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ABSTRACT: A genetic database was established with the aim of documenting the genetic diversity of Cannabis sativa in Australia for future
utilization in forensic investigations. The database consisted of genotypes at 10 validated short tandem repeat loci for 510 plants representing drug
seizures from across Australia and 57 fiber samples. A total of 106 alleles and 314 different genotypes were detected. All fiber samples exhibited
unique genotypes while 55% of the drug samples shared a genotype with one or more samples. Shared genotypes were mostly found within seizures;
however, some genotypes were found among seizures. Statistical analysis indicated that genotype sharing was a consequence of clonal propagation
rather than a lack of genetic resolution. Thus, the finding of shared genotypes among seizures is likely due to either a common supplier, or direct
links among seizures. Notwithstanding the potential intelligence information provided by genetic analysis of C. sativa, our database analysis also

reveals some present limitations.
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Varieties of the plant, Cannabis sativa L., have long been associ-
ated with human exploitation. Cannabis sativa is thought to have
originated in the central Asia region, and has since been distributed
worldwide by humans who have cultivated the plant as a source of
fiber, fodder, oils, medicines, and intoxicants for thousands of years
(1-4). Leaves and inflorescences contain psychoactive compounds
collectively deemed cannabinoids, with A’-tetrahydrocannabinolic
acid (THC) being the most common (5). Despite the wide range of
possible uses for C. sativa, due to its intoxicant properties, the cul-
tivation and possession of the plant is prohibited by law in many
countries.

Notwithstanding its prohibition in many jurisdictions, drug varie-
ties of C. sativa typically characterized by elevated levels of THC
(6), remain the world’s most frequently used illicit drug (7). It is
widely presumed that organized crime groups largely supply the
domestic black market for C. sativa. However, despite this pre-
sumption, law enforcement agencies are often limited by their
inability to link producers operating in suspected syndicates.

In some jurisdictions, licensing arrangements are available and
advanced breeding schemes are actively cultivating low-THC varie-
ties for fiber and seed oil industries (8—10). However, from an agri-
cultural perspective, the inability to readily distinguish between
fiber and drug C. sativa varieties based on morphology poses a
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major impediment to further development of the crop. In addition,
from a law enforcement perspective, the full-scale agriculture of
C. sativa for fiber and seed oil poses a security problem, with the
possibility of licensed crops being used as a cover for illegal drug
crops and the potential for theft and subsequent fraudulent distribu-
tion of agricultural types as drug types. Also, as long-distance
dispersal of C. sativa pollen has been documented (11), there is the
possibility of undetected contamination of fiber crops with pollen
of drug varieties.

A wide range of botanical evidence is being increasingly used in
forensic investigations. Historically, this has centered on the use of
distinctive morphological characters of seeds and pollen (12); how-
ever, more recently, genetic techniques are increasingly being
adopted for the identification of species from botanical evidence
(13,14). The most commonly used type of genetic markers for dis-
crimination between individuals in human forensic investigations,
short tandem repeat (STR) markers (15), have recently been devel-
oped for C. sativa (16-19). The first comprehensive study employ-
ing a number of these STR markers provided information on
C. sativa agronomic type, and the geographical origin of C. sativa
drug seizures (18).

In the first study, to validate STR markers for forensic use in
plants, Howard et al. (20) demonstrated consistent amplification of
10 STR loci in four multiplex reactions and showed that air-dried
leaf tissue (easily obtainable from drug seizure samples) was partic-
ularly suitable as a DNA source. Crucial to the advancement of
DNA analysis of C. sativa, these validated markers will enable rou-
tine DNA analysis in both forensic (21), and fiber variety breeding
contexts (10,22). With validated STR markers in hand for C. sativa,
the next step before these genetic markers can be meaningfully
employed operationally is to establish a genetic database (23). The
purpose of such a database is to provide insight into the patterns of
allelic and genotypic variation within and among seizures or other
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sample groups. This knowledge is critical for understanding the
capability and limitations of genetic analysis of C. sativa for foren-
sic applications.

This study builds on the earlier work of Gilmore et al. (18),
Gilmore and Peakall (17), and subsequently Howard et al. (20),
and describes the development of an Australian national genetic
database for the forensic investigation of C. sativa based on STR
markers. The aim of this study was to document both the allelic
and genotypic diversity found at the 10 validated C. sativa STR
loci for some 500 C. sativa samples representing both fiber and
drug varieties. Sampling for the database included drug seizures
from five states and territories of Australia and fiber varieties
currently being evaluated for the hemp industry in Australia. The
forensic insights provided by the analysis of this database will be
discussed in relation to the nature of these samples. To our knowl-
edge, this is the first genetic database in the world to be produced
for validated STR profiles of C. sativa.

Methods
Sample Collection, DNA Extraction, and STR Genotype Scoring

Cannabis sativa drug samples were obtained from seizures
from the following states and territories of Australia: the Australian
Capital Territory (ACT); Victoria (VIC); South Australia (SA);
Western Australia (WA); and Tasmania (TAS). Samples of hemp/
fiber varieties of C. sativa were obtained from EcoFibre Industries
(Toowoomba, Queensland, Australia). Drug samples consisted of
plants that were grown using three different known methods:
“field” refers to samples grown in the ground and/or in fields;
“pot” refers to samples grown in pots or containers using artificial
media or soil; “hydroponic” refers to samples grown using hydro-
ponic equipment. Among the drug samples, hydroponically grown
samples were most numerous (41%), followed by field-grown
(30%) and pot-grown (25%).

In addition to the above samples for which cultivar type, Austra-
lian state of origin, and growth type was known, two sets (desig-
nated below as set 1 and set 2) of C. sativa samples were obtained.
Set 1: consisted of a set of drug samples from multiple seizures
from within the ACT for which the growing conditions were
unknown. The seizures from which these samples originated were
subsequently symbolized by a “?” character. Set 2: consisted of 13
C. sativa seedlings of uncertain cultivar type and origin, obtained
as seed from the Australian Federal Police. These ambiguous sam-
ples in set 2 were included in analyses of total C. sativa only, but
excluded then from calculations where cultivar type or state of ori-
gin was required. The C. sativa samples in set 1 and set 2 provided
the opportunity to explore the population assignment procedures
described below.

A total of 510 individual C. sativa samples were analyzed for a
set of 10 C. sativa STR loci originally characterized by Alghanim
and Almirall (16) and Gilmore and Peakall (17). The samples con-
sisted of 440 known drug samples from 100 independent seizures
and 57 known hemp/fiber samples from 12 independent groups
(Table 1). For all C. sativa samples, PCR amplification and
genotype scoring followed the multiplex PCR and allele scoring
procedures in Howard et al. (20), using DNA extracted following
Miller Coyle et al. (24).

Statistical Analysis of Genetic Data

The first step in the statistical analysis was to determine the
number of multilocus genotypes present and whether any

TABLE 1—Summary of the state of origin and nature of Cannabis sativa
samples used in this study.

Cultivar Growing Number of Number

Region Type Type Samples of Seizures
Australian Drug Hydroponic* 36 4
Capital Territory Field" 46 13
Pott 73 7
Unknown® 15 12
South Australia Drug Hydroponic* 82 13
Field" 25 4
Victoria Drug Hydroponic* 29 15
Field" 34 4
Western Australia  Drug Hydroponic* 34 12
Field" 28 3
Pot* 29 12
Tasmania Drug Pot* 9 1
Unknown Uncertain®  Unknown 13 1
- Fiber 57 12
Total 510 113

Samples were obtained from both drug seizures and licensed fiber
varieties.

*Refers to samples grown using hydroponic equipment.

Refers to samples grown in the ground and/or in fields.

fRefers to samples grown in pots or containers using artificial media or
soil.

SCultivar type uncertain. Referred to as set 2 in the text.

"Growing conditions unknown. Referred to as set 1 in the text.

multilocus genotype sharing was evident among samples (hereafter
we refer to “multilocus genotypes™ simply as “genotypes’”). Some
sharing of genotypes was revealed by this analysis. This sharing
may be attributed to either insufficient resolution of the genetic
markers or clonal propagation of plants such that shared genotypes
reflect a common clonal source. For the statistical analysis that
follows, it was assumed that sharing of genotypes within a seizure
most likely reflects a common clonal source, given the high
frequency of clonal propagation of C. sativa (25). In this case, only
one representative of the genotype per seizure was included in
subsequent allele frequency-based analyses. Furthermore, it was
assumed that any sharing of genotypes among seizures was inde-
pendent and unrelated, such that replicated shared genotypes were
retained among seizures. All statistical analysis was performed
using the population genetic analysis software, GENALEX 6 (20),
version 6.1, unless indicated otherwise.

Allele Frequency-Based Statistical Analyses

Allele frequency-based statistical analyses were performed at five
levels: (i) The total data set of all C. sativa samples. (ii) All drug
and fiber samples. (iii) Drug samples divided into field- (F), hydro-
ponic- (H) and pot-grown (P) groups. (iv) Drug samples divided
into Australian state of origin groups. (v) Drug samples divided
into individual seizure groups. For each analysis level a range of
standard population genetic statistics were calculated including: the
number of alleles (Na), the number of effective alleles (Ne),
observed heterozygosity (Ho), expected heterozygosity (He), and
the fixation index (FI) for all 10 STR loci. These allele frequency-
based statistics provide estimates of genetic diversity that can be
compared among loci, among groups, and among species.

Hardy—Weinberg Equilibrium (HWE), and Linkage Disequilib-
rium (LD) tests were performed for each locus on all of the levels
listed above (except level 5) using the software Genepop (27). As
noted in Howard et al. (20), unlike human forensic DNA analysis
where the assumption of random mating is closely approximated, it
cannot be assumed this will be the case for C. sativa due to the
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ability to clonally propagate plants. Consequently, Mendelian segre-
gation is avoided, resulting in identical genotypes between plants of
clonal origin. Furthermore, measures of LD in domesticated plants
often prove unreliable for inferring linkage given that the targeted
selection of some phenotypic characters often impose a bias (28).
Clonal reproduction has been shown to further bias LD estimates
(28).

Following Gilmore et al. (18), an Analysis of Molecular Vari-
ance (AMOVA) was performed to separately estimate the degree
of genetic differentiation among fiber and drug samples, among
state of origin of drug samples, and among growth type groups of
drug samples.

Population Assignment

Population assignment tests were employed to assess the ability
to correctly assign a sample of C. sativa to either drug or fiber
type, based only on its genotype. Following the recommendation of
Paetkau et al. (29) for predicting the statistical power of assignment
tests, genotype log likelihood (log [L]) biplots were plotted for the
drug and fiber sample groups. In such biplots, a strong indication
of sufficient statistical power to correctly assign a sample is indi-
cated when the two populations form discrete nonoverlapping clus-
ters (29). Genotype likelihood biplots for C. sativa drug samples
were also generated for drug growth type (hydroponically-, field-,
or pot-grown) and the Australian state of origin. Generation of
these plots and standard population assignment tests were per-
formed using GENALEX.

Subsequently, using Genecrass V2 (30) the novel Monte Carlo
re-sampling method of Paetkau et al. (31) was employed to per-
form assignment tests and estimate probabilities of inclusion. Popu-
lation assignment based on log (L) values and the simulation-based
assignment tests were performed for two types of “unknown’ sam-
ples: (i) A random subsample of 24 drug and five fiber samples
was removed from the full database (representing c¢. 10% of the
original group’s size) and treated as the “unknown” group. With
these samples excluded from frequency calculations, it was then
determined whether they were correctly assigned as drug or fiber
types based on the log (L) values and the outcomes of simulation
testing. This process was repeated for five replicates (representing
145 “‘unknown” samples in total). (ii) The 13 C. sativa seeding
samples of uncertain cultivar type (previously designated as “set
2”), with the remaining samples in the database as the reference
drug and fiber populations.

Match Probabilities

Random match probability (RMP), probability of identity (PI)
and probability of identity sibs (Plsibs) were calculated using
GENALEX by the formulas shown below:

RMP = HP;Z X HZPin

where for a specific multilocus genotype within a given population,
IT indicates the chain multiplication across loci, p; is the frequency
of the i-th allele at homozygous loci and p; and p; are the frequen-
cies of the i-th and j-th alleles at heterozygous loci.

PL=20 pi)*=> p

where for a single locus, p; is the frequency of the i-th allele at the
locus for the population in question. The PI over multiple loci is
calculated as the product of the individual locus PI values.

PIsibs = 0.25 + (0.5 p?) + (0.5(3_ p2)%) — (025 p)

where for a single locus, p; is the frequency of the i-th allele at
the locus for the population in question. The Plsibs over multiple
loci is calculated as the product of the individual locus Plsibs
values.

Random match probablity provides an estimate of the probability
of encountering a specific genotype in the population in question
(32,33). PI estimates the probability that two unrelated individuals
drawn at random from the population will have the same genotype,
while Plsibs estimates the probability of identity taking into account
the potential relatedness of samples (34,35). Note that PI and Plsibs
estimate the average probability of a match for any genotype, rather
than for a specific genotype as is the case for RMP. Despite the
likely violation of the random mating assumption in C. sativa, these
measures offer useful comparative statistics among C. sativa sam-
ples and populations.

Results
Genotype Recovery

A total of 314 genotypes were detected over the 10 STR loci
examined for all C. sativa samples. All 57 fiber samples had a
unique genotype while among the 440 known drug samples, 197
genotypes were unique, with 47 genotypes being shared across the
remaining 243 samples (i.e., 440-197) (Fig. 1). The drug seizures
from within the ACT from which growth type was unknown (set
1) included mostly unique genotypes but also some that were
shared between these ACT seizures and among seizures from dif-
ferent states (see below). The 13 seedling samples from set 2 each
had a unique genotype.

Figure 2 shows the number of different genotypes resolved for
increasing combinations of loci, ordered from most to least infor-
mative. For the fiber samples, all 57 genotypes were resolved with
the combination of only three loci. For the drug samples, including
genotype matches within seizures, the number of unique genotypes
that were resolved started to plateau with the combination of seven
loci and did not change beyond nine loci (Fig. 2).

B Samples with Unique Genotype & Samples with Shared Genotype
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FIG. 1—Patterns of genotype sharing among Cannabis sativa samples.
The proportion of samples with unique versus shared genotypes for both
C. sativa variety and drug growth type are shown.
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FIG. 2—Multilocus genotype resolution over 10 short tandem repeat loci showing the proportion of fiber and drug samples resolved to a unique genotype

for increasing combinations of loci.

Genotypic Patterns

Multiple occurrences of the same genotype were common within
seizures consisting of multiple plants and were more frequent
within rather than among seizures. In total, 38 of the 47 shared
genotypes were only found within a single seizure. Shared drug
genotypes were most frequently found within hydroponically grown
samples (57% of the total) while unique drug genotypes were
mostly found in field-grown samples (49% of the total) (Fig. 1).
Despite the removal of shared genotypes from the analysis, as
expected, for most loci there was significant deviation from HWE,
and some LD was evident (full data not shown).

Nine of the 47 shared genotypes were found among seizures,
with three of these being present in seizures from two or more
states, denoted genotypes F, M, and N (Fig. 3a and 3b). Seizures
of hydroponically grown samples from SA had a high degree of
genotype sharing, with seven of the 13 seizures of hydroponically
grown samples from SA sharing the same genotype, denoted
P. Five of these seven seizures were exclusively genotype P. Victo-
rian hydroponic seizures also showed similar levels of genotype
sharing within and among independent seizures, with six of the 15
independent hydroponic seizures consisting exclusively of the geno-
type F. Genotype F was also found in several independent hydro-
ponic seizures from SA and in one unknown growth type seizure
from the ACT. The remaining genotypes shared within states,
including the two genotypes shared between states (M, shared
between WA and an unknown growth type seizure from the ACT;
N shared between VIC, WA, and an unknown growth type seizure
from the ACT), were not found in as high abundance between
independent seizures as that of genotypes F and P.

The average RMP estimate for all recovered drug genotypes was
54 x 107® with a range of 9.6 x 1077 to 9.5 x 107, The RMP

estimate for all C. sativa genotypes recovered was 5.0 x 10~ with
a range of 9.6 x 107° to 3.1 x 107%. The RMP estimates for the
shared genotypes: BB, EE, K, N, and P, were notably smaller than
the average RMP for the drug samples, which suggests that rare
alleles were present in these genotypes. The RMP estimates for the
remaining shared genotypes: B, F, M, and Z, were larger than the
average RMP for the drug samples, which suggests that these geno-
types were composed of more common alleles. The PI and Plsibs
for all drug genotypes recovered were estimated to be 2.4 x 107
and 5.5 x 107 respectively, and 2.3 x 10 and 3.1 x 107* respec-
tively for all C. sativa genotypes recovered.

Allelic Diversity in Cannabis sativa

A total of 106 alleles were detected over all 10 STR loci for the
510 C. sativa samples. Within the drug samples, 76 alleles were
detected of which 14 were unique to the drug type of C. sativa.
Within the fiber samples, 92 alleles were detected with 30 being
unique to only the fiber type of C. sativa. Overall, the number of
alleles per locus ranged from 23 (ANUCS301) to 4 (ANUCS501
and BO2-CANN1).

On average over the 10 STR loci, the fiber group revealed con-
siderably more alleles than the drug sample group. In turn, unique
alleles were more common in fiber samples. The average Na, aver-
age Ne, and the average number of unique alleles were similar for
the field-, hydroponic-, and pot-grown drug growth type groups.
However, the average He was considerably lower for the hydro-
ponic drug group. Allelic diversity was also variable among the
state drug growth groups. At a locus by locus level there was varia-
tion in the Na and the frequency of alleles among the drug growth
groups, with the average Na for the ACT and WA drug groups
being similar and higher than the average number of alleles for
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FIG. 3—The distribution of shared multilocus genotypes among seizures.
a) All except three of the genotypes shared among seizures were found
within one state. b) Genotypes F, N, and M were shared between states.

Australian Capital

VIC and SA drug populations. The average He was the highest for
the ACT and WA drug groups, with a considerable decrease in this
measure within the SA, VIC, and TAS groups. For most loci, alle-
lic distribution and frequency was uneven among the drug and fiber
groups and also within drug growth type groups as well as among
states.

Tables showing the full list of genotypes and summarizing the
allele frequency data can be freely sourced from Howard et al. (36)
at http://www.ndlerf.gov.au/pub/Monograph_29.pdf.

Ability to Distinguish between Fiber and Drug Samples

The AMOVA analysis revealed that there was modest, yet sig-
nificant, genetic differentiation (Fsr = 0.094 p > 0.001) between
the fiber and drug samples, with this difference accounting for 9%
of the total genetic variance. This was higher than the level of dif-
ferentiation detected between drug and fiber samples reported in
Gilmore et al. (18), where a different subset of C. sativa STRs
were used. Within the drug samples, the degree of genetic differen-
tiation among the state of origin groups was similar to that among
the fiber and drug groups (Fst = 0.077, p > 0.001); however, the
degree of genetic differentiation among the drug growth type
groups was lower (Fgt = 0.041, p > 0.001).

Despite the modest differentiation among drug and fiber samples
(representing only 9% of the total genetic variation), there was
minimal overlap between the two types of C. sativa in the geno-
type likelihood biplot (Fig. 4). This indicated the potential for
assignment tests to aid identification of unknown C. sativa as either
drug or fiber type samples. Table 2 summarizes the outcomes of
assignment tests for the subset of samples that were randomly

30.0
. ¢ Fiber
oo 5 Drug
250 .o
.
éﬁ ..o . . .
B
.
2 200 + AR
é .z :. 0.’ o
(]
s ERN
3 © e
315.0" '0 [ ﬂ’ ':'@Dn
o ‘..EDD qél |:|D
Z E‘UD DEI o oo
= * o Iﬁﬁ 0B og D
z Py T AL
&~ 100 + R B g o
0O m @g o? EI:I
Bhels B
o % % a,ﬁljcgnﬂ
5.0 1 1 f f
5.0 10.0 15.0 20.0 25.0 30.0

Positive Log Likelihood Fiber

FIG. 4—Genotype likelihood biplot showing the discrimination between
drug and fiber samples.

extracted from the database and excluded from the frequency calcu-
lation underpinning the subsequent assignment tests. For the assign-
ment test based on log (L) values, on average 92% of the drug
subset samples were correctly identified as drug, while 100% of
the fiber subset were correctly identified as fiber. When based on
the simulation outcomes, at p > 0.01 for inclusion, 89% of drug
samples and 92% of fiber samples were assigned correctly to their
respective group. However, for the same set of samples, 65% of
the drug samples could not be ruled out as possibly belonging to
the fiber group. Similarly, 8% of the fiber samples could not be
ruled out as belonging to the drug group (Table 2).

Population assignment tests based on log (L) values for the 13
C. sativa seedling samples from set 2 revealed that nine samples
had a genotype indicative of drug type samples, with the remaining
four indicative of fiber type samples. However, the simulation
outcomes revealed that none of the samples could be ruled out as
belonging to the drug type (at p > 0.01 for inclusion). This ambi-
guous assignment outcome for the set 2 samples that most likely
originated from a drug seizure by the Australian Federal Police,
likely reflects the genetic similarity of some drug and fiber samples
(Fig. 4).

Despite some genetic differentiation, discrete clustering in the
genotype likelihood biplots was not apparent among Australian
state of origin groups. In addition, given the low level of genetic
differentiation separating the drug growth type groups, genotype
likelihood biplots among these groups did not show discrete nonov-
erlapping clusters (data not shown). As a result, the drug samples
from set 1 could not be unambiguously assigned to a growth type.
Therefore, using this current database, there is limited genetic
power to distinguish among these groups with assignment tests.

Discussion
Genetic Diversity of Australian Cannabis sativa

To our knowledge, we have built the world’s first C. safiva
genetic database. Based on the genetic analysis of STR loci, the
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TABLE 2—Results of population assignment tests for drug and fiber samples of Cannabis sativa.

C. sativa Simulated Probability of Inclusion
Type Random C. sativa log (L)—Placement ] ]
Population Sample Subset in Actual Group (%) P >0.01—Drug (%)  p > 0.01—Fiber (%)  p >0.001—Drug (%)  p > 0.001—Fiber (%)
Drug 1 92 79 71 92 75
2 92 92 58 96 83
3 100 96 58 100 63
4 88 88 67 92 75
5 88 92 71 92 79
Average 92 89 65 94 75
Fiber 1 100 0 80 20 80
2 100 20 100 20 100
3 100 20 80 60 80
4 100 0 100 0 100
5 100 0 100 40 100
Average 100 8 92 28 92

The proportion of samples placed in their correct population are indicated from log likelihood (log [L]) values and simulated probability of inclusion.

current standard in human forensic analysis (15), the database con-
tains genotype data across 10 loci for some 500 C. sativa plants
representing drug seizures from five Australian states and territories
and a selection of fiber samples. While additional STR loci are
available for C. sativa, and have been used successfully for popula-
tion studies (18), the selection of the 10 loci used in this study was
based on the need to use developmentally validated STR loci that
most closely matched the standards in human forensic analysis and
avoided many of the interpretive challenges common with STRs
(37.,38).

Concurring with the study of Gilmore et al. (18), the analysis of
the present database revealed that fiber varieties were genetically
more diverse than drug varieties of C. sativa. For example, while
fiber samples represented only 11% of the 510 samples tested,
these samples contained 86% of the total allelic diversity. Further-
more, 28% of the total of 106 alleles were only found in fiber sam-
ples. Moreover, all of the fiber samples tested had unique
genotypes. This finding of high genetic diversity within the fiber
samples is consistent with obligate outcrossing and long-distance
wind-dispersed pollen that likely characterizes this dioecious plant
(10). It is also apparent that a wide genetic base has been sourced
by the hemp industry.

Despite their lower genetic diversity when compared with fiber
samples, a high proportion of drug samples did exhibit a unique
genotype across the 10 STR loci. These genetically distinct samples
were found among field-, hydroponic-, and pot-grown drug sam-
ples, but were most frequent in field-grown samples. Of the total
of 106 alleles, 13% of the alleles detected were unique to the drug
samples.

Genotypic Patterns among Australian Cannabis sativa

Unique genotypes were common among the Australian C. sativa
samples that were analyzed, with genotype sharing occurring only
among the drug samples. The finding of genotype sharing among
some drug samples, and the lack of any genotype sharing among
the fiber samples is of interest. The challenge in the case of C. sati-
va (and many other plants) is that unlike humans (except identical
twins), some genotype sharing due to clonal propagation can be
expected. However, this genotype sharing may also be due to lack
of sufficient resolution at the set of 10 STR loci used in the study.

One way to assess whether these 10 STR markers provide suffi-
cient resolution is to empirically determine the rate at which unique
genotypes are recovered with increasing combinations of loci
within the database itself. This analysis revealed that for the

genetically more diverse fiber samples the combination of three or
four loci was more than sufficient to “individualize™ all of the 57
genotypes (see Fig. 2). For the less diverse drug samples, most
unique genotypes were recovered with 7 or 8 loci, with subsequent
additional loci failing to find substantial numbers of extra
genotypes.

Probability of identity estimates provides another way to assess
whether the 10 STR loci provided adequate resolution. The PI esti-
mates indicated that the chance of obtaining identical genotypes by
sexual reproduction in a randomly mating population of C. sativa
is approximately one in 400 million. However, given the violation
of the random mating assumption the more conservative Plsibs is
recommended. Estimates of Plsibs indicated that the probability of
two samples, including genetically related samples, having the
same identical genotype was in the order of one in 3000. There-
fore, in this database of some 500 samples, encountering shared
genotypes by chance, even allowing for closely related individuals,
appears very unlikely. Consequently, the finding of shared geno-
types is most likely due to a common genetic origin enabled by
clonal propagation.

Further support for clonal propagation as the basis for genotype
sharing is indicated by the patterns of genotype sharing. If genotype
sharing was a consequence of insufficient genetic resolution it
should be found evenly across the samples, irrespective of their
growth type. However, the majority of samples with shared geno-
types (57%) occurred within hydroponic seizures (Fig. 1), the
growth type for which clonal propagation is known to be most
frequent (25). In addition, the overwhelming majority of shared
genotypes, 38 of 47 (81%), were detected within seizures. Of the
remaining nine genotypes shared among seizures, all but three were
exclusive to a single Australian state. On the weight of evidence it
is therefore concluded that the genotype sharing detected in the
database is predominantly, if not exclusively, a consequence of clo-
nal propagation. Below the forensic implications of this finding are
explored.

Forensic Applications and Limitations

The construction of the genetic database and associated analysis
was completed “blind” with the only information provided with
the samples being the varietal type of C. sativa, the state of origin,
and (where known) the growth type of the drug samples (hydro-
ponic-, pot-, or field-grown). Other information, such as known or
suspected linkages among seizures, was not provided. Such addi-
tional knowledge would allow a better assessment of the forensic
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value of the database. However, in the absence of this information,
the comments below on the forensic applications remain somewhat
speculative.

The patterns of genotype sharing that were uncovered in the
database suggest some variation in the form of drug production
within Australia. It is inferred that the production consists of two
types of perpetrator: (i) Small independent growers using a combi-
nation of field-, pot- and hydroponic-growth methods that mainly
generate unique genotypes. (ii) Organized crime syndicates of a
variety of operational size that largely employ hydroponic propaga-
tion, leading to the proliferation of shared genotypes that reflect
either a common supplier, or direct links among seizures.

One shared genotype of interest was genotype P (Fig. 3b) that
was exclusive to South Australian hydroponic samples and found
among several seizures. The RMP value for this genotype was
approximately two orders of magnitude lower than the average
RMP, indicating that multiple occurrences of this genotype by sex-
ual reproduction are particularly unlikely. Consequently, linkages
among the seizures are implied. Similarly, other cases of potential
linkage are implied by genotype sharing among the states (Fig. 3).
If this genetic knowledge reinforces suspected linkages from other
evidence, this combined knowledge may aid in prosecution.

Notwithstanding the potential intelligence information provided
by genetic analysis of C. sativa drug seizures, it is presently not
possible to categorically assign a state of origin to an Australian
seizure. As already noted, there is some sharing of genotypes
among states, and this likely underestimates the degree of human-
assisted gene flow that occurs between the states. Nonetheless,
there were state-by-state differences in alleles and allele frequency
that may become even more pronounced as the database expands.
It is possible that C. sativa drug seizures from other countries may
exhibit more informative differences than among states within Aus-
tralia (18) but this analysis was beyond the scope of the present
study.

The genetic similarity that was identified among fiber and drug
varieties undoubtedly reflects their common evolutionary origin,
but poses several challenges for the law enforcement community.
The combination of low genetic diversity within drug samples and
the presence of unique fiber- and drug-specific alleles has the
potential to provide a strong indication as to whether a sample is
of drug or fiber origin. Furthermore, notwithstanding only moderate
genetic differentiation, the assignment tests identified a large pro-
portion of the samples correctly (on average >92% for drug sam-
ples and 100% for fiber samples, Table 2).

Ideally, a DNA test for drug versus fiber varieties of C. sativa
would be based on the direct analysis of the gene/s responsible for
THC regulation. Until such a test is available the combination of
nuclear STR data with organelle DNA haplotype data may further
enhance discrimination among fiber and drug varieties of C. sativa
(39). A further solution to aid the identification of drug versus fiber
plants may be a DNA profile register of fiber varieties, analogous
to the DNA registers proposed to assist with the legal trafficking of
wildlife (40).

Given the identified limitations, most of which reflect biological
reality, rather than technical constraints, what practical recommen-
dations can be made? The detection of genotype sharing among
multiple drug seizures may provide objective and independent cor-
roboration of suspected linkages. Equally, this genetic evidence
may refute suspected linkages. With appropriate consideration,
there will be a range of circumstances where genetic analysis of
C. sativa seizures will be of forensic value, be it for prosecutor or
defense assistance in drug-related crime or for intelligence gather-
ing for other investigations. However, as in human forensics,

genetic analysis must complement, rather than replace, other forms
of evidence (41). With the establishment of this first C. sativa
genetic database, the next step in the implementation of C. sativa
DNA typing can now be handed to established forensic laborato-
ries. Ultimately the final step will be realized when this technology
is evaluated in the courtroom.
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