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The Greater one-horned (GoH) rhinoceros is one of the most charismatic endemic megaherbivores of the Indian
subcontinent. Threatened by poaching, habitat loss and disease, the species is found only in small areas of its
historical distribution. Increasing demands for rhino horns in chinese traditional medicine has put the existing
population under continuing threat, and large profits and low conviction rates make poaching difficult to
contain. DNA forensics such as the RhoDIS-Africa program has helped in combating illegal rhino horn trade, but
the approach is yet to be optimised for Indian GoH rhinoceros. Here we followed the International Society for
Forensic Genetics (ISFG) guidelines to establish a 14 dinucleotide microsatellite panel for Indian GoH rhinoceros
DNA profiling. Selected from a large initial pool (n = 34), the microsatellite markers showed high polymorphism,
stable peak characteristics, consistent allele calls and produced precise, reproducible genotypes from different
types of rhino samples. The panel also showed low genotyping error and produced high statistical power during
individual identification (Pypsips value of 1.2%107%). As part of the official RhoDIS-India program, we used this
panel to match poached rhino carcass with seized contraband as scientific evidence in court procedure. This
program now moves to generate detailed allele-frequency maps of all GoH rhinoceros populations in India and
Nepal for development of a genetic database and identification of poaching hotspots and trade routes across the

subcontinent and beyond.

1. Introduction

The Greater one-horned (GoH) rhinoceros (Rhinoceros unicornis) is
one of the most iconic, obligate grassland-dwelling megaherbivores
endemic to India and Nepal [1]. Once distributed throughout the
northern part of the Indian subcontinent covering all the major river
basins from Pakistan to Indo-Myanmar borders during the 1600s, the
species is currently found in 12 fragmented, protected regions occupying
>2000 km? area in India and Nepal [1]. With a global population size of
~3700 individuals, the species is categorized as ‘Vulnerable’ by IUCN
[1] and is listed in Appendix I of CITES and Schedule I of the Wildlife
Protection act of India (1972) [1]. The species was on the brink of
extinction around the early 1900s but strong conservation measures
have resulted in population recovery of Indian GoH rhinoceros popu-
lation [2,3]. All extant GoH rhino populations are currently found
exclusively within protected areas [1]. The major threats for the species
are poaching, decline in habitat quality, disease risks, resource depletion
and occasional human-animal conflicts [1,4-7].

Like all other rhino species, one of the most alarming conservation
challenges for GoH rhinoceros populations is poaching for their body
parts, especially horns [1,7]. Poaching threats on the existing rhino
populations are continuously increasing due to high demands of their
horns for traditional chinese medicine and other purposes in the illegal
wildlife markets globally [8,9]. Recent reports from India corroborate
this information as 239 rhino poaching incidents (~10 % of the current
population size) have been recorded between 2001-2016 [10]. The
large profits and low conviction rates in illegal wildlife trade has further
hastened the threats of poaching by organized syndicates. One way of
tackling this problem is to focus on preventing poaching at the source,
where its containment would be most disruptive to these criminal net-
works. It is also important to understand the extent, form and dynamics
of this trade at the supply end and focus on the poaching hotspots in
source countries as well as on potential transit routes between source
and transit countries [11-13]. Given the trend of increasing poaching
pressures for rhino horn [3], DNA-based forensic tools are critical to
counter this threat as such tools have shown great potential to address
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poaching and trade issues at national as well as international scales
[11-13]. The Veterinary Genetics Laboratory, University of Pretoria has
effectively employed the Rhino DNA Indexing System (RhoDIS) across
South Africa and other African rhino range countries to help in rhino
crime case convictions [13]. This program is one of the rare and
exceptional examples of collaboration between forest authorities, sci-
entific organizations and legal authorities to provide scientific evidences
in cases of alleged poaching events [13]. While this system is promising
in the context of GoH rhinoceros conservation and managing the threats
of poaching, the system has not been tested or optimised in India. For
GoH rhinoceros, species identification protocols are well tested and
standardized for forensic use [9,14], but the microsatellite markers have
not been optimised in the line of the African-RhoDIS program and has
only been used in population genetic research [15-18].

In this paper, we addressed key methodological issues related to
optimisation of microsatellite markers for rhino forensic use. We fol-
lowed International Society for Forensic Genetics (ISFG) guidelines [19,
20] to systematically screen dinucleotide microsatellite markers for
forensic use in Indian GoH rhinoceros (RhoDIS-India). While there is a
general concern regarding use of dinucleotide markers in forensic
research, they have been widely used in wildlife forensics [19,20],
including rhinos [21,22]. In addition, we tested DNA extraction pro-
tocols from rhino horns based on the protocols described in earlier
studies [9,14,21]. Finally, we used the microsatellite panel to match
poached carcass samples with seized rhino body parts as scientific evi-
dence in court proceedings. We believe that this approach can be used as
a model to tackle wildlife crime issues in other trade-target species.

2. Materials and methods
2.1. Permission and ethical considerations

The RhoDIS-India program is a Ministry of Environment, Forests and
Climate Change, Government of India led rhino conservation project
with a goal to control rhino poaching at national and regional scale. All
relevant permissions to implement field sampling have been received
from Government of India (Letter No. 4-22/2015/WL). All tissue sam-
pling from naturally dead or poached rhinos were conducted during
post-mortem examinations performed by trained officials of the
respective State Forest Departments of Assam, West Bengal and Uttar
Pradesh and did not require any other ethical clearances.

2.2. Sample collection

All optimisation of laboratory protocols was performed with field-
collected wild Indian GoH rhinoceros tissue samples. A total of 96
reference rhino tissue samples (6 blood samples and 90 muscle tissues)
were provided to us from forest department authorities of Assam
(n = 86), West Bengal (n = 6) and Uttar Pradesh (n = 4). These samples
were collected from naturally dead rhinos (n = 92) during post-mortem
examinations as well as during rhino translocation programs (n = 4). All
field-sampling was conducted by trained persons of the respective forest
departments. Once brought to the laboratory, the samples were cata-
logued and stored in —20 °C freezer until further processing. In addition,
we have also used four reference rhino horn samples for initial labora-
tory protocol optimisation. These samples were part of Wildlife Institute
of India’s (WII) national repository of Wildlife Forensics and Conser-
vation Genetics Cell. About 200 mg of small horn pieces were cut using
sterile blades and stored in —20 °C freezer for protocol optimisation in
the laboratory.

2.3. DNA extraction
DNA was extracted from blood samples using QIAamp DNA Tissue

Kit (QIAGEN Inc., Hilden, Germany) following the standard protocol for
blood samples. To extract DNA from various quality rhino tissue samples
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from the field we used the protocol described in Mondol et al. [24]. In
brief, about 20 mg of tissue was macerated with sterile blade and
digested with 30 pL of Proteinase K (20 mg/mL) and 300 pL of ATL
buffer (Qiagen Inc., Hilden, Germany) overnight at 56 °C, followed by
Qiagen DNeasy tissue DNA kit extraction protocol. DNA was eluted
twice in 100 pL preheated (70 °C) 1X TE buffer. For every set of samples
(n =11), one extraction negative was included to monitor possible
contaminations.

For implementation of RhoDIS-India program we needed to optimise
the DNA extraction protocol from rhino horns as the DNA quality from
the horns can be variable due to presence of keratin, which acts as a PCR
inhibitor [23]. Problems with downstream processing of rhino horn
DNA can further be compounded due to small quantities of starting
material (e.g. chopped pieces and chips or powders) received for case-
work. We tested two different DNA extraction protocols that use Qiagen
DNeasy tissue DNA kit (QIAGEN Inc., Hilden, Germany) on four rhino
horn samples from WII tissue repository and compared the DNA yield
and amplification success for microsatellite markers. The first protocol
was exactly the same used for rhino tissue samples (see above) whereas
in the second method we used a dekeratinizing agent DTT (Dithio-
threitol) during initial lysis [9,14,21,23]. The macerated rhino horn
base tissue (~20 mg weight) were lysed for 16 h at 56 °C with 30 pL of
1 M DTT, 30 pL of Proteinase K (20 mg/ ml) and 300 pL of ATL buffer
(Qiagen Inc., Hilden, Germany) with intermittent vortexing. Post-lysis
remaining steps were followed as described in Qiagen DNeasy tissue
DNA kit. DNA was eluted twice in 100 pL preheated (70 °C) 1X TE buffer
[24]. For each extraction, extraction negatives were included to monitor
possible contaminations. PCR amplifications are performed as described
below.

2.4. Primer selection

The RhoDIS program (both in South Africa [13] and the targeted
Indian program) aimed to provide legal aid for rhino poaching and trade
cases at a global scale. Achieving this goal is only possible through a
same panel of microsatellite markers along with reference samples to
ensure data uniformity across laboratories. The Veterinary Genetics
Laboratory, University of Pretoria has successfully standardized a panel
of 23 microsatellite markers for use in forensic case work of African
rhinos [21]. Some of these 23 markers (n = 18) have been tested on a
few Indian GoH rhinoceros [25], (n = 18) but the entire panel has never
been assessed for use in forensic casework for the species in India. Thus,
we optimised the same markers for the RhoDIS-India program to select
the best ones based on the criteria including i) marker polymorphism
and heterozygosity; ii) amplification success; iii) ease in allele calling
and iv) stable allele characteristics [19,20,26,27]. In addition, we have
also added 11 loci earlier used on Indian GoH rhinoceros [16]. This was
done anticipating that some African rhino markers might not amplify or
produce erroneous results with the Indian rhinos [25,28]. Initially we
tested all 34 markers on 30 field-collected rhino tissue samples from
different rhino-bearing areas in India (Assam = 21, West Bengal = 5 and
Uttar Pradesh = 4 samples, respectively), and the final panel of markers
were used for all remaining samples (n = 66). The primer selection
process involved the following steps:

2.4.1. Optimisation of annealing temperatures and DNA concentrations
Before annealing temperature optimisation, we quantified DNA
concentrations for all 30 samples in Epoch Microplate Spectrophotom-
eter and found highly variable concentrations (ranging from 10 ng/
pL — 745 ng/pL). Further we selected six samples representing a
gradient of DNA concentrations (~10, 80, 150, 300, 500 and 700 ng/pL)
for further optimisations. We serially diluted these DNA concentrations
to 1X, 1/10X, 1/25X and 1/50X, representing input DNA concentration
ranging from 0.2 to 700 ng/pL. To optimise the annealing temperature,
PCR reactions were performed for all 34 primers (See Table 1) in 10 pL
reactions containing 4 pL of 2X Qiagen multiplex PCR buffer mix



Table 1
Details of the 34 microsatellite markers used for GoH rhinos in this study. The selected markers are listed according to their informative content.
Locus ID Repeat Dye Ta  Amplification No. of Allelic size Ho He Cumulative Pp Cumulative P, ADO  FA NA Between run Selection criteria Multiplex
type success (%) allele range (unbiased) (sibs) precision (S.D) PCR sets
RH10 Di HEX 60  98.7 7 14 0.67 0.79  7.21E-02 3.79E-01 0.02 0.01 0.06 0.1 Selected MPI
RH4 Di 6- 57  96.7 6 24 0.72 0.74  7.36E-03 1.55E-01 002 0 0.01 0.18 Selected MPIV
FAM
RH5 Di HEX 60 99.6 5 12 0.56 0.72 9.06E-04 6.55E-02 0 0.02 0.08 0.07 Selected MPII
SR63 Di 6- 60  99.6 4 12 0.64 0.72 1.12E-04 2.78E-02 0.02 0.01 0.05 0.04 Selected MPII
FAM
RH3 Di NED 60 100 3 34 0.59 0.66 2.08E-05 1.30E-02 0.03 0.01 0.04 0.04 Selected MPI
RH1 Di 6- 60 98.4 3 4 0.59 0.63  4.38E-06 6.36E-03 0.04 O 0.03  0.09 Selected MPI
FAM
RH11 Di HEX 57 94.7 4 12 0.62 0.60 1.03E-06 3.27E-03 0.03 0.02 0.01 0.15 Selected MPIV
1R12 Di HEX 60 95.1 2 4 0.19 0.49 3.57E-07 1.96E-03 0 0.01 0.20 0.05 Selected MPIII
SR281 Di 6- 60 97.1 2 2 0.45 0.49  1.34E-07 1.18E-03 0 0.01 0.03 0.04 Selected MPI
FAM
12F Di HEX 60 90 4 6 0.39 0.47 5.07E-08 7.22E-04 0.01 0 0.06 0.05 Selected MPIII
7B Di FAM 60 93.1 3 6 0.43 0.45 1.91E-08 4.43E-04 003 0 0.00 0.04 Selected MPIII
RH9 Di PET 57  96.3 3 24 0.37 0.45  7.25E-09 2.77E-04 0.03 0.08 0.06 0.13 Selected MPIV
RH7 Di NED 60 99.6 2 2 0.47 0.44 2.94E-09 1.75E-04 0.02 0 0.00 0.08 Selected MPIL
IR10 Di NED 60  99.6 2 8 0.31 0.34  1.42E-09 1.23E-04 0.08 0 0.03  0.09 Selected MPII
SR262 Di 6- 60 - - - - - - - - 2.3 Stutter related -
FAM inconsistency (rejected)
7C Di 6- 60 - - - - - - - - - - 1.5 Stutter related -
FAM inconsistency (rejected)
DB66 Di 6- 60 - - - - - - - - - - 1.7 Stutter related -
FAM inconsistency (rejected)
Rh6 Di PET 60 - - - - - - - - - - 1 Stutter related -
inconsistency (rejected)
Rh8 Di PET 60 - - - - - - - - - - 1.7 Stutter related -
inconsistency (rejected)
32F Di VIC 60 - - - - - - - - - - - Monomorphic (rejected) -
B1Rh37D  Di NED 57 - - - - - - - - - - - Monomorphic (rejected)  —
SR74 Di NED 60 - - - — - - - - - - — Monomorphic (rejected) -
DB44 Di VIC 60 - - - - - - - - - - - Monomorphic (rejected) -
DB23 Di VIC 60 - - - - - - - - - - - Monomorphic (rejected)  —
BR6 Di NED 60 - - - — - - - - - - — Monomorphic (rejected) -
1R22 Di VIC 57 - - - — - - — - - — — Monomorphic (rejected) —
Rh12 Di VIC 57 - - - - - - - - - - - Monomorphic (rejected)  —
DB1 Di PET 60 - - - - - - - - - - - Monomorphic (rejected) -
32A Di 6- 60 - - - — - - — - - — — Low RFU (rejected) —
FAM
B1Rh1B Di NED 60 - - - - - - - - - - - Multiple peak (rejected) -
SR268 Di VIC 60 - - - — - - — - - — — Low RFU (rejected) —
Rh2 Di 6- - - - - - - - - - - - - Did not amplify -
FAM (rejected)
DB52 Di PET - - - - - - - - - - - - Did not amplify -
(rejected)
B1Rh1C Di PET - - - - - - - - - - - - Did not amplify -
(rejected)

Ta- Annealing temperature, Ho and He- observed and expected heterozygosity, ADO- allele drop out, FA- false alleles, NA- null alleles.

D 32 ysoyo [

Z4b201 (I20Z) TS $I1UdD [DUOLDLLIIUL 2IUIIS IISUIO]
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(QIAGEN Inc., Hilden, Germany), 0.2 pM labelled forward primer,
0.2 pM unlabelled reverse primer, 4 pM BSA (4 mg/mL) and 2 pL of
rhino DNA at respective concentrations calculated above. PCR condi-
tions included an initial denaturation (95 °C for 15 min); 35 cycles of
denaturation (95 °C for 30 s), annealing (50—60 °C gradient for 40 s)
and extension (72 °C for 40 s); followed by a final extension (72 °C for
20 min). During each reaction set, PCR and extraction negatives were
included to monitor contamination. Amplified products were visualized
with 2 % agarose gel and further genotyped using HiDi formamide
(Applied Biosystems, California, United States) and LIZ 500 size stan-
dard (Applied Biosystems, California, United States) in an ABI 3500XL
Genetic Analyser (Applied Biosystems, California, United States). The
fragment lengths were scored manually using the program GENE-
MARKER (Softgenetics Inc., Pennsylvania, United States) and allele call
bins were created for all the loci. The entire process was repeated three
times in two different PCR machines (Eppendorf flexlid and ABI Veriti)
and results were analyzed to determine optimal annealing temperatures
and DNA concentration and to identify primers that were not amplifying
in Indian GoH rhinoceros. One of the tissue samples was selected as a
‘genotyping reference sample’ and has been independently genotyped
seven times to confirm the alleles. This sample was used as a standard to
reduce genotyping errors from allele shifts among multiple runs in all
subsequent genotyping analyses for Indian GoH rhinoceros and desig-
nated as reference sample for RhoDIS-India program.

2.4.2. Peak characteristics, allele calling and marker polymorphism

Following temperature optimisation of all primers and selection of
the optimum input DNA concentration (see result section) with six
samples, we amplified the next set of samples (n = 24) three indepen-
dent times to select primers based on allele characteristics (multiple
peaks and stutters, peak ratio etc). While allele calling we identified
primers with low ‘relative fluorescence units (RFU)’ (less than 100) and
multiple peaks. These primers were rejected from further analyses as
they can lead to erroneous allele calls [26,27]. Subsequently, we pre-
pared consensus genotypes for all 30 samples using a ‘Quality index’
approach involving all three independent results [29]. To check poly-
morphism in all the markers, we amplified them with remaining tissue
samples (n = 66). All monomorphic markers were then excluded from
downstream analyses.

2.4.3. Stutter-related inconsistencies and multiplexing of primers

To assess stutter-related inconsistencies (particularly in dinucleotide
loci) in our selected loci, we calculated peak RFU ratios of heterozygote
(ratio between short and long allele) and homozygote (ratio between
-2R stutter and its homozygote peak) alleles for all loci [30]. This
approach helped us to select loci with stable stutter character after
quantifying the inter and intra sample variations in peak ratio. The ra-
tios were independently calculated for all three replicates of all poly-
morphic loci for 30 selected samples. Subsequently, we calculated the
standard deviation in the ratios, and the loci with high standard devi-
ation values were rejected as they can be prone to stochastic errors
leading to inconsistent allele calling [30].

The selected markers were multiplexed based on allele size and dye
colour, and then each multiplex panel was checked for data accuracy by
replicating the same PCR conditions mentioned above with different
number of amplification cycles (20, 25, 30 and 40). Finally all sample
(n = 96) were genotyped (for final multiplex panel) in three replicates to
ensure consistent results by comparing them with previously generated
genotypes.

2.5. Data analyses

We quantified allelic dropout and false allele (FA) rates manually as
error rates per locus including the replicate data. Allelic drop out was
quantified as ratio between number of amplifications with loss of one
allele and total number of positive heterozygous individual
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amplification. The false allele was calculated for both homozygotes and
heterozygotes as proportion of number of false allele amplification
versus total number of amplifications [27,31]. Further, we used the
program FreeNA [32] to determine the frequency of null alleles (NA),
which estimates the NA frequency using the EM algorithm [33]. Pro-
gram GIMLET [34] was used to calculate the Pipgibs) for all the in-
dividuals. Following this, any allele having less than 10 % frequency
across all amplified loci was rechecked for allele confirmation. ARLE-
QUIN [35] was used to calculate overall summary statistics and deter-
mine Hardy Weinberg equilibrium and linkage disequilibrium for all the
loci.

2.6. Forensic use of the RhoDIS-India marker panel

We received 16 rhino poaching cases from various legal authorities
in India. The case properties were transferred to our laboratory
following strict ‘Chain of custody’ protocols. Of these, 13 samples were
from poached rhino carcass and three samples were of seized rhino horn
contraband. Some of the case properties from rhino carcasses had mul-
tiple samples for individual matching (n = 7). Following photographic
and administrative documentations at the forensic laboratory, DNA was
extracted, quantified and species identification was performed by partial
cytochrome b and 12S rRNA sequences as described in Jha et al. (2017).
This species identification protocol was chosen over earlier described
ones (for example, see [9]) due to the requirement of India’s leagl
procedure requirements, where ascertainment of species is required to
be matched with our country’s sequence database. PCR reactions were
performed in 10 pl reaction volumes containing 4 pl of 2X Qiagen Hot-
start mastermix buffer (QIAGEN Inc., Hilden, Germany), 0.3 pM of each
forward and reverse primer, 4 pM BSA (4 mg/mL) and 1 ng of extracted
DNA. PCR conditions included an initial denaturation (95 °C for
15 min); 35 cycles of denaturation (95 °C for 30 s), annealing (55 °C
gradient for 40 s) and extension (72 °C for 40 s); followed by a final
extension (72 °C for 10 min). The amplified products were electro-
phoresed, cleaned up with Exo-SAP mixture, sequenced bidirectionally
and matched against our Indian forensic database as well as with the
Genebank for species confirmation. Confirmed rhino samples were then
genotyped three independent times using the final multiplex panels as
determined via the optimisation process outlined above. Finally, indi-
vidual genotypes for the entire panel were matched against the poached
rhino carcass data.

3. Results
3.1. Selection of rhino marker panel

We conducted systematic exclusions of non-suitable markers from
the initial 34 rhino microsatellites based on amplification success,
marker characteristics and polymorphism (see methods for details).
During optimisation of the markers we tried 24 different combinations
of input DNA concentrations ranging 0.2—700 ng/ul and found that
minimum 1 ng/pl DNA is required for reliable microsatellite data gen-
eration. We used this DNA concentration for all subsequent PCR
amplifications.

During the first stage of marker amplification with the reference set
of samples (n = 6) we found that three of the 34 initial markers (Rh2,
DB52 and B1Rh1C) failed to show any amplification (see Table 1). These
primers were rejected from further processing. In the next step we
assessed the marker suitability based on peak characteristics (tested
with 30 samples) and polymorphism (with 96 rhino samples). When
looking for peak characteristics, we found that two loci (32A and SR268)
consistently produced very low RFU and one locus (B1Rh1B) showed
multiple peaks (Table 1). These primers were eliminated from further
testing. The remaining loci (n = 28) were tested for polymorphism and
we identified nine monomorphic loci (Table 1) which were removed
from the panel. Finally, data from all the polymorphic loci (n = 19) were
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analysed for stutter-related inconsistencies across multiple genotyping
runs (tested with 30 samples). We found that five loci (SR262, 7C, DB66,
Rh6, Rh8) showed high standard deviation values ranging from +1 to
+2.3, which may lead to inconsistent allele calling in dinucleotide loci.
The remaining 14 loci showed low standard deviation values (+0.04 to
+0.18) (see Table 1), and could be multiplexed into four panels. During
testing these panels with different amplification cycles we found that
PCR reactions with 20 and 25 cycles consistently produced low RFU
values for all the loci, whereas reactions with 30 cycles produced low
RFU value for larger alleles. While 35 and 40 cycles produced almost
identical results, we decided to continue with 35 cycles for multiplex
PCRs in the line of the singleplex reactions. All samples (n = 96) pro-
duced identical data with these multiplex panels when compared with
the data from singleplex reactions (See Supplementary Fig. 1 for
representative electropherograms).

3.2. Summary statistics for the RhoDIS-India marker panel

None of the selected 14 loci in this panel showed signatures of large-
scale allelic dropout. The mean allelic dropout and false allele rates were
0.02 and 0.01, respectively. Average frequency of null allele was 0.05,
indicating this panel has low genotyping error rates. Amplification
success ranged between 90 %-99.6 % from different tissue types (blood
and tissue, n = 96). These loci showed high to medium levels of poly-
morphism (Table 1). The mean observed heterozygosity was found to be
0.50 + 0.15 and none of the loci deviated from Hardy-Weinberg equi-
librium or showed any evidence for strong linkage disequilibrium be-
tween any pair of loci. The cumulative PIDgjps and PIDyppiased Values
were found to be 1.2 x 107* and 1.4 x 10~°, respectively. Given that
the rhino population size across India is ~3000 [1], this panel provides
strong statistical support for unambiguous individual identification in
forensic use. All summary statistic measures of polymorphism (number
of alleles, allelic size range, heterozygosity etc.) for all loci are presented
in Table 1.

3.3. DNA extraction protocol from rhino horns

We compared the efficiency of two DNA extraction protocols and
found that with DTT protocol yielded 16 ng/pl- 102 ng/ul, whereas
without DTT yielded 0.3 ng/pl- 1 ng/pl from the same samples. Further,
DTT-extracted samples amplified all 14 markers in the panel compared
to none with the other protocol. Given the stark contrast in amplification
success, we used the DTT protocol for all subsequent rhino horn DNA
extractions.

3.4. Individual matching of rhino contraband

Sequencing-based species identification assay confirmed two of the
horn chips as Indian GoH rhinoceros, whereas the third sample was
identified as water buffalo (Bubalus bubalis). We generated complete 14
loci panel data for all 15 poaching cases (13 carcass and two horn chips)
received as part of the RhoDIS-India program. The genotypes from the
horn chips matched with two rhino carcasses from West Bengal and
Assam, respectively, showing the efficacy of this approach to match
seized contraband to their carcass origins. These results were submitted
as scientific evidence to concerned authorities for legal proceedings. We
have also matched genotypes of decomposed rhino carcasses with other
evidence such as blood-stained soil, bullets recovered from crime scenes
etc. These results showcase the power of such DNA-based approaches in
wildlife crime investigations.

4. Discussion
Our major aim in this study was to optimise a panel of microsatellites

for forensic use in Indian GoH rhinoceros. To the best of our knowledge,
this is the only study apart from the African rhinos [13,21,22] where a
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forensic microsatellite marker panel has been standardized to deal with
rhino-related crimes. In the study we followed the ISFG recommenda-
tions during initial testing and optimisation of the markers such as use of
voucher reference samples, various types of rhino samples (blood, tissue,
horn chips representing different input DNA concentrations), tempera-
ture and PCR cycle optimisation, etc., that is generally lacking in other
published GoH rhino population genetic work [16-18]. We have con-
ducted rigorous testing of a large number of microsatellite loci (n = 34)
with field-collected samples before selecting the best ones to develop the
panel. Out of the 34 markers initially selected (23 from the African
RhoDIS panel [21] and 11 tested on Indian GoH rhinoceros [16], we
finally optimised 14 dinucleotide markers into four multiplex reactions
as a time-saving and economic option. Most of the RhoDIS-Africa
markers did not amplify in Indian GoH rhinoceros samples, possibly
due to null alleles resulting from evolutionary differences among genus.
Such non-amplification of cross-species microsatellites has also been
reported earlier in rhinos [25,28]. Further, it is important to point out
that there are general concerns regarding use of dinucleotide markers in
forensic studies [27,30] but ISFG recommends them if they are widely
used in population genetic research and have stable heterozygote bal-
ance [19]. The final selected panel in this study fulfil these criteria and
showed very low genotyping error rates (2 % allelic dropout, 1 % false
alleles and 5 % null alleles) and produce a statistically significant PIDgjp
value of 1.2 x 10~%. However, addition of an allelic ladder [19,36] and
further development of a single multiplex reaction (such as the Meow-
Plex for felids [37], UrsaPlex for ursids [38], DogFiler for canids [39],
SkydancerPlex for hen harrier [40] etc.) will greatly benefit
inter-laboratory data generation and comparisons in rhino forensics. In
addition, further validation work in terms of sequencing of the alleles for
all the loci in the final panel, cross-species amplification testing, allele
nomenclature designation etc. (for example, see [22] for black rhinoc-
eros) are required for wide use of this optimised panel in forensic case
work. In future, we plan to conduct these tests rigorously with extensive
sampling of all Indian GoH rhinoceros populations for the RhoDIS-India
program.

While using the optimised microsatellite panel to identify the origin
of seized horns we performed individual genotype matching instead of
commonly used random match probability approach for genotype
comparisons [41]. We decided to use this approach as the random match
probability requires in-depth understanding of population substructure
data (also known as ® value) [20,41]. There are seven isolated Indian
GoH rhinoceros populations (four in Assam, two in West Bengal and one
in Uttar Pradesh) and no population structure data or
population-specific allele frequency assessments are available. More-
over, within each of the population the allele frequencies can differ
significantly due to variations in population size and histories (in some
cases the entire population has been reintroduced using founders from
different sources), resulting in possible erroneous interpretations of our
results [41]. We believe that until we generate adequate
population-specific information complete genotype matching provides
sufficient support in forensic use. This can be replaced by random match
probability once significant individual level information from all sub-
populations is available. Current advances in non-invasive tools (for
example, faeces) make it easier to develop such a database.

5. Conclusion

In conclusion, we optimised a microsatellite panel for Indian GoH
rhinoceros and used it to generate rhino DNA profiles and matched with
carcasses as scientific evidences in alleged rhino crimes in India. This
work is the first step towards generating an allele frequency map of GoH
rhinoceros across its distribution in India. In future, this data would be
used to determine origins of Indian GoH rhinoceros contraband and
identifying poaching hotspots [11-13]. Currently, global rhino pop-
ulations face major poaching threats as the demands and prices of rhino
horn derivatives are at the highest level. To reduce poaching pressure
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there have been arguments on legalizing rhino horn sales from existing
stockpiles, but recent studies suggested against it [42] and recom-
mended strict law enforcement at the source and consumer regions. The
Indian GoH rhinoceros populations are at continuous risk from poach-
ing, primarily due to geographic proximity to the major rhino horn
consumer countries (Vietnam and China) and transit country
(Myanmar) [7]. We hope that this work, being a government-endorsed
program of the Ministry of Forest, Environment and Climate Change,
Government of India would improve the court prosecution rate, reduce
the time required in prosecutions and in turn will work as a deterrent
towards rhino poaching incidences. Long-term accumulation of such
information would also provide useful data to identify rhino poaching
hotspots and trade routes, thereby help in breaking the wildlife trade
chains. Finally, similar approach can also be used for other trade-target
species globally.
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