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Abstract
It is known that Cannabis in Brazil could either originate from Paraguay or be cultivated in Brazil. While consumer
markets in the North and Northeast regions are maintained by national production, the rest of the country is supplied with
Cannabis from Paraguay. However, the Brazilian Federal Police (BFP) has exponentially increased the seizure number of
Cannabis seeds sent by mail. For this reason, the aim of the study was to assess the 13-loci short tandem repeat (STR)
multiplex system proposed by Houston et al. (2015) to evaluate the power of such markers in individualization and origin
differentiation of Cannabis sativa samples seized in Brazil by the BFP. To do so, 72 Cannabis samples seized in Brazil by
BFP were analyzed. The principal coordinate analysis (PCoA) and probability identity (PI) analysis were computed.
Additionally, the Cannabis samples’ genotypes were subjected to comparison by Kruskal-Wallis H, followed by a multiple
discriminant analysis (MDA). All samples analyzed revealed a distinct genetic profile. PCoA clearly discriminated the
seizure sets based on their geographic origin. A combination of seven loci was enough to differentiate samples’ genotypes,
and the PI for a random sample is approximately one in 50 billion. The Cannabis samples were 100% correct as classified
by Kruskal-Wallis H, followed by an MDA. The results of this study demonstrate that the 13-loci STR multiplex system
successfully achieved the aim of sample individualization and origin differentiation and suggest that it could be a useful
tool to help BFP intelligence in tracing back-trade routes.
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Introduction

Cannabis continues to be themost widely cultivated, produced,
trafficked, and consumed illicit drug worldwide [1]. Reports by
Member States to the United Nations Office on Drugs and
Crime over the period 2009–2014 indicate that the South
American countries of Colombia and Paraguay are important
sources of the Cannabis herb sold in international markets [2].

The Brazilian Federal Police (BFP) is the main Brazilian
law enforcement agency acting nationally to eradicate illicit
drugs. However, no detailed studies about Cannabis produc-
tion, distribution, and consumption in Brazil are available. It is
known that Cannabis in Brazil could either originate from
Paraguay or be cultivated in Brazil. The South, Southeast,
and West Central Brazilian geopolitical regions are supplied
by Cannabis cultivated in Paraguay and trafficked from that
country. According to the National Anti-Drug Secretariat
(Secretaria Nacional Antidrogas—SENAD), Brazil receives
85% of its whole Cannabis production from Paraguay [3].
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While the South, Southeast, and West Central regions of
Brazil are supplied with Cannabis from Paraguay, consumer
markets in the North andNortheast regions are maintained by a
national marijuana production. A specific region in Northeast
Brazil is an important Cannabis producer, known as the
Marihuana Polygon (Polígono da Maconha) because of its
numerousCannabis plantations.Marihuana Polygon is located
between Bahia and Pernambuco states, comprising the cities of
Petrolina, Juazeiro, Cabrobró, Salgueiro, Floresta (among
others), the São Francisco river basin, and the north of Bahia
State (Moreira 2005). Approximately 40,000 workers are esti-
mated to be directly and indirectly involved in Cannabis plan-
tation, while the marijuana economy reportedly yields around
US$52 thousand annually in this region [4].

Although in recent years Cannabis drug trafficking forms
have been changing, BFP has exponentially increased its sei-
zure number of Cannabis seeds sent by mail. This change in
the Cannabis trafficking scenario may be occurring due to
BFP efforts to eradicate large-scale plant cultivation on farms
and a shift from the outdoor setting to indoor cultivation, a
tendency also observed in Europe [5, 6].

Additionally, licitly and illicitly produced Cannabis in ju-
risdictions that have legalized recreational Cannabis use can
be used to supply illicit Cannabis markets of neighboring
jurisdictions. However, the extent to which smuggling has
increased as a result of Cannabis legalization is difficult to
evaluate. Likewise, officials in Argentina and Brazil voiced
concern following the legalization of Cannabis use in
Uruguay [1].

Despite its important cultivation as a source of food, fiber,
and medicine, and its global status as the most used illicit
drug, the Cannabis genus has an inconclusive taxonomic or-
ganization and evolutionary history [7]. As academic and
commercial interest grows, and as local decriminalization in
specific areas or countries occurs, governments, industry, and
the research community will encounter a rising demand for
taxonomic information to help resolve disputes, establish reg-
istered cultivars, perform quality control analysis, and create
reliable centralized databases of Cannabis information [8].

The usual ways of cultivatingCannabis include both clonal
and sexual propagation. Clonal propagation results in geneti-
cally identical plants [9], which facilitates DNA analysis to
link seized drugs to the region where the plant was cultivated.
Unfortunately, clonal propagation is not the method adopted
for illegal cultivation in South America. The BFP operations
have verified the presence of seeds probably used to generate
new plantations in the same region or other regions. However,
those plantations are located in remote and very small places,
making its tracking by police difficult. But plants originating
from seed cultivation could still be tracked back by DNA
analysis.

The sequencing analysis of the ribulose-1,5-bisphosphate
carboxylase/oxygenase (rbcL) gene did not differentiate

twelve Cannabis seizure samples from Southeastern Brazil
[10]. On the other hand, many studies have been using short
tandem repeats (STR) to genotype Cannabis for forensic pur-
poses and have yielded promising results [11–14]. Houston
et al. (2015), however, following the International Society of
Forensic Genetics (ISFG) and Scientific Working Group for
the Analysis of Seized Drugs (SWGDAM) guidelines, dem-
onstrated the applicability of a 13-loci STR system for
Cannabis sativa [15].

The present study aimed to use the 13-loci STR multiplex
system proposed by Houston et al. (2015) to evaluate the
power of such markers in individualization and origin differ-
entiation ofCannabis sativa L. samples seized in Brazil by the
BFP.

Material and methods

Cannabis samples

From Northeastern Brazil, 36 Cannabis samples were obtain-
ed. Twenty-four plants from eight different locations, at least
two plants per location, were seized in 2015 (N15), and 12
Cannabis plants from four different locations, three plants per
location, were seized in 2017 (N17).

Additionally, 31Cannabis samples cultivated by BFP from
foreign seeds seized by postal authorities (PF) were also col-
lected. Individual Cannabis stem and/or flower fragments
were cut for those 31 samples. The commercial seed brands
were identified by their labels: Northern Light, Special Kush,
Special Queen #1, Royal Bluematic, Sour Diesel, Blue
Mystic, Royal Caramel, Cream Caramel Auto, Souvenir, and
Dutch Passion. Some seeds were not labeled. According to
seizing documentation, the seeds’ origins were mostly
European, sold online by Dutch companies.

Finally, five pressed Cannabis samples seized in Southern
Brazil by regular drug enforcement authorities (APR) were
obtained. In this particular case, individual plants could not
be collected. Likely, these samples originated from Paraguay,
according to police investigation.

All 72 samples analyzed in the present study were seized
and/or cultivated by the BFP. All samples were naturally dried
at room temperature, without any preparation.

DNA isolation and quantification

DNA isolation was performed using DNeasy Plant Mini Kit
(Qiagen, Valencia, CA) and Dneasy mericon Food Kit
(Qiagen, Valencia, CA) following the manufacturer’s protocol
[16, 17], except for the initial amount of sample on Dneasy
mericon Food Kit, in which ≤ 20 mg was used, instead of ≤
200 mg. In order to verify which kit worked better, DNA from
15 Cannabis samples were isolated using both kits.
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DNApurity and concentration were assessed by absorbance
measurements using a NanoDrop Lite Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA). For integrity eval-
uation, 1 μL of DNAwas migrated by electrophoresis (20 min
at 80 V) in agarose gel (0.8% agarose, 1× TBE) stained with
GelRed (Biotium, Hayward, CA).

Cannabis DNA sample concentrations were quantified by
Qubit dsDNA HS Assay Kit (Invitrogen Carlsbad, California,
USA).

PCR multiplex reaction

The Cannabis 13-loci STRmultiplex conducted was based on
a previous study [15]. Thirteen previously published
Cannabis microsatellites (E07 CANN1, ANUCS 302, H09
CANN2, D02 CANN1, C11 CANN1, B01 CANN1, B05
CANN1, H06 CANN2, ANUCS 305, ANUCS 308,
ANUCS 301, CS1, and ANUCS 501) were used in this study
(Table 1). Amplification of these markers was performed via
polymerase chain reaction (PCR) using theMultiplex PCRKit
(Qiagen, Valencia, CA) on a VERITI 96-well Thermo Cycler
(Thermo Fisher Scientific, Waltham, MA, USA). PCR reac-
tions were prepared at a 12.5-μL volume using 2 ng of tem-
plate DNA. The PCR master mix consisted of 6.25 μL of 2×
QIAGEN Multiplex PCR Master Mix (Qiagen, Valencia,
CA), 2.60 μL of 10× Primer mix, 1.25 μL of 5× Q-(Qiagen,
Valencia, CA), and 0.4 μL of 8 mg/mL bovine serum albumin
(BSA) (Sigma-Aldrich St. Louis, MO).

Forward primers were labeled with four different fluores-
cent dyes (FAM, PET, NED, and VIC, Life Technologies);
final optimal concentrations of forward and reverse primers
are shown in Table 1. PCR cycling conditions were as follows:
activation for 5 min at 95 °C, followed by 7 cycles of 30 s at
95 °C, 90 s at 60 °C, and 30 s at 72 °C; 5 cycles of 30 s at

95 °C, 90 s at 59 °C, and 30 s at 72 °C; 5 cycles of 30 s at
95 °C, 90 s at 58 °C, and 30 s at 72 °C; 5 cycles of 30 s at
95 °C, 90 s at 57 °C, and 30 s at 72 °C; 5 cycles of 30 s at
95 °C, 90 s at 56 °C, and 30 s at 72 °C; 5 cycles of 30 s at
95 °C, 90 s at 55 °C, and 30 s at 72 °C; and a final extension of
30 min at 60 °C. Every set of PCR reaction included one
negative and at least one positive control. The positive control
DNA samples 1-D1 and 4-A2 were kindly provided by Dr.
David Gangitano (Department of Forensic Science, College of
Criminal Justice, Sam Houston State University, Huntsville,
TX).

Single PCR experiments followed by 2 μL of PCR product
migrated by electrophoresis (40 min at 80 V) in denaturing
agarose gel (1% agarose, 1× TBE) stained with GelRed
(Biotium, Hayward, CA) were previously performed for at
least ten DNA samples and for the 13 primer pairs to confirm
the expected amplicon length for each primer locus.

Fragment analysis

Fragment separation and detection of PCRMultiplex products
were carried out in a 3130 Genetic Analyzer (Applied
Biosystems).

An aliquot of 1 μL of PCR product was added to 9.5 μL
Hi-Di Formamide® and 0.5 μL LIZ® 500 Size Standard
(Applied Biosystems). Samples were then denatured for
5 min at 95 °C, loaded on the 3130 Genetic Analyzer
(Applied Biosystems), and run using the following conditions:
oven 60 °C; prerun 15 kV, 180 s; injection 1.2 kV, 23 s; run
15 kV, 1200 s; capillary length 36 cm; polymer POP-4™; and
dye set G5.

A bin set and an allelic ladder were also kindly provided by
Dr. David Gangitano. The allelic ladder was included on each
injection to ensure accurate genotyping.

Table 1 Characteristics of 13 Cannabis STR markers used in this study based on Houston et al., 2015

Marker Dye STR motif Type of repeat Observed alleles Primer c
oncentration (μM)

D02 FAM (GTT) Simple 6, 7, 8 0.08

C11 FAM (TGA)x(TGG)y Compound/Indel 13, 14, 15, 21 0.10

H09 FAM (GA) Simple 11, 12, 16, 18, 19, 20, 21, 22, 23, 24 0.17

B01 FAM (GAA)x(A)(GAA)y Complex 10, 13, 14, 15 0.19

E07 VIC (ACT) Simple 7, 8, 9 0.62

305 VIC (TGG) Simple 4, 8, 9 0.17

308 VIC (TA) Simple 3, 5, 6, 7, 8, 9, 10, 11, 12, 13 0.27

B05 VIC (TTG) Simple 7, 8, 9, 10 0.06

H06 VIC (ACG) Simple 7, 8, 9 0.15

501 NED (TTGTG) Simple 4, 5, 6, 7 0.21

CS1 NED (CACCAT) Simple 10, 11, 12, 14, 16, 17, 21, 23, 24, 25, 26, 27, 28, 29, 30 0.29

302 PET (ACA)x(ACA)y(ACA)z Compound 22, 29, 31, 33, 35, 36, 37 0.17

301 PET (TTA) Simple 6, 15, 16, 17, 19, 20, 21, 22, 23, 24, 25 0.62
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Genotyping was performed using GeneMapper v. 4.0 soft-
ware (Applied Biosystems). The analytical threshold was set
at 150 relative fluorescence units (RFUs) as recommended by
Houston et al. (2015) [15].

The allele’s nomenclature used in the present work was
developed by Houston et al. (2015) [15] following Valverde
et al. (2014) [18] and ISFG recommendations from human-
specific STR loci [19, 20].

Single PCR reactions

With the view to having a full DNA profile and checking
whether homozygote Cannabis samples previous genotyped
using the 13-loci STR multiplex system could be heterozy-
gotes, single PCR reactions for B01 CANN1, ANUCS308,
and ANUCS301 locus for all 72 Cannabis samples were
done.

The single PCR reactions were also prepared at a 12.5-μL
volume, but using 1 ng of template DNA. An aliquot of DNA
(1 μL) from each sample was added to 11.5 μL of PCRmaster
mix. The PCR master mix consisted of 6.25 μL of Taq PCR
Master Mix (Qiagen, Valencia, CA), 0.625 μL of primer for-
ward and reverse, and 4 μL of distilled water provided with
Taq PCR Master Mix. Single PCR cycling was as follows:
activation for 5 min at 95 °C, followed by 30 cycles of 30 s
at 95 °C, 90 s at 55 °C, and 30 s at 72 °C, and a final extension
for 30 min at 60 °C.

A volume of 5 μL of single PCR product from B01
CANN1, ANUCS308, and ANUCS301 locus was added to
a new tube and properly homogenized just before the frag-
ment analysis. The fragment analysis of the PCR product pool
was carried out as previously described.

Sensitivity

To establish the sensitivity of the 13-loci STR multiplex sys-
tem, DNA from two different Cannabis individuals were am-
plified by the following amounts: 20 ng, 10 ng, 2 ng, 1.5 ng,
1 ng, and 0.5 ng per 12.5μL of PCR reaction volume. The two
Cannabis samples were selected based on their high hetero-
zygosity. Each series was amplified in triplicate and electro-
phoretically resolved using the same parameters described
above [21].

Mixture study

Pressed Cannabis samples seized in the South of Brazil
displayed a profile with more than one individual (see
BResults and discussion^). In order to interpret those data
and evaluate contamination, a mixture study was needed.

Two different mixture sets using DNA from four different
Cannabis samples were normalized for 2 ng using miliQ

water and tested using the following ratios: 19:1, 9:1, 3:1,
1:1, 1:3, 1:9, and 1:19 [21].

The mixture series were amplified in triplicate and electro-
phoretically resolved using the same parameters described
above [21].

Allele 10 of the locus B01 CANN1 sequence

An off-ladder and off-bin peak was observed in 32 of the 36
Cannabis samples from Northeastern Brazil, very close to
locus B01 CANN1. For these reasons, single PCR product
from four homozygous samples that exhibit this peak close
to locus B01 CANN1 was sequenced to check whether it
could be considered a new, undescribed allele. A specific
primer pair was designed using Primer 3 software from
NCBI (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).
PCR amplification and cycling sequencing were carried out
on a VERITI 96-well Thermo Cycler (Thermo Fisher
Scientific, Waltham, MA). BigDye Direct Cycle Sequencing
Kit (Applied Biosystems) was used and followed the manu-
facturer’s protocol. Samples were run on a 3130 Genetic
Analyzer (Applied Biosystems) or a 3500 Genetic Analyzer
(Applied Biosystems) under the following conditions: oven
60 °C; prerun 15 kV, 60 s; injection 1.2 kV, 23 s; run 15 kV,
1200 s; capillary length 36 cm; polymer POP-4TM; and dye
set Z. Data analysis was performed on the SeqScape v 3.0
(Applied Biosystems).

Allele 10 of the locus B01 CANN1 sequences data has
been submitted to the GeneBank databases under accession
numbers MH520119, MH520120, and MH520121.

Genetic parameters

The program GenAlEx 6.5 [22, 23] was employed to compute
several genetic parameters, in order to determine the useful-
ness of the STR markers for forensic analyses.

Firstly, the list of private alleles, the total number of alleles
(A), the effective number of alleles (AE ¼ 1

�
∑pi

), observed

heterozygosity (HO), expected heterozygosity (He ¼ 1−∑p2i
), Shannon index of diversity (I = − ∑ pilog2pi), and polymor-

phic information content (PIC ¼ 1− ∑
n

i¼1
p2i ) were estimated

for each locus, considering all samples (n = 72) as a single
population.

A principal coordinate analysis (PCoA) was computed
based on individual genetic pairwise distance (D = (S1 − S2)

2,
where S1 is the size of allele 1 and S2 the size of allele 2) for
discriminate individuals based on their genotypic information,
while Nei’s standard genetic distance [24] and FSTwere used
for a pairwise comparison between seizures. An analysis of
molecular variance (AMOVA) was performed to determine
the amount of differentiation observed among and within
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groups, using 10,000 permutations ofmicrosatellite genotypes
to test significance, while 1000 permutations were employed
for determining the significance of the among-groups differ-
ence estimated.

A probability identity (PI) analysis was used to determine
the minimal number of loci needed to determine the genotypic
identity of two individuals randomly sampled within each set,
based on the combination of STR loci (locus 1; locus 1+ locus
2; locus 1+ locus 2+l locus 3, and so on). This analysis esti-
mates the average probability that two independent samples
will have the same identical genotype.

The power of exclusion was estimated as PEi =H2[1 − (1 −
H)H2] for each STR locus and as PEcomb = 1 − ∏ (1 − PEi) for
the combined set of markers [25]. As complement of the PI,
the power of discrimination of the combined set of markers
was estimated as PDcomb = 1 − PI [26].

Multiple discriminant analysis

Cannabis sample genotypes were subjected to comparison by
Kruskal-Wallis H, followed by a multiple discriminant analy-
sis (MDA) in the backwardmode using the origin ofCannabis
sample (groups previously defined) as dependent variable and
nonmetric, and each sample genotype as independent
variable.

The multivariate discriminant function is based on Wilks’
lambda (Λ*) value from the analysis of variance, where the
criterion used by the statistical model is the minimization of
Λ* (Eq. 1). Λ* reaches 1 if all the group means are the same
while a low Λ* value means that the variability within the
groups is small compared to the total variability.

Λ* ¼ jW j
jBþW j ð1Þ

where |W| is the determinant of the matrix of sums of squares
due to the error, while |B +W| represents the determinant of the
matrix of the total sum of squares. At each step, the property
that minimized the overall Wilks’ Lambda was entered. The
maximum significance of F to enter a property was 0.01. The
minimum significance of F to remove a property was 0.01.
The data were carried out on Statistica, version 12, Statsoft
Inc. Software.

Different genotypes, obtained by 13 STR loci, were ana-
lyzed jointly in order to select the minimum number of
markers able to discriminate the Cannabis sample groups. A
MDA for the alleles of each genotype/sample was applied,
considering their geographic origin (seized in Northeastern
Brazil in 2015 and 2017, seized in the South of Brazil, and
plants cultivated by BFP using seized mail seeds).

In order to process the data, each marker was decompound
according to the presence of their alleles. So, if a sample
displayed allele 11 on locus H09, the number B11^ was added

to the data matrix; on the other hand, if the sample does not
display allele 11 on locus H09, the number B0^ was added to
the data matrix instead.

Results and discussion

Quality and amount of isolated DNA

DNAwas extracted from all Cannabis sativa samples, includ-
ing pressed samples seized from Southern Brazil. However,
the DNA isolated by Dneasy mericon Food Kit demonstrated
a higher quality and concentration when compared with DNA
isolated by DNeasy Plant Mini Kit. The average amount plus
the standard deviation of 15 DNA samples was 14.5 ±
9.03 ng/μL in a total volume of 100 μL using Dneasy mericon
Food Kit and 2.68 ± 1.37 ng/μL in a total volume of 100 μL
using DNeasy Plant Mini Kit. Also, the purity of the 15 iso-
lated DNA samples assessed by 280/260 ratio was 1.454 ±
0.175 using DNeasy Plant Mini Kit and 1.795 ± 0.068 using
Dneasy mericon Food Kit.

It should be noted that an adequate amount and quality of
DNAwas isolated with a low amount of plant material and no
sample preparation was necessary. Those issues will be very
important for future lab workflow design, since most
Cannabis seizures from Southern Brazil are pressed, very
dry, and seem to have very-low-quality samples. Despite that,
employed extraction methods provided an adequate amount
and quality of DNA obtained.

STR multiplex

The Cannabis STR multiplex system previously reported by
Köhnemann et al. (2012) [14] and optimized by Houston et al.
(2015) [15] was used as reference for the present work with
some modifications such as a PCR reaction using Multiplex
PCR Master Mix (Qiagen, Valencia, CA) and different PCR
cycling conditions, primer, and DNA concentration.

A total of 72 samples of C. sativa were amplified using the
13-loci STR multiplex system tested, although only 33 sam-
ples (40.3%) showed a full DNA profile. The loci affected by
locus dropout were B01 CANN1 (37.5%), ANUCS308
(27.8%), and ANUCS301 (54.2%). Houston et al. (2015) also
observed similar loci dropout [15].

Houston et al. (2015) experimentally determined the an-
nealing temperatures of these three problematic markers to
check whether weak primer binding and eventually primer-
primer interaction were the cause of allele dropout. The an-
nealing temperatures of markers ANUCS301, ANUCS308,
and B01 CANN1 were 53, 55, and 55 °C, respectively [15].

For this reason, instead of using a fixed annealing temper-
ature of 60 °C on the multiplex PCR cycle, a touchdown of the
annealing temperature from 60 to 55 °C was proposed, as
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described in BMaterial and methods.^ With touchdown cy-
cling, unspecific amplification was no longer observed; how-
ever, lower temperatures necessary to reach the theoretical
annealing of ANUCS301 (annealing temperatures for touch-
down cycling ranging from 60 to 53 °C) resulted in many
unspecific peaks on obtained electropherograms.

In order to attain full DNA profiling and check whether
homozygote Cannabis samples previously genotyped using
the 13-loci STR multiplex system could be heterozygotes,
single PCR reactions for B01 CANN1, ANUCS308, and
ANUCS301 were performed for all 72 samples.

When the pools composed of single PCR reactions were
analyzed, an off-ladder and off-bin peak was observed in al-
most all Cannabis samples from Northeastern Brazil, very
close to locus B01 CANN1. The peak size, in base pairs,
was compatible with an allele comprising ten B01 CANN1
motif tandem repetitions. Since no such allele was previously
described, single PCR product from homozygous samples that
exhibit this peak close to locus B01 CANN1 were sequenced
to check whether it could be considered a new, undescribed
allele.

Sequencing analysis of three different Northeastern Brazil
samples showing homozygous pattern for such marker con-
firmed the occurrence of ten tandem repeats of the tri-
nucleotide motif in these samples. Therefore, the hypothesis
of a new, not previously described allele, was corroborated.
Due to very high frequencies in Northeastern Brazil samples,
the addition of the allele 10 bin to B01 CANN1marker bin set
was implemented.

As reported by Houston et al. (2015), only the H09 STR
marker showed some difficulties for automatic allele calling
due to high stutter peaks [15]. Such a feature is probably due
to the dinucleotide STR motif presented by this marker.

Besides the above-described technical issues, effective in-
dividualization of Cannabis drug samples was achieved using
only the data provided by the 13-loci STR multiplex system,
since all 72 samples analyzed revealed a distinct genetic pro-
file, including those plants collected in the same location.
These distinct genotypes were confirmed when data from sin-
gle PCR pools with ANUCS301, ANUCS308, and B01
CANN1 markers were added to the samples profiles.

Sensitivity

For sensitivity testing, 20 ng, 10 ng, 2 ng, 1.5 ng, 1 ng, and
0.5 ng of DNA from two different Cannabis individuals
were amplified. The sensitivity and optimal input of DNA
determined for the 13-loci STR multiplex were 1.0 ng and
2.0 ng, respectively. Allele dropout and peak imbalance
were displayed when template DNA was at 0.5 ng. Split
peaks were observed when template DNA was at or above
10 ng.

Mixture study

A DNA profile is generally considered to be comprised of
more than one individual if three or more alleles are present
at one or more loci and/or the peak height ratios between a
single pair of allelic peaks for one or more loci are below the
empirically determined appropriate threshold for heterozy-
gous peak height ratio(s) [27].

As previously mentioned, Cannabis seizures from
Brazil are usually pressed. Also, the five samples seized
from Southern Brazil displayed electropherograms with
more than two peaks in some loci, suggesting the presence
of DNA from more than one plant. Budowle et al. (2009)
recommended that a laboratory must define within its stan-
dard operating protocol the specific elements necessary to
make reliable allelic and nonallelic peak assignments [27].
Then a mixture study was done with the intent to interpret
those data.

The ratio mixtures 19:1, 9:1, 1:9, and 1:19 showed se-
vere allele dropouts for the minor contributor. Instead, the
ratio mixtures 3:1 and 1:3 displayed peak imbalances.
Mixture profiling patterns studied are extremely important
when Brazilian seized samples are considered, since most
apprehended drugs in nationwide drug enforcement opera-
tions consist of pressed, mixed samples specially prepared
to facilitate smuggling and trafficking. Such samples are
usually composed of two or more different Cannabis spec-
imens, presenting genetic profiles eventually including
more than two alleles for some markers. Although mixture
analysis can present significant challenges in this situation,
especially due to unknown contributor ratios, our analysis
indicates that, for almost all of our samples, major contrib-
utor profiles can be easily distinguished from minor do-
nors. Efforts to improve profile quality, mainly regarding
achievement of proper peak balance among different
markers or distinct alleles within a single marker present-
ing heterozygous patterns, are necessary for proper identi-
fication of mixture occurrence and eventual single contrib-
utor profile discrimination.

Critical analysis of peak balance is crucial when more than
two alleles are observed for any marker in a single profile.
Phenomena leading to this kind of behavior can be related
not only to mixed vegetable samples, but to variation in a
particular plant chromosomic ploidy instead, since tetraploid
Cannabis samples have been described in scientific literature,
with higher occurrence found among inbred varieties and cul-
tivars designed for high cannabinoid content or improved hal-
lucinogenic effect [28–32]. When such a feature is present,
evaluation regarding potential ploidy variability or sample
mixture occurrence is essential. Unbalanced peak heights in-
side any particular marker can be an indication of mixed sam-
ple occurrence, in contrast to balanced profiles expected to
originate from tetraploid plants. Once again, a correct
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adjustment of multiplex PCR reaction chemistry and condi-
tions is necessary, in order to minimize errors in peak balance
evaluation and to reliably determine causes for multiallelic
profile observations.

Genetic parameters

The main genetic parameters of forensic interest computed for
each locus were calculated based on allele frequency and are

Table 2 Genetic parameters estimated for all samples (n = 72) based on 13 analyzed Cannabis STR loci

D02 C11 H09 B01 E07 305 308 B05 H06 501 CS1 302 301

A 3 3 10 4 3 4 10 4 3 4 13 6 11

Ae 2.281 1.946 4.233 2.692 1.813 1.625 5.592 2.004 1.988 1.390 9.274 2.848 3.469

I 0.925 0.836 1.706 1.095 0.763 0.647 1.881 0.943 0.825 0.563 2.355 1.207 1.514

Ho 0.431 0.292 0.507 0.306 0.333 0.333 0.347 0.556 0.333 0.208 0.708 0.565 0.514

He 0.566 0.489 0.769 0.633 0.452 0.387 0.827 0.505 0.500 0.283 0.898 0.654 0.717

PIC 0.562 0.486 0.764 0.629 0.448 0.385 0.821 0.501 0.497 0.281 0.892 0.649 0.712

PE 0.272 0.207 0.503 0.337 0.178 0.134 0.593 0.219 0.216 0.074 0.727 0.359 0.432

PD 0.728 0.680 0.913 0.787 0.636 0.562 0.944 0.709 0.674 0.464 0.978 0.818 0.869

A = mean number of alleles; Ae = mean effective number of alleles; I = mean Shannon index of diversity; Ho = mean observed heterozygosity; He =
mean expected heterozygosity; PIC = polymorphic content index; PE = power of exclusion; PD = power of discrimination

Fig. 1 Principal coordinate analysis (PcoA) of the 72 samples based on
genotypes of 13 analyzed Cannabis STR loci. N15 = Cannabis samples
obtained in crops from Northeastern Brazil in 2015; N17 = Cannabis
samples obtained in crops from Northeastern Brazil in 2017; PF =

Cannabis samples cultivated from foreign seeds seized by Brazilian post
services; APR = regular drug enforcement seizures from Rio Grande do
Sul State, Brazil
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summarized in Table 2. The highest number of alleles, level of
heterozygosity, Shannon index of diversity, polymorphic con-
tent index, power of exclusion, and power of discrimination
were observed for locus CS1, as reported by Houston et al.
(2015) [15], followed by loci 308 and H09.

Allelic patterns observed in the studied samples matched
the profiles published by Houston et al. (2015) concerning the
size of the alleles [15], except by allele 10 from locus B01,
which was observed in the Brazilian samples belonging to
N15 and N17 groups.

All five APR samples from pressed marijuana seized in
Southern Brazil presented more than two alleles for some loci,
since these samples are composed of a mixture of unknown
plants. In order to enable analysis of these samples together
with the remaining dataset, the two alleles with higher RFU
values in the total sampling were chosen. Similarly, five sam-
ples from leaf or seed seizures presented multiple alleles in at
least one STR locus: one sample from apprehended PF seed
displayed three alleles in two loci (302 and 501) and four
alleles in CS1 locus. For these samples, the two alleles with
higher RFU values were also used as the true genotype. A
preliminary analysis using different combinations of alleles
revealed that the results are the same for all cases, independent
of the arrangement of alleles employed (data not shown).

Köhnemann et al. (2012) [14], Knight et al. (2010) [33],
and Hsieh et al. (2003) [34] found similar results for locus
302, and Shirley et al. (2013) [35] for locus CS1 (called by
NMI01). The multiallelic pattern is suggestive of polyploidy,

where multiple copies of the genome are present, a situation
common in plants with no adverse effects. However, other
explanations of multiallelic patterns include locus duplication
and aneuploidy.

It is important to mention that those five sample genotypes
were obtained from plant leaf material, with those multiallelic
loci exhibiting peaks of approximately equal height. These
observations along with the absence of additional peaks at
the remaining loci support the conclusion that this profile is
not due to cross-contamination or mixed samples, such as
pressed samples seized in Southern Brazil.

Overall, the PCoA based on the 13 STR markers (Fig. 1)
clearly discriminated the seizure sets based on their geograph-
ic origin: the first principal component (PCoA1) expressed
with 51.82% of the explained variance, and the second prin-
cipal component (PCoA2) expressed with 16.37% of the ex-
plained variance.

Samples from Northeastern Brazil (N15 and N17), al-
though apprehended in different years, were grouped together,
with the exception of one sample (sample 2.3 from the 2017
seizure).

The samples from PF seeds apprehended by the BFP
formed a distinct group. Such seeds are usually purchased

Table 3 Pairwise Nei’s genetic distance (below diagonal) and FST

(above diagonal) for the seizure sets based on genotypes of 13 analyzed
Cannabis STR loci

Group N15 N17 PF APR

N15 0.031 0.224 0.167

N17 0.012 0.155 0.111

PF 0.616 0.446 0.100

APR 0.343 0.228 0.224

N15 = Cannabis samples obtained in crops from Northeastern Brazil in
2015; N17 = Cannabis samples obtained in crops from Northeastern
Brazil in 2017; PF = Cannabis samples cultivated from foreign seeds
seized by Brazilian postal services; APR = regular drug enforcement
seizures from Rio Grande do Sul State, Brazil

Table 4 Analysis of molecular variance (AMOVA) of 13 analyzed
Cannabis STR loci

Source Df SS MS Est. Var. %

Among groups 3 231.163 77.054 4.343 38***

Within groups 68 484.170 7.120 7.120 62

Total 71 715.333 11.463 100

***P (rand ≥ data) = 0.001

Table 5 List of private alleles for each seizure set of 13 analyzed
Cannabis STR loci

Group Locus Allele Freq

N15 H09 22 0.042

N15 H09 23 0.021

N15 501 7 0.021

N17 302 35 0.083

N17 301 23 0.042

N15 + N17 B01 10 0.819

PF H09 24 0.033

PF 305 9 0.032

PF 308 3 0.048

PF 308 10 0.032

PF 308 11 0.032

PF 308 13 0.177

PF CS1 14 0.048

PF CS1 21 0.113

PF CS1 30 0.016

PF 302 22 0.018

PF 302 29 0.054

PF 301 24 0.065

PF 301 25 0.016

APR 305 7 0.100

N15 = Cannabis samples obtained in crops from Northeastern Brazil in
2015; N17 = Cannabis samples obtained in crops from Northeastern
Brazil in 2017; PF = Cannabis samples cultivated from foreign seeds
seized by Brazilian post services; APR = regular drug enforcement sei-
zures from Rio Grande do Sul State, Brazil
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through Internet sites and probably originate from Europe,
because all brands identified by their label could be found
on Europeanwebsites. However, some seeds were not labeled,
so their precise origin could not be determined.

The five APR pressed samples apprehended in Southern
Brazil presented an intermediary position between these two
groups. Moreira (2005) [3] and Shibuya et al. (2007) [36]
believe that Paraguay supplies the Southern Brazilian market,
which led our group to consider that country as the source for
these samples. However, these samples could also have been
acquired from Uruguay, a country that shares a significant
land border with Rio Grande do Sul State, and recently legal-
ized recreational Cannabis use.

At the individual level, the PCoA analysis was able to
discriminate each single sample, indicating an absence of
plants with the same genotype. This supports the hypothesis
of sexual rather than clonal propagation of the apprehended
plants and seeds. Houston et al. (2015) [15], Houston et al.
(2017) [37], and Shirley et al. (2013) [35] also found similar
results for their samples.

As expected, the pairwise genetic distance (for both Nei’s
genetic distance and FST) was smaller between the N15 and
N17 seizures, which were apprehended in plantations from the

Fig. 2 Probability of genotypic
identity of two individuals
randomly sampled within each
set, based on the combination of
STR loci (locus 1; locus 1 + locus
2; locus 1 + locus 2 + l locus 3,
and so on). N15 = Cannabis
samples obtained in crops from
Northeastern Brazil in 2015; N17
= Cannabis samples obtained in
crops from Northeastern Brazil in
2017; PF = Cannabis samples
cultivated from foreign seeds
seized by Brazilian postal
services; APR = regular drug
enforcement seizures from Rio
Grande do Sul State, Brazil

Table 6 Discriminant function used to identify the ability of each tracer
to distinguish the drug source

Fingerprint selected (Marker) Correctly classified samples (%)

D02 69.7

C11 73.7

H09 84.2

B01 68.4

E07 64.5

305 58.7

308 88.1

B05 76.0

H06 81.6

501 64.5

CS1 92.1

302 88.1

301 88.1

Table 7 The multiple discriminant analysis results with the number of
samples classified per group, the percentage of samples correctly
classified, and the percentage of uncertainty for 13 analyzed Cannabis
STR loci

Groups/origin Number of samples
classify per group

Correct
classification
(%)/mean

N15 +
N17

PF APR

N15 + N17 36 0 0 100

PF 0 31 0 100

APR 0 0 5 100

Total 36 31 5 100

Correct classification (%) 100 100 100 100

Uncertainty associated with
samples classification (%)

0 0 0 0

N15 = Cannabis samples obtained in crops from Northeastern Brazil in
2015; N17 = Cannabis samples obtained in crops from Northeastern
Brazil in 2017; PF = Cannabis samples cultivated from foreign seeds
seized by Brazilian postal services; APR = regular drug enforcement
seizures from Rio Grande do Sul State, Brazil
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same geographic region (Table 3). The largest distances were
observed between PF and N15 followed by PF and N17 sei-
zures. Such large distances between these groups are not unex-
pected due to the sample origins that compound each seizure.

The AMOVA revealed that 38% of the total differentiation
at allelic frequency level is due to within-population differ-
ences and 62% due to differences among samples within
groups (Table 4). Usually, plant populations present higher
differentiation within populations than among groups.

This capability of revealing high differentiation among
groups suggests that this set of 13 STR markers is, along with
a robust individualization efficacy demonstrated by the pro-
posed method, valuable for evidencing the geographic origin

of seized plants of Cannabis, being a useful tool for forensic
investigations.

Private alleles were observed for seven out of the 13 STR
loci and for all seizure sets (Table 5). The largest number of
private alleles (13) was observed for the PF samples, likely
due to the European origin of the seeds. Allele 10 from locus
B01 was observed with high frequency in sample sets N15
and N17, originating from seizures in different years, both in
the same geographic area. This allele was not reported in pre-
vious studies using this STR locus for genotyping samples
from other countries, suggesting it is a private allele for sam-
ples from Northeastern Brazil.

The PI analysis (Fig. 2) demonstrated that the combination
of the 13 STR loci is quite informative for discriminating two
samples randomly collected within each seizure set. For all
different groups analyzed in the present study, a combination
of seven loci was enough to differentiate sample genotypes.

The probability of a match between the genetic profiles of
two unrelated samples is one in 2 million for N17, one in 23
million for N15, one in 5 billion for PF, and one in 2 million
for APR. Considering the combined frequencies for all
datasets (including all groups and samples evaluated in this
study), the PI for a random sample seized by BFP is approx-
imately one in 50 billion. Concerning the power of exclusion
(PE) and the power of discrimination (PD), the combined set
of STR loci generated values near the unity for both parame-
ters (PEcomb = 0.996 and PDcomb = 0.999). At individual lo-
cus, these parameters are directly correlated with the estima-
tions of heterozygosity (Table 2). Seeing these results, the high
power of this set of STR markers for individualization and
origin differentiation of Cannabis sativa L. samples seized
in Brazil by the BFP can be considered kindly confident.

Table 8 The 11 steps of the multiple discriminant analysis, the marker,
and its respective allele addition, the Wilks’ Lambda, and percentage of
samples correctly classified for each step

Step Marker
(allele)

Wilks’
Lambda

P to
remove

% of samples
correctly classified
(accumulated)

1 CS1 0.0254 < 1E−17 92.1

2 301 0.0068 < 1E−17 97.4

3 H06 0.0036 < 1E−17 100.0

4 H09 0.0023 < 1E−17 100.0

5 302 0.0009 < 1E−17 100.0

6 B01 0.0002 < 1E−17 100.0

7 501 0.0002 < 1E−17 100.0

8 E07 0.0001 < 1E−17 100.0

9 305 0.0001 < 1E−17 100.0

10 308 0.0000 < 1E−17 100.0

11 B05 0.0000 < 1E−17 100.0

Fig. 3 Two-dimensional scatter
plot of the first and second
discriminant functions from
stepwise discriminant function
analysis according to geographic
origin of samples. N15 =
Cannabis samples obtained in
crops from Northeastern Brazil in
2015; N17 = Cannabis samples
obtained in crops from
Northeastern Brazil in 2017; PF =
Cannabis samples cultivated
from foreign seeds seized by
Brazilian postal services; APR =
regular drug enforcement seizures
from Rio Grande do Sul State,
Brazil
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Multiple discriminant analysis

Table 6 shows that all selected markers are able to correctly
classify over 50% of the processed samples. Note that only the
CS1 marker has the ability to correctly classify 92% of the
samples analyzed in the proposed groups. However, for foren-
sic samples, indexes close to 100% are desirable, and it is
necessary to use a set of markers to reduce the error with the
prediction of the sample origins.

Table 7 shows that all 72 Cannabis samples were correctly
classified by Kruskal-Wallis H followed by MDA. Actually,
the classification agrees with the predefined groups. Endorsing
these results, the percentage of samples correctly classified was
100%, and the percentage of uncertainty was 0%.

TheMDA performed combinations excluding the indepen-
dent variables that did not contribute to classifying the sam-
ples in their predefined group. Accordingly, the markers that
properly classified the samples were CS1, 301, H06, H09,
302, B01, 501, E07, 305, 308, and B05. Only C11 and D02
markers were not selected to be a part of the analysis, as they
did not contribute to the samples’ classification.

The MDA also revealed the contribution of each marker
associated to certain alleles for the samples’ classification. In
Table 8, all 11 analysis steps are listed, including the marker
and its respective allele for each step. It is distinctly noticed
that Wilks’ lambda decreased while percentage of samples
correctly classified increased along the MDA.

Canonical variables and discriminant functions can be
expressed as a linear combination of the markers included in
the particular model [38, 39]. A group discrimination evalua-
tion was performed based on a scatter plot between two first
variable roots. Sample distribution in the plane of the two
calculated discriminant functions is illustrated in Fig. 3.

TheMDA confirmed the PCoA results (Fig. 3) and showed
that the 13 STR markers clearly discriminated the seizure sets
analyzed on the present work based on their geographic ori-
gin. The samples were 100% correctly classified, associated
with a null percentage of uncertainty. The MDA results show
the 13 STR system’s efficiency in evidencing the geographic
origin of seized plants ofCannabis and suggest that it can be a
useful tool for forensic investigations.

Conclusion and perspectives

The 13-loci STR multiplex system successfully achieved the
aim of sample individualization and origin differentiation for
the Cannabis specimens examined in the present work. This
system could be a useful tool to help police intelligence in
tracing back-trade routes of particular drug syndicates or
dealers, and in linking different Cannabis plants to a single
crop or crime scene. However, a robust database is necessary
to increase methodologic efficacy, especially in refining the

resolution of the determination of any specific sample’s geo-
graphic origin, as well as adding other Cannabis geographic
sources and supply routes. Notably, Uruguayan samples
should be of special interest in future studies, since illicit drug
traffic has a potential to be markedly affected by recent legal-
ization of Cannabis recreational use in that country, which
could significantly impact drug consumption patterns in
Southern Brazil. Finally, new markers proposed by Valverde
et al. (2014) [40] and used byHouston et al. (2017) [37] will be
tested, replacing some markers and combining tetranucleotide
loci instead.
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