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The prescription of medicinal cannabis in Germany has been
rising constantly in the last few years, which means that both the
demand and the market are growing equally. However, medicinal
cannabis is a drug whose active ingredient composition and
concentration depend on the genetics of the plant and thus also
achieve a different effect on the patient based on the genetics. By
sequencing the genomes and comparing the sequences of different
cannabis varieties, characteristic genes are to be identified and
gene databases created in the future. Sequencing is a molecular
biological procedure that can be used to decode the nucleotide
sequence of the genetic code. With the help of this technique,
producers of medicinal cannabis can decide before the beginning
of cultivation which genetics and thus which combination and
concentration of active ingredients of the cannabis plants to aim
for. By sequencing the produced plants, manufacturers can clearly
define their product and thus ensure unambiguous traceability. In
addition, the expression of certain genes can be enhanced through
targeted breeding, thereby optimising the yield. Sequencing
generates large amounts of product-specific data, which can be
successfully managed and accessed through blockchain technol-
ogy.
This article explains the methods of sequencing plant genomes
and the benefits that result for manufacturers and patients. It
describes how large amounts of data from sequencing are
managed by digital tools and how the resulting potential can be
used by pharmaceutical companies.

Use of the cannabis plant as a
medicine

The cannabis plant was underesti-
mated for a long time, also because
of its controversial image. In fact,
however, the cannabis plant has
many uses, whether as a building
material or as a medicinal plant be-

cause of its ingredients. Already
thousands of years ago, cannabis
was used to produce ropes and tex-
tiles and later also for paper because
of its stalks and fibres. Nowadays,
commercial hemp is again increas-
ingly cultivated to produce hemp fi-
bres but also for hemp seeds and oil
for the food market [1]. In addition

to being used as a source of raw ma-
terials, the cannabis plant is also
cultivated for its healing and pain-
relieving effects. Many clinical stud-
ies have already confirmed the posi-
tive effect of cannabis on various
diseases [2], although cannabis re-
search is only just beginning. Canna-
bis products are often prescribed for
chronic pain, Tourette’s disease,
multiple sclerosis (MS), or ADHD.
Due to the broad therapeutic spec-
trum, cannabis can be used for the
treatment of a variety of diseases. By
law, there is no restriction as to
which indication is necessary to pre-
scribe medicinal cannabis. Medical
doctors can basically prescribe can-
nabis for any serious illness, pro-
vided that other treatment methods
cannot be used or there is no chance
of a successful therapy.

However, due to its misuse as
an addictive substance, the use of
cannabis as medicine was banned
in Germany for a long time. Only
since 2011 cannabis may also be
used in Germany in the form of
finished medical products due to
changed narcotic legal require-
ments. With a legal change in
2017, medical products made from
cannabis became distributable and
prescribable, so doctors are now
also allowed to prescribe cannabis
flowers and preparations as pre-
scription medicine. This makes it
possible to prescribe medicinal
cannabis flowers or extracts with
pharmaceutical grade quality on a
narcotic prescription.
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So far, patients have only been
supplied with imported medicinal
cannabis. Then, on 7th July 2021, the
official sale of medicinal cannabis to
pharmacies from German produc-
tion started [3], which ensures an
additional supply for patients. Since
the law was changed in 2017, the
number of patients accessing canna-
bis preparations has more than
doubled and the demand for medici-
nal cannabis products continues to
rise steadily. For example, in
Sep. 2018, monthly gross sales of
finished cannabinoid products and
preparations were approximately
6.5 mio euros, whereas one year
later in Sep. 2019, sales almost
doubled [4]. In 2019, gross sales of
54 mio euros could be achieved in
Germany with the billing of canna-
bis flowers in unchanged condition
alone, and gross sales of 61 mio
euros in 2020. Only figures from the
national health insurance funds
were recorded, private prescriptions
are not included [5]. Driven by the
increasing demand, the market for
cannabis products offers great po-
tential.

The active ingredients of the can-
nabis plant are cannabinoids and
the best known is tetrahydro canna-
bidiol (THC). THC is psychoactive
and has a very diverse effect. An-
other well-known cannabinoid is
cannabidiol (CBD), which, unlike
THC, has no psychoactive effect.
When selling cannabis flowers and
other cannabis products, the con-
centration of the two cannabinoids
is usually indicated. This depends
on the species and is between <1 %
and 25 % for THC and between
<0.5 % and 14 % for CBD in the most
common cannabis flowers [6]. In ad-
dition to the 2 active substances de-
scribed above, more than 100 differ-
ent cannabinoids have been identi-
fied. This results in a characteristic
cannabinoid profile for each species
and thus a different spectrum of
effects. Besides cannabinoids, the
cannabis plant contains other sub-
stances such as terpenes and flavo-
noids. Terpenes are natural com-

pounds that are responsible for the
scent and taste of plants. Classic ter-
penes in the cannabis plant are for
example myrcene, limonene or hu-
mulene. Myrcene and limonene
smell and taste lemony, whereas hu-
mulene smells rather spicy and
earthy and has a peppery, hoppy
taste. Flavonoids are also natural
compounds that give the cannabis
plant its intense aroma and flavour.
Studies have already shown that
both terpenes and flavonoids can
have an anti-inflammatory, calming
and antioxidant effect on the body
[7, 8]. As with cannabinoids, the
concentration of terpenes and flavo-
noids varies from species to species.

Sequencing opens new
possibilities

So far, the production of medicinal
cannabis has mainly focused on the
THC and CBD content but looking
into the genome of the plant can
also be very rewarding. The method
for decoding the genome is sequenc-
ing. Sequencing is a molecular bio-
logical procedure that helps to de-
code the nucleotide sequence, i.e.,
the DNA sequence. Nowadays, var-
ious methods are available for se-
quencing, which are far superior to
classical methods in terms of effi-
ciency and speed. The efficient next-
generation sequencing, a high-
throughput method for decoding
DNA, has revolutionised genome re-
search. More than 30 years ago, the
Human Genome Project was in-
itiated as a research project to com-
pletely decode the human genome.
The project cost around 3 bn dollars
[9] and it took 13 years until the
human genome was completely de-
coded in 2003 [10]. Nowadays,
thanks to new technology, entire
genomes can be decoded in days in-
stead of years, and at a fraction of
the cost.

The decoding of the cannabis ge-
nome could now help to cultivate
targeted plants with specific active
ingredients in the future. In 2011,

Canadian researchers decoded the
genome of the THC-rich cannabis
plant Cannabis sativa for the first
time [11]. They reported their find-
ings in the scientific journal Ge-
nome Biology. For the sequencing of
the plant genome, the scientists
used the cannabis species Purple
Kush, which is known for a particu-
larly high THC content. In the study,
they compared the genome and ac-
tivity of the THC-rich Purple Kush
plant species with 2 THC-free can-
nabis strains. By comparing the
transcriptome of Purple Kush with
that of the THC-free commercial
cannabis strains, they found that
many genes encoding proteins in-
volved in cannabinoid and prodrug
pathways were more highly ex-
pressed in Purple Kush. In addition,
they found that an enzyme essential
for THC production is only switched
on in the Purple Kush species, but
not in the THC-free commercial
hemp varieties. This knowledge can
be used in the breeding of cannabis
plants to generate plants with in-
creased THC content. It is not ne-
cessary to genetically modify the
plants, but this can be done conven-
tionally through targeted cross-
breeding. In this way, the plants can
be optimised specifically for their in-
tended use.

The discovery of the mechanism
just described is only the beginning.
As the genome of the cannabis plant
is further decoded and better under-
stood, there will be more and more
methods to adapt the plant accord-
ing to the desired requirements. The
possible applications of this are var-
ious. For example, targeted breeding
can be used to adapt the plant archi-
tecture or the growth rate to gener-
ate more yield. In addition, an opti-
misation option would be to develop
plants with a defined concentration
of THC and CBD. Varieties that are
completely free of THC but have
special terpene or flavonoid profiles
are possible. This has the advantage
that these species are no longer
regulated by the Narcotics Law and
the patient, as far as he is not reliant
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on THC, can be treated with canna-
bis products without being re-
stricted by the high effect of THC.

Once the genome of the cannabis
plant has been sufficiently analysed,
there is the option of creating gene
databases with the genetic informa-
tion. In addition, specific informa-
tion on the species and their optimi-
sation could be made available to
producers. Producers could select
the characteristics of their plants ac-
cording to the requirement of cus-
tomers or patients even before the
first plant is cultivated.

However, plant sequencing can
be interesting for the pharmaceuti-
cal industry not only because of bet-
ter yields and an optimised spec-
trum of activity but also from a reg-
ulatory point of view. Through
sequencing, each plant can be
clearly traced back to its origin. Can-
nabis is usually cultivated from
mother plants that are used to pro-
duce clones. The so-called cuttings
not only have the same properties in
terms of yield and active substance
concentration as the mother plant
but also have identical genetic mate-
rial. It is also possible to sequence
one or more plants from a batch to
identify the DNA of the plants and
clearly assign it to the mother plant.
If there is a problem with the canna-
bis flowers later, the flowers can be
sequenced again during the recall
and the origin of the plants can be
clearly determined. Sequencing pro-
vides additional security and clarity
in traceability and thus supports the
documentation required by regula-
tions during production. However,
when sequencing for traceability
purposes, it is not always necessary
to sequence the entire genome. It
makes sense to sequence character-
istic DNA sections to clearly identify
the plants. In this way, costs and
time can be saved.

Dealing with sequencing data
and new technology

Great potential is offered when the
sequence data is expanded with a

range of other data and data
packages are generated for each in-
dividual plant. The data sets can be
linked using modern track-and-
trace solutions, for example with
data from monitoring during culti-
vation, such as temperature, hu-
midity, and nutrient supply. Data
from the supply chain, such as lo-
cation and temperature during
transport, can also be added. In
this way, the producer receives spe-
cific information about his product
and at the same time succeeds in
fully tracing each plant back to its
origin. If sequencing is operated on
a larger scale, millions of data
points are generated within a very
short time. A single sequencing run
of the sequencing systems Illumina
NextSeq 1000 and 2000 can generate
up to 1.1 trillion reads [12]. Espe-
cially when the sequencing data is
supplemented with details from
monitoring or track-and-trace sys-
tems, huge data sets are created
that different parties have an inter-
est in. The producer of the canna-
bis products needs the information
for his regulatory verification obli-
gations. The more data he has
about his product, the better the
proof of origin and quality. The
data sets are not only completed by
the producer himself but also by
other companies, e.g., the supplier
of the raw materials, who uses the
information to prove the quality of
his products, or the transport com-
pany, which generates tracking
data. In addition, the producer can
make the collected data available
to the authorities during auditing
or in the event of a recall. The in-
formation generated during the val-
ue chain should therefore be avail-
able to selected persons and, if ne-
cessary, be able to be processed by
them. However, since not all users
should be granted the same access
to the data, selective data access is
necessary. At the same time, data
integrity must be guaranteed, and
the data should be stored securely
against unauthorised access and
data falsification.

These features are particularly
important for the highly regulated
pharmaceutical industry. Thus,
managing and accessing these vol-
umes of data is a challenge that can
only be solved by modern data stor-
age.

The new blockchain technology
offers a possible solution to the de-
scribed problem. With the block-
chain, data records, the so-called
blocks, are stored decentrally. This
means that the data set is not lo-
cated in a cloud system, as is the
case with a jointly used sharepoint,
but locally on the end devices of the
users. When a new block is gener-
ated, it is verified and stored by all
computers in the network.
Each computer represents a net-
work node through which the data
is transmitted. The blocks are linked
together with the help of a crypto-
graphic procedure and encrypted by
an algorithm. In addition, the data
records have a digital fingerprint
consisting of a timestamp and trans-
action data. The data blocks are
then attached to a chain of data, the
blockchain, where they can be ex-
panded chronologically and linearly.
In this way, many unique, inter-
linked data sets are created. With
the help of this technology, the data
from the value chain can be shared
with and processed by a selected
group of people while maintaining
data integrity. In this way, the manu-
facturer can gain access to a wide
range of quality-relevant informa-
tion about its product and pass it on
to selected circles. The blockchain is
therefore a tool that supports the
sharing and provision of sequence
data. The current challenge is no
longer the sequencing itself, but the
analysis and interpretation of the re-
sults. The analysis of the sequences
is time-consuming and, if carried
out manually, requires large human
resources. With the help of the
blockchain, the data could be made
available to several people or even
automated systems, thus speeding
up the analysis and interpretation of
the sequences. The combination of
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next-generation sequencing meth-
ods with artificial intelligence (AI)
offers potential.

As already mentioned, the main
challenge is the analysis and inter-
pretation of the sequence data.
This is when AI can help to analyse
the flood of data. Currently, the
combination of both techniques is
mainly used for the interpretation
of human genome data. The goal is
to recognise mutations in the ge-
netic code that lead to diseases bet-
ter and faster [12]. In the future, AI
technology will advance the speed
and accuracy of sequencing by
lengths. The decoding of genes will
then only take minutes and no
longer hours or even days. In addi-
tion, AI will simplify the interpreta-
tion of the data and thus also en-
able the development of new can-
nabis species or traceability down
to the last base pair.
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