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The discovery of phytocannabinoid synthesizing enzymes, tetrahydrocannabinolic acid synthase (THCAs) and
cannabidiolic acid synthase (CBDAs) was a breakthrough in Cannabis research. However, their evolutionary aspects and
distribution across organisms has not been adequately studied. We searched for THCAs and CBDAs genes in organisms
other than Cannabis plants using the database available in NCBI. Both cannabinoid synthases seem to be widely
distributed in the plant kingdom. Of several complete or partial sequences of cannabinoid synthases-likes, CBDAs-like
from Morus notabilis matched closely to CsCBDAs and CsTHCAs. When amino acid sequences of CsTHCAs, CsCBDAs and
MnCBDAs-like were compared to each other, and to the motif database stored in Expasy, all three proteins contained the
FAD_PCMH (PCMH-type FAD-binding) domain indicating the conservation of this domain in cannabinoid synthases.
Apart from FAD binding, Berberine Bridge Enzyme (BBE-likes), which catalyzes the synthesis of isoquinoline alkaloids in
many plants such as mulberry, poplas and citrus, were the other most closely related enzymes to CsTHCAs and CsCBDAs.
We also searched for THCAs and CBDAs in fungal and bacterial kingdom but could not find any notably similar sequence.
However, partial mRNA from FAD binding enzyme from Trametes versicolor and 6-hydroxy D nicotine oxidase from
Aspergillus saccharolyticus matched the CsTHCA sequence and a partial mMRNA from a hypothetical protein in Pneumocystis
carinii was the most closely matched fungal enzyme to the CsCBDA. Our database search showed that Morus notabilis
from mulberry family could be the candidate plant for further studies. Comparative transcriptomic and metabolomic
studies for mulberry and Cannabis plants could provide a much clear concepts on the co-evolution of these syanthases.
Moreover, the understanding of cannabinoid synthesis pathway is still evolving, in-depth bioinformatics and functional
analysis of the enzymes involved are required for pharmaceutical research and industrial advancement.
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Background

The domestication and use of Cannabis plants for several
applications started much earlier than the Christian era
(Russo 2007). Since then, such plants have been used for
various purposes such as fiber, textiles, and papers.
Evidence of human consumption of Cannabis products for
both medicinal and recreational values can be dated as
back as 2500 BC (De Petrocellis et al. 2000). More recently,
scientists have been looking for chemical constituents
present in Cannabis plants that are believed to be respon-
sible for psychoactive effect in the human brain. The
complete knowledge of the biosynthesis and working
mechanisms of these chemical constituents, termed as can-
nabinoids, has not yet been obtained. Theories of these
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cannabinoids working together with other secondary me-
tabolites, such as terpenoids and flavonoids, have recently
been purposed by researchers (Atwal et al. 2018).

More than 480 chemical compounds are produced by the
Cannabis sativa, of which cannabinoids constitute more
than 100 (Pollastro et al. 2018). THC and CBD are the
main cannabinoids that have gained most of the attention.
Both compounds are formed by the non-enzymatic decarb-
oxylation of their non-active acidic forms; THCA and
CBDA respectively (Onofri et al. 2015). THC is a psycho-
active compound that binds to the endocannabinoid recep-
tor of vertebrates (Ameri 1999), while CBD is non-toxic.
THCA synthase is the enzyme responsible for the produc-
tion of THCA; CBDA synthase is the enzyme responsible
for the production of CBDA. Both enzymes compete for
the common substrate Cannabigerolic acid (CBGA) (Fig. 1)
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(Onoffti et al. 2015). Cannabis plants are classified into two
types, Marijuana and Hemp, based on the amount of THC
and CBD they produce. Marijuana produces high THC and
low CBD amounts, while hemp produces high CBD and
low THC amounts (Sawler et al. 2015). Published studies
show that the transcript level of THCAs and CBDAs might
be the determining factor in the synthesis of THC/CBD;
however, the mechanism for variations in expression of
these genes is still not completely explained. Two theories,
the mutual exclusiveness and the close linkage of THCAs
and CBDAs, are being debated (de Meijer et al. 2003;
Kojoma et al. 2006). A recently published study proposes a
different model which mentions that CBDAs and THCAs
are not isoforms at an otherwise equivalent locus (Laverty
et al. 2018).

Despite the long history of traditional breeding and se-
lection of different Cannabis strains, research at the mo-
lecular or genetic level is still at onset. The draft of whole
genome and transcriptome for marijuana and for hemp
were published in 2011; the article compared thegenetic
differences among these two types (van Bakel et al. 2011).
A recent study on heterogenicity of THCAs and CBDAs
in different strains of Cannabis sativa found the SNPs in
these transcripts which could have caused the difference
in chemical phenotype. The study also proposed CBDAs
as the ancestral enzyme of both enzymes (Onofri et al
2015). For a better understanding of the evolution of can-
nabinoid genes, a wider exploration of these enzymes in
the whole plant kingdom and other organisms is required.
In this paper, we searched for THCAs and CBDAs in
organisms other than Cannabis sativa.

Methods

All the nucleotide sequences used in the analysis were
obtained from NCBI. mRNA sequences for CsTHCAs,
CsCBDAs and MnCBDAs-like used for this study are listed
in the Additional file 1. CsTHCAs and CsCBDAs were
each blasted against the plants (taxid:3913), fungi (taxid:
4751), algae (taxid:2864) and bacteria (taxid:2), excluding

Cannabis sativa to ensure the wider coverage in the given
taxa. Closely matched subject sequences were selected
from the blasts hit and their FASTA files were down-
loaded from the genebank. MEGA7 was then used to
build the neighbor joining phylogenetic tree (Kumar et al.
2016; Tamura et al. 2004; Saitou and Nei 1987). The se-
quences were also aligned using the online portal for
Clustwal W alignment (https://www.ebi.ac.uk/Tools/msa/
clustalo/). Expasy (https://prosite.expasy.org) was used for
alignment and motif scanning of the protein sequences.

Results

THCAs and CBDAs in plant kingdom

We searched for the THCAs and CBDAs related enzymes
in the plant kingdom using the NCBI nucleotide blast
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Cannabidiolic acid
synthase like from Morus notabilis was the most closely re-
lated enzyme for both THCAs and CBDAs synthases from
Cannabis sativa (Fig. 2a and b). The mRNA sequence of
CBDAs-like from Morus notabilis was closer to CsCBDAs
(66% sequence identity for 99% query cover) than CsTHCAs
(66% sequence identity with 77% query cover). Comparing
the CsTHCAs, CsCBDAs and MnCBDAs-like aminoacid
sequences to each other and to the motif database stored in
prosite Expasy (https://prosite.expasy.org/), all three proteins
contain the FAD PCMH (PCMH-type FAD-binding) do-
main (Fig. 3a). The amino acid length for FAD_PCMH do-
main in the CsTHCAs was longer than that of CsCBDAs
and MnCBDAs-like (Fig. 3b). Morus notabilis is a species
from the Mulberry family. Silkworms, which produce silk,
feed on the leaves of Mulberry plant (He et al. 2013). The
plant also produces edible fruits. A draft of whole genome
sequences of the plant Morus notabilis was published in
2013 (He et al. 2013). Interestingly, Cannabis sativa was
most closely aligned to the Morus notabilis in a phylogenetic
tree that was produced by using single copy genes from M.
notabilis, T. cacao, A. thaliana, P. trichocarpa, S. lycopersi-
cum, V. vinifera, P. bretschneideri, M. domestica, P. persica,
E. vesca, C. sativa, M. truncatula and O. sativa (He et al.


https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://prosite.expasy.org
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://prosite.expasy.org/

Aryal et al. Journal of Cannabis Research 2019, 1(2019):8 Page 3 of 6

XM 006448787.2 PREDICTED: Citrus clementina berberine bridge enzyme-like 18 (LOC18051433) mRNA

XM 025094662.1 PREDICTED: Citrus sinensis berberine bridge enzyme-like 18 (LOC102620036) mRNA

XM 018970810.1 PREDICTED: Juglans regia tetrahydrocannabinolic acid synthase-like (LOC108995270) mRNA

XM 011039430.1 PREDICTED: Populus euphratica cannabidiolic acid synthase-like (LOC105134865) mRNA

XM 006377885.2 PREDICTED: Populus tri ic acid ith: like 1 (LOC18103513) mRNA

XM 022878999.1 PREDICTED: Durio zibethinus berberine bridge enzyme-like 18 (LOC111288210) mRNA

XM 018117468.1 PREDICTED: Theobroma cacao cannabidiolic acid synthase (LOC18605528) mRNA

XM 003524729.3 PREDICTED: Glycine max cannabidiolic acid synthase-like 2 (LOC100780461) mRNA

Cs THCA synthase

XM 024163961.1 PREDICTED: Morus notabilis cannabidiolic acid synthase-like (LOC112091115) mRNA
XM 024167087.1 PREDICTED: Morus notabilis berberine bridge enzyme-like 28 (LOC112092018) partial mMRNA

XM 016026971.2 PREDICTED: Ziziphus jujuba berberine bridge enzyme-like 18 (LOC107418281) mRNA

XM 010278570.1 PREDICTED: Nelumbo nucifera tetrahy inolic acid synth: like (LOC104611488) mMRNA

XM 010658761.2 PREDICTED: Vitis vinifera berberine bridge enzyme-like 26 (LOC100253961) mRNA

XM 024058062.1 PREDICTED: Quercus suber berberine bridge enzyme-like 8 (LOC112025391) mRNA
XM 023904734.1 PREDICTED: Lactuca sativa berberine bridge enzyme-like 8 (LOC111908949) mRNA

0.050

XM 018117468.1 PREDICTED: Theobroma cacao cannabidiolic acid synthase (LOC18605528) mRNA

XM 021443951.1 PREDICTED: Herrania acid synth: like 2 (LOC110428200) mMRNA

XM 011039430.1 PREDICTED: Populus euphratica cannabidiolic acid synthase-like (LOC105134865) mRNA

XM 011039432.1 PREDICTED: Populus euphratica cannabidiolic acid synthase-like 1 (LOC105134866) mRNA

XM 022858758.1 PREDICTED: Durio zibethinus berberine bridge enzyme-like 28 (LOC111274107) mRNA

XM 025094662.1 PREDICTED: Citrus sinensis berberine bridge enzyme-like 18 (LOC102620036) mRNA

XM 006448788.2 PREDICTED: Citrus clementina berberine bridge enzyme-like 18 (LOC18051434) mRNA

XM 020378969.1 PREDICTED: Cajanus cajan cannabidiolic acid synthase-like 2 (LOC109814515) mRNA

XM 023000610.1 PREDICTED: Olea europaea var. sylvestris cannabidiolic acid synthase-like (LOC111377498) mRNA
XM 024058062.1 PREDICTED: Quercus suber berberine bridge enzyme-like 8 (LOC112025391) mRNA

XM 019004586.1 PREDICTED: Juglans regia flavin-dependent oxidoreductase FOX2-like (LOC109021857) mRNA
XM 015721758.1 PREDICTED: Ricinus communis berberine bridge enzyme-like 4 (LOC8265486) mRNA
XM C 1 PREDICTED: Carica papaya berberine bridge enzyme-like 4 (LOC110825035) mRNA

Cs CBDA synthase

XV 024163213.1 PREDICTED: Morus notabilis cannabidiolic acid synthase-like (LOC112090896) mRNA
XM 016026971.2 PREDICTED: Ziziphus jujuba berberine bridge enzyme-like 18 (LOC107418281) mRNA
XM 016026993.2 PREDICTED: Ziziphus jujuba berberine bridge enzyme-like 18 (LOC107418303) mRNA

0.050

Fig. 2 Neighbor joining phylogenetic tree for the a CsTHCAs and b CsCBDAs with the closest enzymes from plant kingdom

B
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Fig. 3 a FAD_PCMH domain in the CsTHCAs, CsCBDAs and MnCBDAs-like obtained from scanning of protein in Prosite Expasy. b Alignment of
aminoacid sequences representing the FAD_PCMH domain in three proteins
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2013). However, we could not find any evidence of the can-
nabinoid compounds from the Mulberry tree. Also, there
are no studies that discuss the presence of a cannabinoid
synthesis pathway in the plant.

Berberine Bridge Enzyme (BBE-likes) were the other
most closely related enzymes to CsSTHCAs and CsCBDAs.
BBE enzymes catalyzes the synthesis of isoquinoline alka-
loids which are secondary metabolites produced by several
plants such as Mulberry, Poplar, and citrus. THCAs like
was aligned Juglans regia was aligned to CsTHCAs. How-
ever, the sequence identity was less (72% identity for 56%
query cover).
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THCA and CBDA synthases in Fungi

We also looked for the THCAs and CBDAs like enzymes
in fungi and algae. Both THCAs and CBDAs were aligned
closely to the FAD-binding enzymes from fungi. Partial
mRNA from FAD binding enzyme from Trametes versico-
lor and 6-hydroxy D nicotine oxidase from Aspergillus
saccharolyticus matched the CsSTHCA sequence (Fig. 4a).
CsCBDA was also aligned to the FAD binding enzymes
from fungi (Fig. 4b). A partial mRNA from a hypothetical
protein in Pneumocystis carinii was the most closely
matched fungal enzyme to the CsCBDA. Any evidence for
the synthesis of cannabinoid compounds or the presence

CsTHCA synthase

001390770.1 Aspergillus niger CBS 513.88 restculine oxidase precursor mRNA

XM 018381889.1 Fusarium oxysporum f. sp. lycopersici 4287 hypothetical protein partial MRNA

XM 008096401.1 Colletotrichum graminicola M1.001 FAD binding domain-containing protein partial mRNA
XM 012328976.1 Fibroporia radiculosa predicted protein partial mRNA

XM 003840151.1 Leptosphaeria maculans JN3 hypothetical protein (LEMA P109850.1) partial mRNA

XM 008047284.1 Trametes versicolor FP-101664 SS1 FAD-binding domain-containing protein partial mRNA

XM 025573531.1 Aspergillus saccharolyticus JOP 1030-1 putative 6-hydroxy-D-nicotine oxidase (BPO1DRAFT 343662) partial mRNA

XM 003014448.1 Trichophyton benhamiae CBS 112371 FAD/FMN-containing isoamy! alcohol oxidase MreA-like putative (ARB 07056) partial mRNA
XM 003019905.1 Trichophyton verrucosum HKI 0517 FAD/FMN-containing isoamy! alcohol oxidase MreA-like putative mRNA

XM 013161248.1 Schizosaccharomyces octosporus yFS286 V-type ATPase V1 subunit D mRNA

XM 013168848.1 Schizosaccharomyces cryophilus OY26 methyltransferase mRNA

T & AT

XM 018371911.1 Pneumocystis carinii B80 hypothetical protein (T552 03405) partial mRNA

XM 012328976.1 Fibroporia radiculosa predicted protein partial mRNA

003040639.1 Nectria haematococca mpVI 77-13-4 hypothetical protein mRNA

XM 003019905.1 Trichophyton verrucosum HKI 0517 FAD/FMN-containing isoamy! alcohol oxidase MreA-like putative mRNA

T

XM 003014448.1 Trichophyton benhamiae CBS 112371 FAD/FMN-containing isoamyl alcohol oxidase MreA-like putative (ARB 07056) partial MRNA

025309461.1 Rhizophagus irregularis DAOM 181602DAOM 197198 glucooligosaccharide oxidase (GLOIN 2v1461602) partial mRNA

N

XM 007411512.1 Melampsora larici-populina 98AG31 hypothetical protein (MELLADRAFT 25025) partial mMRNA

sCBDA synthase

XM 0183719111 Pr carinii B8O protein (T552 03405) partial MRNA

@ T—‘

AB619677.1 Oxyrrhis marina mitochondrial DNA contains cox1 and cox3 isolate: cox3cox1invPCR4

1

AB619663.1 Oxyrrhis marina mitochondrial DNA contains cox1 isolate: cox1invPCR6

KP739891.1 inium sp. SG-2015 ALAS mRNA complete cds

CsTHCA synthase
—
010

and closest enzymes from algae

Fig. 4 Neighbor joining phylogenetic tree for a CsTHCAs and closest enzyme from fungi b CsCBDAs and closest enzymes from fungi ¢ CsCTHCAs
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of complete pathway for cannabinoid synthesis has not
been reported from fungi. When the match for CsSTHCA
was searched for in the algae, three enzymes were dis-
tantly aligned to CsTHCA sequences (Fig. 4c). For bacter-
ium, there were no notable sequence matches for either
CsTHCA or CsCBDA.

Discussion

As the world is progressing on the Cannabis legalization,
scientific research on medical values and genetic aspects
are of high demand. Though the Cannabis plant has been
bred and selected for desired level of THC/CBD ratio and
terpenoid flavor, its underlying genetic basis has not been
adequately understood.. Complete knowledge on the
evolution and distribution of the enzymes associated with
cannabinoid biosynthesis is still lacking. Much larger and
rigorous studies on different aspects including agronomy,
biochemistry and genetics are required for advancing the
knowledge on evolution and phylogeny of the Cannabis
plant and its metabolomics.

Cannabis plant shows specific and contrasting natural
selection characteristics. Secondary metabolites are usually
negatively selected during the domestication process of
plants. However, cannabinoids in Cannabis plants seems
to have been enhanced via breeding and selection (van
Bakel et al. 2011). Studies on many unique properties that
make Cannabis a compelling plant could lead us to the
next level of understanding the plant’s pharmacology.

Biosynthesis of unique compounds such as cannabinoids,
terpenes and flavonoids in non-Cannabis organisms is gain-
ing much interest as an industry or the research. Attempts
for synthesizing THC and CBD in yeast and microorgan-
isms are actively researched (Carvalho et al. 2017). Heterol-
ogous production of isoprenoid, a large family of secondary
metabolites, has been successful in both yeast and E.coli
(Paddon and Keasling 2014). Recently, complete heterol-
ogous production of natural and unnatural cannabinoids in
yeast has been reported. The biosynthesis required intro-
duction of a complete hexanoyl-CoA pathway from
multiple organisms and cannabinoid synthases from Can-
nabis sativa (Luo et al. 2019). An organism already having
endogenous primary pathways could be a better candidate
for the production of cannabinoids and other secondary
metabolites native to Cannabis sativa..

Conclusions

This paper discusses the probable presence and expression
of THCAs and CBDAs like enzymes across the plant king-
dom and in fungi and algae. Having CBDAs-like enzyme,
Morus notabilis from Mulberry family could be the candi-
date plant for further studies. More in-depth structural bio-
informatics analysis and invitro expression of these proteins
are required before making any further conclusion.
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Additional file

Additional file 1: Data 1. mRNA sequences for CsTHCAs, CsCBDAs and
MnCBDAs-like. The sequences were used to search against the database
in NCBI and create the neighbor-joining trees in MEGA. (DOCX 15 kb)

Abbreviations
CBDAs: Cannabidiolic acid synthase; CBGA: Cannabigerolic acid; Cs: Cannabis
sativa; THCAs: Tetrahydrocannabinolic acid synthase
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