


Figure 3.5. The average Number of Alleles (Na), the Average Number of Effective alleles (Ne),
the average number of private alleles, and the average Expected Heterozygosity (He)
observed over various Cannabis sativa sample groups. a) overall C. sativa, fibre and
drug varieties, b) C. sativa drug growth-type, c) C. sativa drug samples divided into
the Australian state of origin.
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Figure 3.6. Locus ANUCS301 allele frequencies for a) both fibre and drug, b) field-, hydroponic-
and pot-grown, and c) drugs from each Australian state represented.
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Figure 3.7. Locus ANUCS304 allele frequencies for a) both fibre and drug, b) field-, hydroponic-
and pot-grown, and c) drugs from each Australian state represented.
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3.3.5 Ability to Distinguish Between Fibre and Drug Sample Populations

The Analysis of Molecular Variance measures revealed that there was significant genetic
differentiation (F, = 0.094 P > 0.001) among the fibre and drug samples, with this difference
accounting for 9% of the total genetic variance. This was notably higher than the level of
differentiation detected between drug and fibre samples reported in Gilmore et al. (2003), where
a different subset of C. sativa STRs were used. Within the drug samples, the degree of genetic
differentiation among the state of origin groups was similar to that among the fibre and drug
groups (F;, = 0.077, P> 0.001), however, the degree of genetic differentiation among the drug
growth-type groups was lower (F., = 0.041, P > 0.001).

Despite the modest differentiation of only 9% of the total genetic variation among drug and fibre
samples, the genotype likelihood biplot shown in Figure 3.8 shows minimal overlap between

the two types of C. sativa. As a consequence, we would predict that assignment tests will, more
frequently than not, correctly identify an unknown C. sativa sample as being either a drug or fibre
variety. Population assignment based on Log (L) values for the 13 ambiguous C. sativa samples
belonging to a single group of germinated seedlings obtained from the AFP, suggested that 9 of the
samples had a genotype that most likely belonged in the drug population, with the remaining 4
having a genotype most likely belonging to the fibre population. However, given some overlap of
the drug and fibre groups (Fig. 3.8) due to the genetic similarity of the populations, we predict that
assignment tests may not be definitive for all samples.

Table 3.4 summarises the outcomes of assignment tests for a subset of samples that were randomly
extracted from our database and excluded from the frequency calculation underpinning the
subsequent assignment tests. Based on Log(L) values for a total of 120 samples, on average 92%
of the drug subset samples were correctly identified as drug, while 100% of the fibre subset were
correctly identified as fibre.

Furthermore, the simulation options provided by cenecLass (Piry et al., 2004) allowed us to assess
probable population inclusion. When we set P > 0.01 for inclusion, 89% of drug samples and
92% of fibre 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 fibre
group. Similarly, 8% of the fibre samples could not be ruled out as belonging to the drug group.

As would be expected, at the P> 0.001 level, both correct and incorrect assignments increased
slightly (Table 3.4). This suggests that the genetic similarity of some drug and fibre genotypes in this
study across these 10 STR loci precluded categorical separation of all drug and fibre samples and
that there is a need for some caution in the interpretation of assignment tests based only on Log (L)
values.

Despite the 8% genetic differentiation among the drug samples when they were grouped into

their Australian state of origin, discrete clustering was not apparent in genotype likelihood biplots
between these groups (data not shown). Therefore it appears that it may not be possible to assign

a state of origin to an Australian seizure. This is not surprising, given some sharing of genotypes
among the states as outlined above. Additionally, given the low level of genetic differentiation (4%)
separating the drug growth-type groups, genotype likelihood biplots between these groups did not
show discrete non-overlapping clusters (data not shown). Consequently, it appears that it may not
be possible to assign a drug growth-type to an Australian seizure.
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Figure 3.8. Genotype likelihood biplot showing the discrimination between drug and fibre samples.
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Table 3.4. Results of population assignment tests for drug and fibre samples of Cannabis sativa.
The proportion of samples placed in their correct population are indicated from Log
likelihood [Log (L)] values and simulated probability of inclusion

Simulated Probability of Inclusion
. Random Log (1) -
C'ti‘:')zva C. sativa lflacger(n)eent P>0.01- | P>001- | P>0.001- | P>0.001-
population sample in Actual Drug Fibre Drug Fibre
subset Group

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%

Fibre 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%
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3.4 Discussion

3.4.1 Genetic Diversity of Australian Cannabis sativa

To our knowledge, we have built the world’s first Cannabis sativa genetic database. Based on the
genetic analysis of STR loci, the current standard in human forensic analysis (Butler, 2006), the
database contains multilocus genotype data across 10 STR loci for approximately 500 C. sativa
plants representing drug seizures from five Australian states and territories and a selection of fibre
samples. While additional STR loci are available for C. sativa, and have been used successfully for
population studies of the plant (Gilmore et al., 2003), our 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 (Hauge & Litt, 1993; Hoffman & Amos, 2005).

Concurring with the study of Gilmore et al. (2003), the analysis of our database revealed that fibre
varieties were genetically more diverse than drug varieties of C. sativa. For example, while fibre
samples represented only 11% of the total number of samples tested, these samples contained
86% of the total allelic diversity. Furthermore, 28% of the total of 106 alleles were only found

in fibre samples. Moreover, all of the fibre samples tested had a unique multilocus genotype
across the 10 STR loci. This finding of high genetic diversity within the fibre samples is consistent
with obligate outcrossing and long distance wind-dispersed pollen that likely characterises this
dioecious plant (Ranalli, 2004). It is also apparent that a wide genetic base has been sourced by
the hemp industry.

Despite the lower genetic diversity of drug versus fibre samples, a high proportion of drug samples
in our database did exhibit a unique multilocus genotype across the 10 STR loci. These genetically
distinct samples were found among field-, hydroponic- and pot-grown drug samples, 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.

3.4.2 Genotypic Patterns among Australian Cannabis sativa

Unique multilocus genotypes were common amongst the Australian C. sativa samples that we
analysed, with multilocus genotype sharing occurring only amongst the drug samples. Our

finding of multilocus genotype sharing among some drug samples, and the lack of any genotype
sharing among the fibre samples is of interest. The challenge in the case of C. sativa (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. Here we evaluate the evidence concerning
these two alternatives that could explain the sharing of genotypes.

In human forensic analysis, multiple STR loci are required to ‘individualise’ each human (except
identical twins). For example, in the United States of America, the use of the 13 STR loci of

the Combined DNA Index System (CODIS) enables sufficient discrimination within the human
population. Calculation of Pl can provide an indication of whether we have sufficient genetic
resolution with the 10 STR loci, or not. For the CODIS loci set, the Pl between profiles of two
unrelated persons in a randomly mating population of Caucasian Americans is estimated to be
1.74 x 10" or one in 575 trillion (Samuels & Asplen, 2000). Similarly, in Australia a set of 9 STR
loci have been certified as being sufficiently discriminatory for use in human forensic analysis
(Walsh & Buckleton, 2007). If fewer loci are used in these two jurisdictions, unrelated individuals
may share the same genotype due to chance alone. Similarly, in the case of C. sativa, if insufficient
loci are used, unrelated samples may share the same genotype.
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Our database analysis based on P/ estimates indicated that, on average, the chance of obtaining
identical genotypes across the 10 STR loci by sexual reproduction in a randomly mating
population of C. sativa is approximately one in 400 million. Therefore, we would not expect to
encounter identical genotypes by chance alone in our database of approximately 500 C. sativa
samples. However, given that the random mating assumption underlying the calculation of P/

is violated due to significant deviation from Hardy-Weinberg Equilibrium, we recommend the
use of a more conservative estimate of probability. The statistic Plsibs provides an estimate of

the probability of two samples, including genetically related samples, having the same identical
genotype across the loci in question. From our database, the estimates of Plsibs across the 10 STR
loci are in the order of one in three thousand. Therefore, in our database of some 500 samples we
still would not expect to encounter shared genotypes as a consequence of chance, even allowing
for closely related individuals within the sample set. Consequently, shared genotypes between two
separate plants are likely to be due to them both having the same genetic origin.

An alternative way to assess whether our 10 STR markers provide sufficient resolution is to
empirically determine the rate at which unique genotypes are recovered with increasing
combinations of loci within the database itself. Our analysis revealed that for the genetically
more diverse fibre samples the combination of three or four loci was more than sufficient to
‘individualise” all of the 57 genotypes (see Fig. 3.2). 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.

Additionally, all of the 13 samples of unknown C. sativa type (Set 2) included in this study had
unique genotypes. As these samples originated from individual germinated seeds, this outcome
was not entirely unexpected and concurs with the Plsibs estimates from our database that indicates
that shared genotypes among related C. sativa plants will be unlikely. With this in mind, both the
empirical assessment of genotype discrimination and probability estimates strongly suggest the 10
STR loci used in this study provide adequate resolution to distinguish between unique genotypes
in our database of 500 samples.

Further support for clonal propagation as the basis for genotype sharing can be provided by an
evaluation of the distribution of genotype sharing. If genotype sharing was merely a consequence
of insufficient genetic resolution we would expect the degree of sharing to be spread across the
samples, irrespective of their growth type. In the case of C. sativa, we predict that drug seizures
of hydroponically-grown material will have a high likelihood of containing plants derived by
clonal propagation (ACC, 2007), while drug seizures from field-grown crops are expected to
contain fewer clonally propagated plants. Our findings concur with these predictions. The
majority of samples with shared genotypes (57%) occurred within hydroponic seizures (Fig. 3.1),
while far fewer shared genotypes found within field-grown seizures (17%). Further support for
clonal propagation as the basis for genotype sharing is provided by the patterns of sharing within
versus among seizures. The overwhelming majority of shared genotypes, 38 out 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 we conclude that
the genotype sharing we have detected in our database is predominantly, if not exclusively, a
consequence of clonal propagation. Below we explore the forensic implications of this finding.

3.4.3 Forensic Applications and Limitations

Our genetic database and associated analysis has been 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 (hydroponic-, pot- or field-grown). We were
not provided with any other information such as known or suspected linkages among seizures.
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Such additional knowledge would allow us to better assess the forensic value of the database.
In the absence of this information, our comments on the forensic applications remain somewhat
speculative.

The patterns of genotype sharing that we have uncovered in our database suggest some variation
in the form of drug production within Australia. We infer that the production consists of two types
of perpetrator: many small independent growers using all types of growing methods leading to
the proliferation of unique multilocus genotypes; and organised crime syndicates of a variety of
operational size leading to the proliferation of shared multilocus genotypes.

We have already argued that the sharing of genotypes most likely reflects a common origin via
clonal propagation. Consequently, the finding of shared genotypes among seizures is most likely
due to either a common supplier, or direct links among seizures. One example of shared genotype
was genotype P (Fig. 3.3b) which was exclusive to South Australian hydroponic samples and
found amongst several seizures. The RMP value for this genotype was approximately 2 orders of
magnitude lower than the average RMP, indicating that multiple occurrences of this genotype
should be unlikely in the drug population in our database. Given that this genotype is quite
distinctive and was recovered from multiple seizures, connectivity through clonal propagation
between the seizures can be implied. Similarly, other cases of potential linkage are implied by
genotype sharing among the states as indicated in Figure 3.3. If this genetic knowledge reinforces
suspected linkages from other evidence, this combined knowledge may aid in prosecution.

It is of interest to note that despite the inability to categorically assign a drug growth-type by
population assignment methods, the unknown growth-type of some of the drug seizures from the
ACT (Set 1) may be inferred by their genotype sharing. No genotypes of hydroponically-grown
samples were shared with pot- or field-grown growth type samples, leading us to predict that the
sample of seizure ‘ACT12?" with genotype F, was most likely hydroponically-grown. Conversely,
the samples of seizure ‘ACT6?’ with genotype M, and of seizure ‘ACT15?’ with genotype N, are
unlikely to be hydroponically-grown, being genotypes shared with field- and pot-growth types (Fig.
3b). With this type of linkage in mind, it would be of value to combine genetic and non-genetic
evidence to assess the possible basis of genotype sharing among the states for genotypes such as
those of f, M and N found in this study. For example, are these potent drug varieties shared among
interstate consortia? Or merely sourced independently from a single supplier?

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 Australia
(Gilmore et al., 2003) but this analysis was beyond the scope of the present study.

The genetic similarity that we identified among fibre and drug varieties reflects their common
evolutionary origin and is likely a consequence of historical or contemporary gene flow between
fibre and field-grown drug crops and poses several challenges for the law enforcement community.
Nonetheless, the combination of low genetic diversity within drug samples and the presence

of unique fibre and drug specific alleles has the potential to provide strong indication as to

the likelihood of a sample being of drug versus fibre origin. Furthermore, notwithstanding the
moderate genetic differentiation between the drug and fibre samples, our assignment test results
indicated that, more often than not, drug and fibre samples could be readily distinguished.
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The population assignment results for the 13 samples of unknown C. sativa type (Set 2) are of
interest. Given that these samples were from a single group of seeds held by the AFP, the samples
were most likely of the drug variety. However, despite this, population assignment testing indicated
that the genotypes of some of the samples were more likely to be of fibre rather than drug origin.
Given this result and some equivocal outcomes for the simulated population assignment tests,
population assignment test outcomes need to be considered cautiously. It is well known that large
population sizes are needed for robust estimates of allele frequencies. Therefore, the addition of
samples of both drug and fibre type to our database will likely improve the reliability of assignment
tests in the future.

Ideally a DNA test for drug versus fibre varieties of C. sativa would be based on the direct analysis
of the gene/s responsible for THC regulation. However, until such a test is available it may be
possible to enhance the results of nuclear STRs with organelle DNA haplotype data that also
provides some discrimination among fibre and drug varieties of C. sativa (Gilmore et al., 2007).
The study of Gilmore et al. (2007) showed that some organelle DNA haplotype groupings in

C. sativa largely were associated with either drug or fibre type plants. Whilst Gilmore et al. (2007)
noted there was still some overlap between drug and fibre types based on organelle haplotypes,
these markers coupled with the set of nuclear STRs used here may achieve the necessary resolution
between drug and fibre plants. A further solution to aid the identification of drug versus fibre plants
may be a DNA profile register of fibre varieties, analogous to the DNA registers proposed to assist
with the legal trafficking of wildlife (Palsboll et al., 2006).

Given the limitations we have identified, what practical recommendations can we make?

The detection of genotype sharing among multiple drug seizures may provide objective and
independent corroboration of suspected linkages. Equally, this genetic evidence may refute
evidence of linkages. We suggest that 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 defence assistance in drug related crime or for intelligence gathering for other
investigations. It is apparent that genetic knowledge, including the finding of shared genotypes
within and among seizures, has potential intelligence value. However, as noted in human
forensics, genetic analysis must complement, rather than replace, other forms of evidence (Lynch
& McNally, 2003).
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Chapter four: General Conclusion

The overall objective of this project was to develop and implement a DNA typing technology

for Cannabis sativa and to enable its subsequent transfer from the research laboratory to the
forensic community. We have achieved our objectives by establishing the accuracy and reliability
of this technology through developmental validation, and by the subsequent compilation of a
genetic database for some 500 C. sativa samples representing drug seizures from multiple states
of Australia. While it was disappointing that we were unable to source samples from all states
and territories of Australia (as originally planned), we have worked successfully with multiple
jurisdictions. The role played by these jurisdictions in providing DNA samples was critical to the
success of this project. 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
laboratories, with discussion on the transfer of this technology having already begun. The final step
will be realised when this technology is evaluated in the courtroom.
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Table 6.2. Cannabis sativa variety allele frequencies for fibre, drug, and drug growth type
varieties. Only one representative sample of each genotype in each seizure was
included in the analysis.

Locus Allele/n | Cannabis | Fibre Drug gl::(e)wn Hy(;:(())ev(;mc- gfg\}\; n
ANUCS301 N 341 57 271 103 82 71

205 0.007 0.018 0.006 0.015
208 0.004 0.026
211 0.001 0.009
214 0.147 0.185 0.262 0.159 0.127
217 0.001 0.002 0.007
220 0.007 0.035 0.002 0.006
223 0.004 0.009 0.004 0.010
226 0.345 0.079 0.417 0.461 0.433 0.289
229 0.031 0.105 0.017 0.005 0.012 0.035
232 0.069 0.158 0.054 0.102 0.043 0.007
235 0.032 0.096 0.020 0.024 0.037
238 0.023 0.035 0.018 0.006 0.042
241 0.145 0.053 0.142 0.029 0.140 0.338
244 0.072 0.053 0.072 0.039 0.079 0.113
247 0.031 0.105 0.017 0.015 0.024 0.014
250 0.006 0.035
253 0.037 0.070 0.030 0.029 0.037 0.028
256 0.009 0.044
259 0.013 0.053 0.006 0.018
262 0.009 0.007 0.005
265 0.001 0.002 0.005
268 0.003 0.009 0.002 0.006
276 0.001 0.009

Locus Allele/n | Cannabis | Fibre Drug gl::gw; Hy(;:gevonnlc- g:)(())\}\; n

ANUCS304 N 345 74 271 103 82 71

141 0.001 0.007
144 0.246 0.203 0.258 0.160 0.128 0.599
147 0.001 0.002 0.005
165 0.001 0.007
168 0.006 0.020 0.002 0.006
171 0.145 0.185 0.218 0.177 0.141
174 0.077 0.284 0.020 0.024 0.037
177 0.001 0.007
180 0.007 0.027 0.002 0.007
183 0.013 0.061
186 0.001 0.007
189 0.041 0.020 0.046 0.044 0.098
192 0.014 0.014 0.015 0.024 0.012
195 0.007 0.014 0.006 0.006 0.014
198 0.012 0.034 0.006 0.015
201 0.029 0.088 0.013 0.005 0.018 0.014
204 0.074 0.081 0.072 0.063 0.146
207 0.281 0.101 0.330 0.384 0.366 0.183
210 0.038 0.014 0.044 0.058 0.006 0.042
216 0.001 0.007
222 0.001 0.007
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Table 6.2 continued

Locus Allele/n | Cannabis | Fibre Drug glz:gwn Hy(;:gev%mc- gfgx n
BO1CANN1 N 345 74 271 103 82 71
311 0.001 0.007
314 0.001 0.007
317 0.235 0.230 0.236 0.243 0.165 0.324
320 0.013 0.061
323 0.003 0.007 0.002 0.006
326 0.459 0.405 0.474 0.466 0.506 0.423
329 0.186 0.115 0.205 0.189 0.287 0.134
332 0.020 0.034 0.017 0.010 0.018 0.028
335 0.014 0.054 0.004 0.014
338 0.017 0.068 0.004 0.010
341 0.006 0.014 0.004 0.012
344 0.013 0.017 0.019 0.006 0.021
362 0.001 0.002 0.005
371 0.029 0.037 0.058 0.056
Locus Allele/n | Cannabis | Fibre Drug gF:(e)!gn Hy(;:.(())ev(:]mc- gfgxn
ANUCS302 N 345 74 271 103 82 71
133 0.049 0.216 0.004 0.005 0.006
139 0.220 0.351 0.185 0.175 0.195 0.148
142 0.001 0.007
145 0.158 0.236 0.137 0.102 0.061 0.303
148 0.010 0.013 0.034
151 0.132 0.081 0.146 0.199 0.110 0.113
154 0.423 0.081 0.517 0.485 0.628 0.437
163 0.004 0.020
166 0.001 0.007
Locus Allele/n | Cannabis | Fibre Drug gFIE(e)!gn Hy(;:.gev(:]mc- gf(())\}\;n
ANUCS305 N 345 74 271 103 82 71
142 0.223 0.257 0.214 0.228 0.171 0.218
145 0.145 0.068 0.166 0.228 0.177 0.063
148 0.093 0.128 0.083 0.310
151 0.022 0.101
154 0.491 0.324 0.537 0.544 0.652 0.408
157 0.006 0.027
160 0.010 0.047
163 0.009 0.041
167 0.001 0.007
Locus Allele/n | Cannabis | Fibre Drug gl::gwn Hy(;:ge&mc- gll‘)(())\}\; n
C11CANN1 N 345 74 271 103 82 71
152 0.078 0.189 0.048 0.063 0.024 0.056
155 0.542 0.527 0.546 0.510 0.634 0.507
158 0.252 0.321 0.393 0.274 0.246
161 0.020 0.088 0.002 0.007
164 0.043 0.074 0.035 0.010 0.113
167 0.046 0.108 0.030 0.024 0.049 0.021
176 0.017 0.014 0.018 0.018 0.049
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Table 6.2 continued

Locus Allele/n | Cannabis | Fibre Drug gF,!gwn Hy(;:gev%nlc- gfg\}\; n
BO5CANNT1 N 345 74 271 103 82 71
227 0.001 0.007
230 0.001 0.007
236 0.341 0.277 0.358 0.316 0.268 0.563
239 0.368 0.297 0.387 0.359 0.512 0.246
242 0.283 0.412 0.247 0.325 0.201 0.183
245 0.006 0.007 0.018 0.007
Locus Allele/n | Cannabis | Fibre Drug gF:(e)!gn Hy(;:gev(:]mc- gf(())\}\; n
ANUCS501 N 345 74 271 103 82 71
78 0.026 0.108 0.004
88 0.597 0.750 0.555 0.563 0.524 0.620
93 0.159 0.135 0.166 0.160 0.207 0.127
98 0.217 0.007 0.275 0.277 0.268 0.254
Locus Allele/n | Cannabis | Fibre Drug Field- Hydroponic- | Pot-
grown grown grown
B02CANN2 N 345 74 271 103 82 71
164 0.510 0.378 0.546 0.558 0.512 0.620
167 0.284 0.493 0.227 0.214 0.244 0.183
170 0.020 0.088 0.002 0.006
173 0.186 0.041 0.225 0.228 0.238 0.197
Locus Allele/n | Cannabis | Fibre Drug gF:gwn Hy(;:gev%nlc- gfg\}\; n
ANUCS303 N 345 74 271 103 82 71
139 0.001 0.007
142 0.071 0.196 0.037 0.091 0.028
145 0.617 0.405 0.675 0.762 0.701 0.514
148 0.046 0.128 0.024 0.029 0.049
151 0.258 0.236 0.264 0.209 0.207 0.408
154 0.001 0.007
157 0.001 0.007
160 0.001 0.007
163 0.001 0.007
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