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Abstract 
Poaching and trans-boundary trafficking of tigers and body parts are threatening the world’s last remaining wild 
tigers. Development of an efficient molecular genetic assay for tracing the origins of confiscated specimens will 
assist in law enforcement and wildlife forensics for this iconic flagship species. We developed a multiplex ge-
notyping system “tigrisPlex” to simultaneously assess 22 short tandem repeat (STR, or microsatellite) loci and 
a gender-identifying SRY gene, all amplified in 4 reactions using as little as 1 ng of template DNA. With DNA 
samples used for between-run calibration, the system generates STR genotypes that are directly compatible with 
voucher tiger subspecies genetic profiles, hence making it possible to identify subspecies via bi-parentally in-
herited markers. We applied “tigrisPlex” to 12 confiscated specimens from Russia and identified 6 individuals 
(3 females and 3 males), each represented by duplicated samples and all designated as Amur tigers (Panthera ti-
gris altaica) with high confidence. This STR multiplex system can serve as an effective and versatile approach 
for genetic profiling of both wild and captive tigers as well as confiscated tiger products, fulfilling various con-
servation needs for identifying the origins of tiger samples. 
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INTRODUCTION
The tiger [Panthera tigris (Linnaeus, 1758)] , one of 

the world’s most prominent charismatic megafauna spe-
cies, has been the focus of conservation efforts for al-
most half a century. Historically, tigers inhabited much 
of Asia and likely numbered near 100 000 as recently 
as the 1930s (Seidensticker et al. 2010). However, to-
day only approximately 3000 adult tigers survive in the 
wild (Dinerstein et al. 2007; Walston et al. 2010; Chun-
dawat et al. 2011). By contrast, there is a much larger 
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captive population of over 13 000 individuals, most of 
which lack coordinated breeding management and are 
considered “generic” tigers (Luo et al. 2008; Nyhus et 
al. 2010). 

Wild tigers are mainly threatened by growing hu-
man populations, habitat loss and fragmentation, and the 
hunting of both themselves and their prey. Poaching and 
illegal trade in tiger parts are critical factors pushing ti-
gers to the brink of extinction (Dinerstein et al. 2007; 
Walston et al. 2010). Tiger body parts and derivatives, 
such as bones, tails, whiskers and even eyeballs, are 
claimed to have therapeutic effects in traditional orien-
tal medicine, leading to a highly profitable black market 
in many countries (Mills & Jackson 1994). Open illegal 
trade in tiger skins also exists in China’s Tibetan regions 
for use in household decorations and costumes (Verheij 
et al. 2010). Over the past decade, seizures of tiger parts 
being brought across the borders of India, Russia and 
other tiger range states into China have been increasing 
(Verheij et al. 2010). All these trends highlight the im-
portance of enhancing law enforcement efforts to pre-
vent poaching and trade, a process that will require the 
development of tools and assays for tracing sources of 
confiscated tiger parts.

Molecular genetic evidence suggests the existence 
of 6 living subspecies: Bengal tiger (Panthera tigris 
tigris), Amur tiger (Panthera tigris altaica), South 
China tiger (Panthera tigris amoyensis), Sumatran tiger 
(Panthera tigris sumatrae), Indochinese tiger (Pan-
thera tigris corbetti) and Malayan tiger (Panthera ti-
gris jacksoni) (Luo et al. 2004, 2010b; Chundawat et al. 
2011). Mitochondrial DNA and microsatellite-based ge-
netic marker systems have been applied widely to a va-
riety of tiger conservation issues (Luo et al. 2010a), in-
cluding reconstruction of demographic history (Mondol 
et al. 2009a), non-invasive assessment of population 
genetic status (Henry et al. 2009; Mondol et al. 2009b; 
Sharma et al. 2009, 2013; Borthakur et al. 2011), 
assignment of sub-specific origins of captive tigers (Luo 
et al. 2008), development of mtDNA SNP chips for 
forensic applications (Kitpipit et al. 2012) and inference 
of genetic ancestry of the extinct Caspian tiger using 
museum specimens (Driscoll et al. 2009). In particular, 
microsatellite markers in combination with non-invasive 
sampling and mark–recapture statistics have contributed 
significantly to individual identification and estimates of 
population size in India and Russia (Henry et al. 2009; 
Mondol et al. 2009b).

Due to their relatively high mutation rates and 
multi-allele nature, microsatellite or short tandem repeat 

(STR) markers are suitable for detecting genetic diver-
sity at population and individual levels, and are, there-
fore, often used in molecular ecology and forensic stud-
ies (Butler et al. 2007; Wasser et al. 2008; Ogden 2011). 
Multiplex polymerase chain reaction (PCR) amplifica-
tions of STR loci are often applied to improve the effi-
ciency of template DNA where the quantity of a sample 
is limited. Mondol et al. (2009b; 2012) report simulta-
neous amplification of STR loci for tiger fecal samples 
collected from India. Borthakur et al. (2011) conducted 
two sets of multiplex PCRs in tiger scat samples from 
eastern India, with 4 STR loci amplified in each set, 
but the loci chosen did not overlap with previous STR-
based studies and, hence, were not comparable with ge-
netic profiles from other populations. To date there is no 
well-established multiplex PCR system for tiger STR 
profiling across all subspecies.

We attempted to develop a multiplex system that can 
serve as an effective, robust and versatile approach to 
obtain genetic profiles of captive and wild tigers, as well 
as tiger parts of unknown origin. Here we present the 
results: a multiplex STR genotyping system for the ti-
ger, which incorporates 1 gender-identification marker 
and 22 autosomal STR loci optimized for tiger genomic 
DNA, organized into four subset panels. We used three 
samples with known genotypes for calibration with ge-
netic profiles reported by Luo et al. (2004), and then 
tested 12 tiger samples of undisclosed source for iden-
tification of individual, sex and subspecies to validate 
the system. Due to the degraded nature of non-invasive-
ly collected samples such as scats, a single multiplex as-
say including a large number of loci (i.e. >12) may not 
be realistic and could incur severe allele dropout. To in-
crease the system’s versatility for potential applications 
to various categories of genetic samples, the 23 markers 
were organized into four 5-plex or 6-plex panels. This 
way we may assess the level of precision with reduced 
numbers of markers, thereby allowing for adjustments 
in various situations depending on time, labor, sample 
quality or financial constraints. Finally, we also made 
serial dilutions of DNA to assess sensitivity and vol-
umes required for reliable results. 

MATERIALS AND METHODS

Biological samples

DNA from 3 tiger individuals (PTI-88, PTI-212 and 
PTI-270 [Table S1]) were used in pilot experiments and 
calibration for genotyping results between different STR 
runs, so that a comparison to genetic profiles of vouch-
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Table 1 Marker panels and primers of the tiger short tandem repeat (STR) multiplex system

Locus Cat  chromosome Repeat unit Size range (bp) Dye Primer sequence (5’-3’) †

Panel A
FCA8 A1 (CA)n 132–148 ROX F: ROX - ACTGTAAATTTCTGAGCTGGCC

R: TGACAGACTGTTCTGGGTATGG
FCA32 A2 (CA)n 188–204 6-FAM F: 6-FAM - GGCAATTCATGGTAGAGAAAAA

R: CAAGAGTGCATTGGGCAGTA
FCA69 B4 (CA)n 97–115 6-FAM F: 6-FAM - AATCACTCATGCACGAATGC

R: AATTTAACGTTAGGCTTTTTGCC
FCA77 C2 (CA)n 144–160 HEX F: HEX - GGCACCTATAACTACCAGTGTGA

R: ATCTCTGGGGAAATAAATTTTGG
FCA105 A2 (CA)n 191–207 ROX F: ROX - TTGACCCTCATACCTTCTTTGG

R: TGGGAGAATAAATTTGCAAAGC
Panel B
FCA5 E1 (CA)n 140–162 6-FAM F: 6-FAM - TCCTGGCATCCTCCCCATTTCA

R: AAGGCTGACACATCCATCTGGG
FCA43 C2 (CA)n 115–127 ROX F: ROX - GAGCCACCCTAGCACATATACC

R: AGACGGGATTGCATGAAAAG
FCA90 A1 (CA)n 115–125 6-FAM F: 6-FAM - ATCAAAAGTCTTGAAGAGCATGG

R: TGTTAGCTCATGTTCATGTGTCC
FCA91P B4 (CA)n 128–146 HEX F: HEX - ACTCCCAACTTTCACATTCTGACT

R: TGCCCAAACATAATCTCTGCAT
FCA94 F2 (CA)n 194–206 ROX F: ROX - TCAAGCCCCATTTTACCTTC

R: CACCTGAGCCAAAGGCTATC
FCA290P C1 (CA)n 208–226 6-FAM F: 6-FAM - 

TCAGGCTACATCTGAAAGTGAGGA
R: TGCCCATTTGAGAAAGGTCATC

Panel C
FCA44 B4 (CA)n 110–126 HEX F: HEX - AGGGCCTGAACCAAGAGAAT

R: TATTTACAGAGTGCACAGAGGAGG
FCA126 B1 (CA)n 128–152 ROX F: ROX - GCCCCTGATACCCTGAATG

R: CTATCCTTGCTGGCTGAAGG
FCA161P A3 (CA)n 169–187 HEX F: HEX - CCGATACACACCTGCCAAGATT

R: TCACAGACGTGCTCTAGCCAAA
FCA176 A1 (CA)n 200–222 ROX F: ROX - GGAAACTTGGAAAGCAAAACC

R: TCCACAGTTGGAGTTCTTAAGG
FCA220 F2 (CA)n 200–212 6-FAM F: 6-FAM - CGATGGAAATTGTATCCATGG

R: GAATGAAGGCAGTCACAAACTG
FCA441 D3 (ATAG)n 138–166 6-FAM F: 6-FAM - ATCGGTAGGTAGGTAGATATAG

R: GCTTGCTTCAAAATTTTCAC
Panel D
FCA211P B1 (CA)n 112–120 HEX F: HEX - AGAACATAACGCCTCACCCAGT

R: ATGGTGACTGCTTTCCTCCCTA
FCA293P C1 (CA)n 196–208 ROX F: ROX - ACAGATCGCCCAAAAGCACAC

R: TCTCCACATCTTGTCAACAACG
FCA304P A2 (CA)n 119–139 ROX F: ROX - TCATTGGCTACCACAAAGTAGG

R: TAGCTGCATGCCATTGGGTAAC
FCA310P C2 (CA)n 123–133 6-FAM F: 6-FAM - CTTTAATTGTATCCCAAGTGGTCA

R: TCTTAATGCTGCAATGTAGGGCA
FCA391P B3 (ATAG)n 200–224 6-FAM F: 6-FAM - GGCCTTCTAACTTCCTTGCAGA

R: CATTTAGTTAGCCCATTTTCATCA
SRY Y - 101 6-FAM F: 6-FAM - AGCGAACTTTGCACGGAGAG
          R: GCGTTCATGGGCCGTTTGACG

†Primer sequences of the STR loci follow Menotti-Raymond et al. (1999), except for those labelled “P” at the locus names indicating 
redesigned primers.
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er tiger specimens based upon the same loci (Luo et al. 
2004) was possible. Twelve samples (RFET01-RFET12 
[Table S1, Table 1]) of small pieces of tiger skin or mus-
cle were collected in Russia in 2012 during biological 
examinations of animal parts and/or their derivatives. 
The specimens were of undisclosed identity (i.e. un-
known number of individuals, sex or subspecies), and 
were provided for this study to validate the power of the 
STR multiplex genotyping system. DNA was extract-
ed using a DNeasy Blood and Tissue Kit (Qiagen Inc., 
USA) following the manufacturer’s protocols. 

Development of the tiger short tandem repeat 
multiplex system

Short tandem repeat markers of the tiger multiplex 
genotyping system were selected from the 30 polymor-
phic markers that were first developed in the domestic 
cat (Menotti-Raymond et al. 1999) and then genotyped 
across all 6 extant tiger subspecies (Luo et al. 2004) and 
captive tigers with unknown genetic backgrounds (Luo 
et al. 2008). Selection criteria included coverage of dif-
ferent chromosomes, lack of linkage between loci ac-
cording to the cat reference genome (i.e. located on dif-
ferent chromosomes or at least 12 centimorgans apart 
on the same chromosome), high levels of heterozygosi-
ty and assignment efficiency across multiple subspecies 
(Luo et al. 2008), and performance robustness in multi-
plex co-amplification. Sequences of the STR loci were 
verified by aligning them with the tiger reference ge-
nome (Cho et al. 2013) using BLASTN 2.2.26 (Altschul 
et al. 1997) with mismatched primers being redesigned 
accordingly with Primer3Plus (Untergasser et al. 2007) 
for an optimized performance in the tiger. Calibration of 
allele size using 3 reference samples (PTI-88, PTI-212 
and PTI-270), which represent most of the allele range 
in tigers, enabled comparison of the genotypes obtained 
with modified primer sets to the previously published 
voucher tiger dataset (Luo et al. 2004). Primers for the 
male sex identification marker SRY were modified from 
the cat SRY primer (Menotti-Raymond et al. 2005) and 
female sex was determined by a negative result from 
SRY yet positive for other markers in the same multiplex 
panel.

Short tandem repeat loci selected for the multiplex 
system were organized into 5-plex or 6-plex panels la-
beled with 3 different fluorescent dyes. Those with over-
lapping product size in the same panel were assigned 
different dye colors, while for non-overlapping loci the 
same dye color was used. In addition, amplicons with-

in each panel were designed to leave at least 30 bp be-
tween loci of the same dye color, in order to reduce 
potential overlap if new alleles are discovered in the fu-
ture. Forward primers were fluorescently labeled at the 
5′ end with blue (6-FAM), green (HEX) or red (ROX) 
dyes. A 10× primer mix for each panel was prepared 
by diluting 100-μM primer stocks to reach a working 
concentration of 2 μM for each primer pair, except for 
FCA32 in Panel A whose concentration of the forward 
and reverse primer in the 10× mix was 20 μM each, to 
empirically adjust for an overall consistent amplification 
strength across loci.

The multiplex PCR amplifications were conducted 
using a Qiagen Multiplex PCR Plus Kit (Qiagen) in a 
10-μL reaction system containing 5 μL of 2× Multiplex 
PCR Mastermix, 1 μL of 10× primer mix, and 6–10 ng 
of DNA. To evaluate the multiplex system’s sensitivi-
ty to low DNA concentrations, 2 template DNA samples 
were diluted to yield a final mass of 5, 2 and 1 ng in the 
reaction system. Thermal cycling conditions were per-
formed with the GeneAmp PCR System 9700 (Thermo 
Fisher Scientific Inc., USA) or Biometra TProfessional 
Thermocycler (Biometra, Germany) under the following 
conditions: 5 min denaturation at 95 °C, 30 cycles of 95 
°C for 30 sec, 60 °C for 90 sec and 72 °C for 3 min, and 
a final extension at 68 °C for 30 min.

The multiplex PCR products were diluted appropri-
ately and 3 μL of each product was mixed with 0.11 μL 
GeneScan 500LIZ Size Standard and 8.89 μL Hi-Di For-
mamide (Thermo Fisher Scientific Inc., USA). The mix-
ture was then electrophoresed on an ABI 3730xl DNA 
Analyzer, which was fluorescently calibrated with the 
DS-33 GeneScan Installation Standards using 6FAM, 
VIC, NED and PET dyes (Thermo Fisher Scientific 
Inc., USA). Alleles were scored and analyzed using 
GENEMAPPER v4.0 (Thermo Fisher Scientific Inc., 
USA) and Allelogram v2.2 (Morin et al. 2009).

Population genetic analyses 

Short tandem repeat genotypes from 113 voucher ti-
ger specimens (Luo et al. 2004), which included Amur 
tigers (n = 34), captive South China tigers (n = 2), Indo-
chinese tigers (n = 33), Malayan tigers (n = 22), Suma-
tran tigers (n = 16) and Bengal tigers (n = 6), were used 
to evaluate population statistics of the STR multiplex 
genotyping system. Average number of alleles per lo-
cus, polymorphism information content (PIC), and ob-
served and expected heterozygosity were calculated us-
ing the Excel Microsatellite Toolkit v3.1.1 (Park 2001). 
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Three parameters for evaluating population differentia-
tion or assignment were calculated: measures of popu-
lation subdivision FST and RHOST (the counterpart of FST 
with STR-specific mutation models, Slatkin 1995) were 
calculated in GENEPOP v4.2 (Raymond & Rousset 
1995); the informativeness of genetic markers for infer-
ence of ancestry, or the index of power for correct sub-
species assignment, In, was calculated as described by 
Rosenberg et al. (2003). The probability of identity (PID, 
Waits et al. 2001), which measures the probability that 
genotypes from two unrelated individuals will match by 
chance (error rate) and, hence, the STR markers’ poten-
tial for correctly identifying individuals was calculated 
in GIMLET v1.3.3 (Valière 2002). South China tigers (n 
= 2) were excluded from these calculations due to small 
sample size. 

Conservation application of the tiger short 
tandem repeat multiplex system 

Genetic identification of individual tiger specimens 
with unknown background were conducted in CERVUS 
v3.0 (Kalinowski et al. 2007) using the “identity analy-
sis” option. All pairwise comparison values were ranked 
by number of matched loci to check the reliability of 
the analysis. To determine the minimum number of STR 
multiplex panels required to resolve individual identifi-
cation, we first conducted the analysis using only STR 
genotypes from the STR multiplex Panel C, which has 
the highest resolution of individual assignment (or the 
lowest PID) among the 4 (Table 2), and then data from 
Panel B, A and D were sequentially added to the dataset 
(Table 1) following an ascending order of PID. 

For subspecies assignment, we applied a complete 
Bayesian clustering method implemented in STRUC-
TURE v2.3.3 (Pritchard et al. 2000) to calculate the 
probability (q) of a tiger with unknown identity be-
longing to each of the 5 putative subspecies, excluding 
South China tigers, or alternatively, the extent of admix-
ture (i.e. generic tigers). We used the voucher tiger sub-
species samples (n = 113 [Luo et al. 2004]) as a refer-
ence and calculated the probability of each individual 
being assigned to each population cluster (K = 7, with 
Indochinese tigers containing three populations [Luo et 
al. 2004]) without prior designation of the origin of the 
individuals. Seven (K = 7) clusters were chosen for in-
terpreting the voucher tiger population structure, as it 
produced the highest likelihood among other choices of 
K (Luo et al. 2004). We assumed correlated allele fre-
quencies under the admixed ancestry mode and set the 
number of burn-in and replication steps to be 100 000 
and 1 000 000, respectively.

RESULTS

Selection of 22 short tandem repeat loci in the 
tiger multiplex genotyping panel 

Initially, 30 domestic cat STR loci were validated and 
optimized for tigers, with genotype data accumulated 
from multiple past studies (Luo et al. 2004, 2008; Mon-
dol et al. 2009a,b). Based upon this pilot work, 22 STR 
loci were selected for inclusion in a final tiger multiplex 
genotyping panel, among which primers for 8 loci were 
re-designed for an optimized performance in tiger DNA 
(labeled “P” in locus name, Table 1). The assay, named 
“tigrisPlex” with four 5-plex or 6-plex panels (Fig. 1, 
Panels A–D), contains 20 di-nucleotide and 2 tetra-nu-
cleotide STR loci, and the SRY locus for gender identifi-
cation with female sex determined by a negative result, 
together covering 11 of the 18 feline autosomes and the 
Y chromosome. The STR loci located on the same chro-
mosome are greater than 12 centimorgans apart based 
on the domestic cat genetic linkage map (Menotti-Ray-
mond et al. 1999) and are considered unlinked. 

Short tandem repeat loci of the “tigrisPlex” exhibited 
high genetic variability based on population genetic data 
from the 113 voucher tiger specimens including all 6 ex-
tant subspecies (Luo et al. 2004). The overall probabil-
ity of identity (PID) value for each panel was the prod-
uct of PID per locus within this panel, while the overall 
values for other parameters were averaged across loci 
(Table 2). The number of alleles per locus ranged from 
4 at FCA293 to 10 at FCA91P, FCA176 and FCA304P, 
with 7.6 alleles per locus on average. The locus-spe-
cific observed heterozygosity (HO) ranged from 0.333 
(FCA211P) to 0.743 (FCA290P) and the expected het-
erozygosity (HE) ranged from 0.592 (FCA293P) to 0.823 
(FCA105 and FCA161P). An overall average expect-
ed heterozygosity of 0.746 was obtained for the 22 loci 
from the voucher tiger samples. Consistent with HE, PIC 
was greatest at FCA105 and FCA161P (0.795) and least 
at FCA293P (0.526). The values of FST, RHOST and in-
formation content for the assignment index (In) ranged 
from 0.28 to 0.61, 0.32 to 0.65, and 0.70 to 1.10, respec-
tively, indicating sufficiently high genetic diversity of 
the panels of markers. The STR loci FCA5, FCA161P 
and FCA211P provided the highest resolution for distin-
guishing subspecies. Correlations (Spearman’s rank cor-
relation ρ, by R v3.0.1, R Core Team 2013) were signif-
icant between FST and RHOST (P = 0.013), and FST and 
In (P = 0.019), consistent with the notion that inter-pop-
ulation genetic divergence indexes reflect the statistical 
power of subspecies discrimination. 
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The unbiased probability that two individual would 
match by chance (unbiased PID) using multiple pan-
els of “tigrisPlex” varied from 2.31 × 10−5 (Panel D) 
to 2.41 × 10−7 (Panel C) (Table 2), which means using 
only the loci in the most powerful Panel C for individ-
ual identification; the chance that samples from two un-
related individuals matched at all 6 loci is less than 1/1 
000 000. Even for related individuals from a family, the 
probability of mistakenly identifying two samples as the 
same individual using Panel C is on the scale of 1/1000 
(PIDsib = 3.33 × 10−3). If genotypes of Panel B, A and D 
are sequentially added to Panel C, the error rate would 
be subsequently reduced to 1.41 × 10−5, 1.48 × 10−7 and 
2.13 × 10−9, respectively. These measurements indicate 
that the “tigrisPlex” offers high-level resolution for indi-
vidual identification. 

The tiger short tandem repeat multiplex 
“tigrisPlex” assay

The “tigrisPlex” assay typically requires 1–10 ng of 
extracted DNA and generates robust and easily inter-
pretable product profiles (Fig. 2a). Although its sensi-
tivity has not been tested extensively at sub-nanogram 
levels, the multiplex PCR amplifications gave reliable 
results with as low as 1-ng template DNA, as shown in 
the chromatograms from sample RFET04 from a female 
tiger (Fig. 2b). The PCR products from this multiplex 

amplification fell in the size range of 100 to 230 bp, 
with the SRY amplification detectable at 97 bp for male 
individuals (e.g. sample RFET05 in Fig. 2c). Although 
peak heights in 1 panel are not perfectly balanced (e.g. 
the signal for FCA304P is relative weak in Fig. 2), prac-
tically, the level of bias in amplification does not hinder 
allele reading. When the amount of template DNA was 
reduced, peak heights of different loci in 1 panel de-
creased almost proportionally, and there was no sign of 
further amplification bias (Fig. 2b). 

A case study of confiscated tiger specimens

Genotypes from all 23 “tigrisPlex” loci for 12 tiger 
samples from Russia were clearly obtained (Table S1). 
Six pairs of samples were identified as complete match-
es, corresponding to six unique tigers (3 males and 3 fe-
males, Table 1). Values of PID for each of the perfectly 
matched sample pairs based on genotypes from 1 (pan-
el C), 2 (panels C + B), 3 (panels C + B + A) and all 4 
panels (C + B + A + D) of “tigrisPlex” are listed in Ta-
ble 1, corresponding to high confidence in the individu-
al identification results. Using all panels in “tigrisPlex” 
the probability of incorrectly identifying two siblings 
(PIDsib) as one individual is 1/100 000 and is 1/100 if 
using only panel C. Considering that there are currently 
only approximately 400 Amur tigers in the wild (Glob-
al Tiger Initiative Secretariat 2011), a PIDsib value of 
1/1000 (panels C + B) would be sufficiently low to con-

Figure 1 Fluorescent dye colors and size 
ranges for the 22 short tandem repeat (STR) 
loci and SRY based on allele frequencies of 
113 voucher tiger specimens from Luo et 
al. (2004). Numbers on colored bars corre-
spond to names of the STR loci.
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clude that two perfectly-matched tiger samples are from 
one individual instead of a random match. For all oth-
er sample pairs that partially matched using panel C, in-
congruent alleles were detected from at least two of the 
6 loci, at least one of which carried heterozygous geno-
types in both samples, excluding the possibility that the 
mismatch was due to allele dropout.

We applied the tiger subspecies diagnostic system to 
assess genetic ancestry in these 12 tiger samples, as de-
scribed previously (2008, 2010b). All 6 tigers were des-
ignated as Amur tigers with high confidence (Bayesian 
assignment probabilities are from 0.989 to 0.993 [Table 
1, Fig. S1]). 

Figure 2 Chromatograms from 2 tigers 
amplified with the tiger short tandem re-
peat (STR) multiplex system (“tigrisPlex”) 
and electrophoresed on an ABI 3730xl se-
quencer. The X-axis represents size of 
PCR products in base pairs; the Y-axis rep-
resents fluorescence units. (a) Multiplex 
amplifications from 5 ng of a female ti-
ger DNA (RFET04). (b) Multiplex ampli-
fications from the same female individu-
al (RFET04) with template DNA diluted 
to 1 ng. (c) Multiplex amplifications from 
5 ng of a male tiger DNA (RFET05) and 
only Panel D is shown, which included the 
sex-identifying marker SRY. 

a

b

c
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DISCUSSION
Based on the mtDNA-based and microsatellite-based 

molecular genetic marker system that has been estab-
lished and applied in the tiger (Luo et al. 2004, 2008, 
2010b), we have now further developed a flexible and 
efficient genotyping system for identifying tiger subspe-
cies, sex and individuals. The “tigrisPlex” system con-
tains 22 STR loci and a gender-identifying SRY mark-
er, and is organized into four multiplex panels that can 
be used singly, or in combinations as needed to increase 
precision and efficiency. Either all 4 panels or combina-
tions of panels can be chosen to acquire the resolution 
needed in individual studies with various research pur-
poses, and adjusted dependent on available time, labor 
and financial capacity. If sample quantity is constrained, 
we recommend beginning with panel C, which demon-
strated the greatest capacity for individual identification, 
and adding other panels (B, A and D) subsequently.

In this study, we applied “tigrisPlex” to 12 specimens 
with undisclosed identity from the Russian Far East and 
correctly identified the number of individuals, their sex 
and subspecies. With reference samples available for 
calibration and comparison to voucher subspecies (Luo 
et al. 2004), this STR multiplex system is of significant 
practical value for wide-range applications in tiger con-
servation after the procedures previously described (Luo 
et al. 2008, 2010a,b), such as individual identification 
and verification of purebred or admixed genetic back-
ground from unknown captive tigers or confiscated tiger 
parts.

The Amur tiger (P. t. altaica) is currently found only 
in the Russian Far East and northeast China. According 
to investigations by TRAFFIC and other organizations, 
Russia is one of the key source countries involved in 
the illegal international tiger trade, (Verheij et al. 2010). 
The Amur tiger displays reduced genetic variability in 
comparison to other subspecies, possibly due to a post-
glacial colonization of the region or a founder effect less 
than 10 000 years ago (Luo et al. 2004). Despite the low 
genetic variation, the “tigrisPlex” system proved sen-
sitive and statistically powerful enough to distinguish 
Amur tiger individuals. Consequently, this approach has 
potential applications to the other extant tiger subspe-
cies and even captive “generic” tigers, which number 
13 000 to 20 000 worldwide (Luo et al. 2008; Nyhus et 
al. 2010).

One hurdle that has restricted cross-study compari-
sons of STR genetic profile is fluctuation in allele size, 
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which can vary between different genotyping machines 
and even different runs on the same apparatus. In “ti-
grisPlex”, three reference tiger DNA samples with 
known genotypes are provided for standardized cali-
bration, therefore enabling the data generated with “ti-
grisPlex” to be readily compatible with the voucher ti-
ger subspecies dataset (n = 113) from Luo et al. (2004). 
As information concerning geographic origin is criti-
cally needed for tiger management both in the wild and 
in captivity, as well as confiscated tiger parts from il-
legal trafficking, the standardized tiger STR multiplex 
system for subspecies identification represents a neces-
sary toolkit for the tiger conservation community, due to 
the correlation between subspecies affiliation and their 
associated broad geographic range. However, in reali-
ty, shipping of the same reference tiger DNAs for use as 
calibration at different labs internationally may pose a 
challenge; therefore, an alternative option using synthet-
ic DNA probes or other non-regulated DNAs for cali-
bration is worth considering.

As complete genome information from thousands of 
individuals and species are becoming available, numer-
ous tools for elucidating the origin, evolution, diver-
gence and adaptation of free-ranging wildlife are also 
becoming available (Allendorf et al. 2010). Facilitat-
ed by the advances in next-generation sequencing tech-
nologies, single nucleotide polymorphism (SNP) mark-
ers are accelerating the field of conservation genomics 
due to their high-throughput capacity and genome-wide 
coverage (Allendorf et al. 2010). However, STR carries 
several apparent advantages over SNPs, including high 
variability and multi-allele characteristics, which will 
likely ensure their continued importance in forensic and 
conservation genetics (Butler et al. 2007). For instance, 
a subset of “tigrisPlex” markers was used to validate a 
tiger pedigree from captivity that included 38 closely re-
lated individuals (Xu et al. 2013). While 9 out of the 14 
tested STR markers (>60%) detected two misplaced ti-
gers from the family, only 6–9% of the genome-wide 
restriction-site-associated (RAD) DNA SNPs recog-
nized the wrong paternity (Xu et al. 2013). Relative to 
SNP markers, much fewer STR loci are sufficient for re-
solving closely related populations, testing paternity or 
identifying individuals. In addition, STR genotyping at 
present is still more cost-effective compared to whole 
genome sequencing.

Commercial STR assays enabling co-amplification of 
up to 20 different loci have become widely used in fo-
rensic DNA typing in humans (Butler et al. 2007). Mul-

tiplex genotyping systems have also been developed for 
domestic animal species, such as the “meowplex” 12-
plex STR assay for the domestic cat (Menotti-Raymond 
et al. 2005) and a 18-plex STR assay for the dog (Dayton 
et al. 2009). For many species, including tigers, non-in-
vasively collected samples, such as hair and feces, rep-
resent a potential source of genetic materials that can be 
relatively easily collected in the field, but DNA is often 
degraded and in low quantities, requiring a highly sensi-
tive DNA typing system. Although not yet tested specif-
ically in fecal samples for potential allele dropout rate, 
the “tigrisPlex” system is robust and generates an easi-
ly interpretable product profile (Figs 1, 2) with as little 
as 1 ng of template DNA. However, with small amounts 
of DNA, balancing across all loci is often not perfect 
due to quality variation in STR amplicons. Further opti-
mization in each individual case is likely needed by ad-
justing primer concentrations to obtain balanced signal 
strengths. Caution should also be taken for sex identifi-
cation of non-invasive samples, as the absence of signal 
at the male-specific SRY locus might result from either 
female sex or null amplification. Multiple repeats are re-
quired to confirm the female sex. Alternatively, using a 
ZFX/ZFY or AMELX/AMELY sexing system, in which 
females are distinguished from males by two PCR prod-
ucts, may be worth considering (Pilgrim et al. 2005; 
McEwing et al. 2011).

In summary, the “tigrisPlex” tiger STR multi-
plex system is a flexible, cost-efficient and relative-
ly high-throughput genome profiling approach that has 
been optimized and is ready for application to wildlife 
conservation and molecular ecological questions con-
cerning the tiger. As a cautionary note, DNA degrada-
tion in non-invasively collected or historic specimens 
may impact the success rate of the multiplex PCR re-
actions, leading to biased amplification among loci, al-
lele dropout or failure in amplification. Future improve-
ment of amplification efficiency for degraded DNA may 
be realized by reducing the size of STR amplicons (But-
ler et al. 2003; Mondol et al. 2012). Primers can be de-
signed readily from current “tigrisPlex” STR loci by 
moving the primer position towards the tandem re-
peat region. This approach will permit the use of STR 
loci already present in the system and generate geno-
typing data that is directly compatible to the “tigris-
Plex” voucher tiger reference dataset. We envision that 
this assay will play an important role in facilitating in-
formed conservation management decisions for one of 
the world’s most iconic flagship species.
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Table S1 Samples used in the study and calibrated 
microsatellite genotypes using the tiger short tandem re-
peat (STR) multiplex system
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Figure S1 Bayesian population clustering analysis 
of 119 tiger specimens (including 113 voucher tigers) 
based on “tigrisPlex” STR multiple assay assigned 6 in-
dividuals with unknown identity as Amur tigers (Pan-
thera tigris altaica). Simulations were set at 100 000 
burn-in period followed by 1 000 000 replicates in 
STRUCTURE (Pritchard et al. 2000). Here the popu-
lation structure is shown when K = 7, which produced 
the highest probability among other choices of K. Three 
STRUCTURE runs produced almost identical individu-
al affiliations. Each individual is represented by a verti-

cal bar partitioned into 7 colored segments representing 
individual affiliations (q) to 5 designated tiger subspe-
cies (P. t. altaica, P. t. corbetti, P. t. jacksoni, P. t. suma-
trae and P. t. tigris).
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the content or functionality of any supporting informa-
tion supplied by the authors. Any queries (other than 
missing content) should be directed to the correspond-
ing author for the article.
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