of appropriate species. The validation
study provides substantial evidence for the effectiveness of the
primers to amplify forensic samples and also describes the advanta-
ges of this methodology in forensic analyses.

Identification of Unknown Sample

The ultimate aim of any technique is to reveal the exact species
identity and this criterion should be met along with the validation
of the technique. Therefore, the multiplex PCR was performed for
the DNA isolated from an unknown sample along with the positive
and negative controls. The amplification resulted in c. 373-bp prod-
uct, which commensurates to the position of gene fragment result-
ing from C. palustris (Fig. 3). This is further confirmed by
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FIG. 1—Validation results showing positive amplification for samples
treated with various chemicals. Lanes 2, 9, and 16: 0.1 M NaOH; lanes 3,
10, and 17: 0.1 M HCl; lanes 4, 11, and 18: 5% glacial acetic acid; lanes
5, 12, and 19: 5 M NaCl; lanes 6, 13, and 20: 0.2% SDS; lanes: 2–7: Croc-
odylus palustris; lanes 9–14: Crocodylus porosus: lanes 16–21: Gavialis
gangeticus; lanes 7, 14, 21, and 23: positive control; lane 24: negative con-
trol; lanes 1, 8, 15, 22, and 25: molecular size markers.
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FIG. 3—Agarose gel electrophoresis result showing 373 bp amplification
from unknown sample which corresponds to Crocodylus palustris. Lane 2:
C. palustris; lane 3: Crocodylus porosus; lane 4: Gavialis gangeticus; lane
5: all three species; lane 6: unknown sample; lane 7: negative control;
lanes: 1 and 8: molecular size markers.
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FIG. 2—Agarose gel electrophoresis for samples exposed to various tem-
peratures in the validation study. Lanes: 2–4: ambient temperature for
30 days; lanes 5–7: 56�C for 48 h; lanes 8–10: 70�C for 3 h; lanes 2, 5,
and 8: Crocodylus palustris; lanes 3, 6, and 9: Crocodylus porosus; 4, 7,
and 10: Gavialis gangeticus; lane 11: positive control; lane 12: negative
control; lanes: 1 and 13: molecular size markers.

MEGANATHAN ET AL. • VALIDATION OF A MULTIPLEX PCR ASSAY 1243



sequencing the amplicon, which resulted in 100% similarity to the
cyt b sequence of C. palustris. Therefore, the species was success-
fully identified as C. palustris using this multiplex PCR assay.

Conclusion

The multiplex PCR technique for the identification of Indian
crocodiles was validated according to the guidelines of SWG-
DAM and proved efficacious in forensic analyses. This method
requires very low quantity of DNA template, efficiently amplifies
the product from samples that have been exposed to various con-
ditions, and produces the expected sized fragments from highly
degraded tissue as well as bone samples. Moreover, the novel
technique revealed the identity of an unknown hide sample as
C. palustris within a shortest time period in simple agarose gel
electrophoresis. Therefore, we suggest utilizing this multiplex
PCR assay in the forensic identification of Indian crocodiles for
proper enforcement of laws thereby aiding in conservation of
these endangered species.
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