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Resumen

El modelo actual de herencia del quimiotipo en Cannabis sativa se centra en las dos sintasas
terminales de la ruta biosintética de los cannabinoides, THCAS y CBDAS. Sin embargo, el
modelo ignora la posible contribucion de la regulacion de la expresion génica de estas
enzimas a la determinacion del quimiotipo. En el presente trabajo en curso se muestra una
red de regulacion génica con los posibles factores de transcripcion que regulan a THCAS y
CBDAS y se debaten posibles implicaciones.

Palabras clave: Cannabinoides; expresidn génica; factores de transcripcion; red de regulacion
génica.

Abstract

The current model of chemotype inheritance in Cannabis sativa revolves around the two
terminal synthases of the cannabinoid biosynthesis pathway, the THCAS and CBDAS.
However, the model ignores the possible contribution of the regulation of these enzymes’ gene
expression to the determination of the chemotype. In the present on-going work, we present
a gene regulatory network inferred in silico with the candidate transcription factors that
regulate the expression of the THCAS and CBDAS and discuss possible implications.
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1. INTRODUCTION

Cannabis is today the source of a multibillion-dollar industry pharmaceutical industry
thanks to the compounds it produces, the cannabinoids. Specificallyy, THC (A-9
tetrahydrocannabinol) and CBD (cannabidiol) have therapeutic value in treating insomnia,
chronic pain, and cancer among other applications. (1), (2), (3).

Therefore, the single most relevant trait of the plant is the synthesis of cannabinoids.
Different varieties have a different quantity and relative abundance of these compounds. The final
step of the pathway is where the genetic model focuses on. Here, several terminal synthases, like
THCAS and CBDAS compete for a common precursor called CBGA to form different
cannabinoids.(4)

The model is a biallelic codominant one with one locus for the THCAS and one for the CBDAS.
These loci are comprised of several paralogs tightly linked that get inherited together, but only
one of them is actively expressed. The model divides the alleles of THCAS and CBDAS into
functional and non-functional. Depending on the combination of alleles, the plant will produce a
different ratio of THC to CBD. A plant with two, one of none functional allele for a particular
synthase will accumulate high, low or null quantities of that cannabinoid .(5)

The model however does not consider the likely effect of gene regulation of the synthases
on the chemotype determination. This would be an independent extra layer of control on top of
the alleles. Mutations in either CIS and/or TRANS regulatory elements like promoters and
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transcription factors may also contribute to the chemotype. In this work we present a gene
regulatory network inferred in silico with the putative candidates that regulate the expression of
the CBDAS and THCAS. Understanding the control of the expression of the cannabinoid synthases
will provide insight into other elements that contribute to the chemotype and may be targets for
breeders.

2. MATERIALS AND METHODS
2.1 Data used

We downloaded from the NCBI database a total of 123 RNAseq datasets from Cannabis
sativa trichomes. The data originates from 4 different studies (NCBI BioProject accession
numbers: PRINA560453, PRINA599437, PRINA498707, PRINA483805) and contains a total of 16
varieties. This data was combined with 15 additional RNAseq dataset generated by ourselves
originating from 3 varieties of the company LinneoHealth S.L.

2.2 Differential gene expression

The data in FASTQ format was first analyzed with FastQC and the reads were edited when
necessary with Trimmomatic. To quantify the gene expression, we used Salmon and the R package
Tximport from Bioconductor. Lowly expressed genes were discarded. Two negative-binomial
GLMs (generalized linear model) were fit with the edgeR package. The independent variables are
the variety and the experiment from which it comes. The model using the variety was used to
perform all 1-vs-1 and 1-vs-all comparisons between plants. The model using the experiment was
used to mitigate the batch effect.

2.3 Dataset visualization

The count matrix was transformed to log2CPM using the normalization factors calculated
with the TMM method of edgeR. The PCA method was used as dimensionality reduction. The
expression level of the cannabinoid synthases was then visualized as a barplot.

2.4 Gene regulatory networks

A list of TFs (Transcription Factors) from Cannabis sativa was retrieved after annotating
with GO terms the reference transcriptome using Sma3. The keywords “transcription factor” were
used to obtain a list of possible TFs. This was then manually curated and filtered to include only
differentially expressed TFs in any of the contrasts. The end list contains 870 genes.

These TFs together with the log2CPM transformed count matrix were inputed to ARACNe
to infer the gene regulatory network.

3. RESULTS AND DISCUSSION

The expression pattern of the THCAS and CBDAS enzymes differs. As can be seen in Fig.1,
the THCAS is expressed moderately in many varieties. However, CBDAS is highly expressed only
in some varieties. The varieties with an above average level of expression are coincidentally the
ones that accumulate a high quantity of CBD. This indicates that the CBDAS expression could be
used as a marker to discriminate high and low CBD producing chemotypes. The production of CBD
is thus determined not only by the allele a plant has, like it has been proven in (5) and (6) but also
by its expression level. We do not know yet if this is due to CIS or TRANS regulatory elements
polymorphisms.

For the THCAS, gene expression alone cannot explain the differences in chemotype. Other
factors such as sequence polymorphisms that affect the catalytic activity or the enzyme
localization within the cell may play a bigger role in this case. Other studies have identified QTLs
related to CBD/THC balance which are located in different chromosomes and may be related to
this.(7)
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The gene regulatory network (Fig.2) shows that CBDAS and THCAS are mostly controlled
by a different set of TFs. CBDAS was also linked to fewer TFs than THCAS. Interestingly, the TFs
that regulate CBDAS according to the network include two transposases (RICESLEEPER and
DAYSLEEPER)(8). The implications of this links are unknown. Regarding THCAS, it is controlled
by TFs belonging to families that in Arabidopsis thaliana are known to be related to abiotic stress
response, like SRM, GT, RAP or NLP

There are two studies that identified TFs from Cannabis sativa involved in cannabinoid (9)
(10) and anthocyanin biosynthesis belonging to the AP2, MYB and WRKY families. The MYB and
AP2 family are represented in our network but the TFs from these works do not appear. An
experimental validation of our network through yeast-one-hybrid assay is currently undergoing

4. CONCLUSSIONS

THCAS expression is not directly correlated to the synthesis of THC. CBDAS expression on
the contrary can discriminate between high and low CBD-producing plants. The expression of the
synthases is controlled by a different set of TFs which are related to different processes.
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Figure 1. Cannabinoid synthases gene expression in logCPM values
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Figure 2: ARACNe gene regulatory network of CBDAS and THCAS
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